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In the modeling of gas-liquid separation processes in structured packings, fluid dynamics is often reduced to a uniform liquid film flow over the packing surface. However, previous experiments with X-ray tomography indicate that this assumption is not valid when the liquid-phase viscosity is significantly higher than 1 mPa s. In order to improve existing modeling approaches for viscous systems, a better understanding of the influence of the liquid viscosity on the liquid flow inside the structured packing is necessary. In this work, X-ray tomography is used to investigate the flow morphology of liquid systems with low surface tension and a viscosity up to 50 mPa s. An empirical correlation that describes the hold-up fraction of the existing flow patterns is given and a modelling approach is proposed that allows to consider the influence of the different flow patterns on mass transfer.
Introduction
In gas-liquid separation processes, structured packings are widely used as column internals, since they provide good separation performance combined with a relatively low pressure drop. Modelling approaches for the prediction of fluid dynamics as well as heat and mass transfer in such internals have been suggested which often assume a uniform liquid film flow on the packing surface (Rocha et al., 1993; Shilkin and Kenig, 2005).
For the analysis of the real flow behavior in structured packings, X-ray tomography offers a non-invasive method. It has been used for the determination of liquid hold-up and gas-liquid interfacial area of air-water systems in catalytic packings as well as high-performance packings (Aferka et al., 2010a,b, 2011; Viva et al., 2011). Schug and Arlt (2016) analyzed the film thickness on the packing surface by high-resolution X-ray tomography and showed that the equation derived from the simplified Nusselt theory of laminar film yields significantly underestimated values. Wehrli et al. (2018) employed X-ray tomography to compare axial hold-up profiles of aqueous and non-aqueous systems and found no qualitative difference. Janzen et al. (2013) used a water-glycerol mixtures with varying viscosity of the liquid phase up to 20 mPa s. Along with investigation of hold-up and interfacial area, they quantified the different flow patterns that arise inside the structured packing. For hold-up, interfacial area and the hold-up fraction of individual flow patterns, an influence of the viscosity could be observed. In particular, the fraction of the film flow decreased below 60%, thus indicating that the assumption of a uniform liquid flow is not valid for higher viscosities.
In the present study, further investigations on the fluid dynamics of viscous systems in structured packings are carried out. Here, the viscosity of the liquid phase is increased to the maximum of 50 mPa s and the surface tension of the water-glycerol mixture is reduced by a surfactant in order to mimic the wetting behavior of non-aqueous systems. The occurrence of flow patterns other than film flow likely has an impact on mass transfer performance. However, this has not been considered in existing modeling approaches yet. Based on geometrical consideration, an approach is presented that allows the influence of different flow patterns to be taken into account.
Material and methods
Experimental setup
The experiments are carried out with a high energy (420 kV) X-ray tomograph (Figure 1). A rotating column with a diameter of 100 mm is installed between the X-ray source and the detector. The column is equipped with four structured packing elements of Mellapak 350.Y, each with a 200 mm height, that are rotated 90° with respect to each other. Between the elements and a multiple point source distributor (4000 drip points/m²) at the top of the column, a bed of random packings (Pall rings) is placed to obtain a uniform liquid distribution. At the bottom of the column, the liquid is collected in a tank and continuously pumped back to the column top in order to maintain a constant liquid flow. Further details on the experimental setup are given by Toye et al. (2005).[bookmark: _Ref532816860]Figure 1: X-ray tomography facilities (cf. Aferka et al., 2011)

Chemical system
A mixture of water and glycerol is used as the working liquid, which has been successfully applied in previous studies (Janzen et al., 2013) and allows an accurate adjustment of the liquid viscosity. In order to mimic the wetting behavior of non-aqueous systems with significantly lower surface tension, a surfactant (Ethylan 1003 supplied by AkzoNobel) is added to the mixture which reduces the surface tension to a minimum of approx. 29 mN/m. This value is reached when the surfactant concentration at the gas-liquid interface is in equilibrium. Measurements of surface tension performed for different viscosity values show that the influence of viscosity or, in other words, composition of the mixture on the surface tension can be neglected. Furthermore, an anti-foaming agent (Entschäumer 1833 supplied by EFA Chemie GmbH) is used to minimize the foam formation due to the surfactant. The liquid mixture compositions for different viscosities are given in Table 1.
[bookmark: _Ref532821477]Table 1: Weight fractions of the components in the liquid mixture for the analysed viscosities
	
	5 mPa s
	20 mPa s
	35 mPa s
	50 mPa s

	Water
	0.5280
	0.3113
	0.2481
	0.2125

	Glycerol
	0.4609
	0.6772
	0.7403
	0.7758

	Surfactant
	0.0100
	0.0100
	0.0100
	0.0100

	Anti-foaming agent
	0.0011
	0.0015
	0.0016
	0.0017


Experimental procedure
First, tomographic measurements of the dry column are carried out in order to obtain data of the non-irrigated packings that are necessary for the later image reconstruction and post-processing. Different column cross-sections are scanned subsequently in a 10 mm distance over almost the whole length of the structured packing section. Afterwards, the measurements are repeated at exactly the same positons for the irrigated column. For each viscosity (5, 20, 35 and 50 mPa s), four different liquid loads (5, 10, 15 and 20 m³/(m²/h)) and a countercurrent air flow with a constant F-factor of 2 Pa0.5 are applied.
Image reconstruction and post-processing
To obtain images of the liquid distribution in a column cross-section, the projection data of the dry column is subtracted from the data of the irrigated column. A classical linear back projection algorithm implemented in the Fourier domain and adapted to the fan beam geometry (see Kak and Slaney, 1988) is applied, resulting in grayscale images of 499 x 499 pixels with a spatial resolution of 0.36 x 0.36 mm. Afterwards, the background noise is eliminated by evaluating a threshold value with Otsu’s method (Otsu, 1979). Further information on the image reconstruction and post-processing can be found in Aferka et al. (2007) and Viva et al. (2011).
Liquid hold-up determination
For the determination of the liquid hold-up, it is assumed that a white pixel represents a volume element that is completely filled with air while a volume element represented by a black pixel is completely filled with water. A volume element containing both air and water is represented by a gray pixel with the gray value corresponding to the amount of water inside this section. Thus, the hold-up, defined as the fraction of water in the column cross-section, can be calculated from the gray values of all pixels belonging to the cross-section image. Details of this procedure are given by Aferka et al. (2010).
[bookmark: _Ref535234166]Identification of liquid flow pattern
Janzen et al. (2013) developed an analysis algorithm to quantify the hold-up fraction of different liquid flow patterns in tomographic images based on geometric considerations. Each flow pattern has a specific size and shape. Two different flow patterns that could be observed within the present work are film flow and contact-point (C-P) liquid. The latter represents the accumulation of liquid at contact points between two adjacent packing sheets. Film flow on the packing surface is identified with a thin and elongated structure, whereas C-P liquid is rather small and compact. To determine the shape of a pixel structure, the Feret diameters of the structure are used. The Feret diameter is a parameter that is originally used in particle technology and defined as the distance between two parallel tangents of the particle projection area. The minimum Fmin and maximum Fmax Feret diameters are estimated for all pixel structures as well as the total pixel area Ai determined as the number of pixels belonging to a structure times the area of a single pixel. Each pixel structure is evaluated by means of the criteria given in Table 2, which were slightly changed compared to Janzen et al. (2013) to account for the different packing geometry. If at least one criterion is met, the pixel structure is identified as C-P liquid. Pixel structures that cannot be identified as C-P liquid are assigned to film flow.
[bookmark: _Ref532893035]Table 2: Criteria for the assignment of C-P liquid to pixel structures
	Flow pattern
	Criterion 1
	Criterion 2

	C-P liquid
	
	


Calculation of the surface-to-volume ratio
Interphase mass transfer takes places at the interface of two phases. In gas-liquid separation processes, mass transfer acceleration is desirable, which requires a large gas-liquid interface. To evaluate the influence of different flow patterns on mass transport, a simple approach is used to calculate the average surface-to-volume ratio of each flow pattern.
As describe above, it is possible to assign a pixel within a tomographic image representing the liquid phase to a specific flow structure. Subsequently, the direct neighbors of this pixel are analyzed whether they are associated to air or liquid. If one or more of these are associated to air, the original pixel is assigned to the surface of the pixel structure. Finally, the average surface-to-volume ratio of a flow pattern is determined as the ratio of surface pixels and the total number of pixels belonging to this flow pattern.
Results and discussion
Liquid hold-up
Figure 2 exemplarily shows the axial profiles of the liquid hold-up for different liquid loads at a viscosity of η = 35 mPa s. As expected, the hold-up increases with higher liquid loads. However, at the intersection between the packing elements (dashed lines) a significant decrease in the hold-up can be seen. In the previous studies (Aferka et al., 2010; Viva et al., 2011; Janzen et al., 2013), a similar qualitative behavior appeared only in high- performance packings with a vertical corrugation and hence high liquid-phase velocities at the packing edges, whereas for conventional packings, even a hold-up increase was detected (Green et al., 2007; Schug and Arlt, 2016). In the present work, it was found that at the intersections between two packing elements, the cross-section of the upper element contains a relatively large portion of liquid and that the decrease appears in the top cross-section of the lower element. Due to the 90° rotation of the lower element with respect to the upper element, the liquid cannot continue flowing along the packing surface when it reaches the intersection and drips from the edge. This effect is reinforced through the low surface tension of the liquid phase. The falling liquid has a relatively high velocity, which leads to a shorter residence time in the respective packing layer and thus to a lower local hold-up.

 
[bookmark: _Ref532902774]Figure 2: Axial profiles of the liquid hold-up for different liquid loads and a viscosity of η = 35 mPa s
Liquid flow morphology
The tomographic images were analyzed with respect to the liquid flow patterns. A typical image of the liquid distribution inside a cross-section is shown in Figure 3. The dominant flow pattern is the film flow, which can be easily recognized in the image, as it follows the geometry of the structured packing. Furthermore, at the contact points of the adjacent packing sheets C-P liquid is visible. In contrast to the previous work (Janzen et al., 2013), no completely flooded channels can be detected. Due to the larger channel size in the Mellapak 350.Y packing compared to the Mellapak 752.Y used by Janzen et al. (2013) and because of the lower surface tension of the liquid phase, the occurrence of flooded channels is less likely. [bookmark: _Ref532981403]Figure 3: Flow patterns inside a packing cross-section: red rectangles - film flow, green circles - C-P liquid


The method presented in Section 2.6 allows quantification of the relative contribution of individual flow patterns to the liquid hold-up. Figure 4 shows for different liquid loads how the film-flow fraction changes with viscosity. Since in this work only two flow patterns, film flow and C-P liquid, are discriminated, the fraction of the latter pattern can directly be derived from the values of the first one. For a low viscosity of 5 mPa s, the fraction of the film flow is close to one and C-P liquid pattern can be nearly neglected. For higher viscosities, the film-flow fraction significantly decreases down to values between 0.8 and 0.9, while the decrease is steeper for higher liquid loads. Both higher viscosities and higher liquid loads result in thicker liquid films on the packing sheets and thus promoting the formation of C-P liquid.[bookmark: _Ref532999247]Figure 4: Film-flow fraction of the total liquid hold-up for varying viscosities and liquid loads


To evaluate the fractions of individual flow patterns as functions of liquid viscosity and liquid load, an empirical correlation was derived based on 1104 data points. For both determining factors, a linear correlation was assumed. The equation resulting from multiple linear regression is as follows:
	
	(1)


where ΦFF is the dimensionless hold-up fraction of the film flow, η is viscosity in mPa s and L is liquid load in m³/(m² h). The coefficient of determination (R²-value) for this regression is 0.773.
Surface-to-volume ratios
For each operating point, the average surface-to-volume ratio was evaluated for film flow and for C-P liquid. Figure 5a shows exemplarily the values for a liquid load of 15 m³/(m² h) varying between 0.75 and 0.9 m²/m³ for film flow and between 0.4 and 0.5 m²/m³ for C-P liquid. Furthermore, the ratio of C-P liquid is divided through the ratio of film flow for each operating point. As can be seen in Figure 5b, C-P liquid has a surface-to-volume ratio that ranges between 50 and 65% of the film flow. Furthermore, a certain influence of viscosity and liquid load on the ratio is visible. Increasing viscosity and increasing liquid load lead to even larger difference between the two flow patterns. Due to the elongated shape of the film-flow structure, thicker liquid films effect the surface-to-volume ratio less significantly than the rather compact C-P liquid patterns. 
	(a)

	(b)


	[bookmark: _Ref533064675]Figure 5: The surface-to-volume ratio of film flow and C-P liquid for a liquid load of 15 m³/(m² h) and varying viscosity (a); the surface-to-volume ratio of CP-liquid RC-P liquid in relation to film flow RFilm flow for varying liquid loads and viscosities (b)


Conclusions
Tomographic experiments were carried out to investigate the influence of the liquid viscosity on the fluid dynamics in structured packings. Axial profiles of the liquid hold-up show an unexpected decrease at the transition between two packing elements that can be explained with the low surface tension of the liquid. The analysis of the flow morphology shows that for low viscosities, the film-flow fraction is slightly below 100% and decreases up to values of approx. 80% for a viscosity of 50 mPa s. An empirical correlation describing the film-flow hold-up fractions as a function of viscosity and liquid load was derived using multiple linear regression. The surface-to-volume ratio was introduced as an important parameter for the evaluation of the influence of different flow structures on the mass transfer. It was found that the surface-to-volume ratio for C-P liquid amounts to 50 - 65% of the values for the film flow.
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5 m³/(m²h)	5	20	35	50	0.98405378668402643	0.90688558627536253	0.90400775489855112	0.8902127534492752	10 m³/(m²h)	5	20	35	50	0.98158803727262878	0.90512774269565233	0.88500017610144943	0.87577602695652179	15 m³/(m²h)	5	20	35	50	0.97329957586958249	0.88388857973913038	0.87144021166666652	0.84257268389855078	20 m³/(m²h)	5	20	35	50	0.97092349109270726	0.83246472757495105	0.85294969382849706	0.81586050467156146	Flüssigkeitszwickel	5 m³/(m²h)	5	20	35	50	1.5946213315973724E-2	9.311441372463769E-2	9.5992245101449283E-2	0.10978724655072457	Flüssigkeitszwickel	10 m³/(m²h)	5	20	35	50	1.841196272737133E-2	9.487225730434784E-2	0.11499982389855071	0.12422397304347826	Flüssigkeitszwickel	15 m³/(m²h)	5	20	35	50	2.670042413041732E-2	0.11694010500000006	0.12855978833333331	0.15742731610144928	Flüssigkeitszwickel	20 m³/(m²h)	5	20	35	50	2.9076508907292953E-2	0.16740609800286577	0.14705030617150325	0.18413949532843868	Filmströmung	5 m³/(m²h)	5	20	35	50	0.98405378668402643	0.90688558627536253	0.90400775489855112	0.8902127534492752	Filmströmung	10 m³/(m²h)	5	20	35	50	0.98158803727262878	0.90512774269565233	0.88500017610144943	0.87577602695652179	Filmströmung	15 m³/(m²h)	5	20	35	50	0.97329957586958249	0.88388857973913038	0.87144021166666652	0.84257268389855078	Filmströmung	20 m³/(m²h)	5	20	35	50	0.97092349109270726	0.83246472757495105	0.85294969382849706	0.81586050467156146	Flüssigkeitszwickel	5 m³/(m²h)	5	20	35	50	1.5946213315973724E-2	9.311441372463769E-2	9.5992245101449283E-2	0.10978724655072457	Flüssigkeitszwickel	10 m³/(m²h)	5	20	35	50	1.841196272737133E-2	9.487225730434784E-2	0.11499982389855071	0.12422397304347826	Flüssigkeitszwickel	15 m³/(m²h)	5	20	35	50	2.670042413041732E-2	0.11694010500000006	0.12855978833333331	0.15742731610144928	Flüssigkeitszwickel	20 m³/(m²h)	5	20	35	50	2.9076508907292953E-2	0.16740609800286577	0.14705030617150325	0.18413949532843868	Viscosity η /(mPa s)

Film flow fraction ΦFF  /-



Film flow	5	20	35	50	0.87282441954323453	0.79307938424070279	0.76729475666666658	0.76725425446238771	C-P liquid	5	20	35	50	0.49317792945765782	0.45735863103417235	0.42181531039130432	0.39425805246493983	5 m³/(m²/h)	5	20	35	50	0.87558805963525566	0.71402743896132137	0.73444960136764692	0.76911270927536224	10 m³/(m²/h)	5	20	35	50	0.8545202938506703	0.7606476034491787	0.76602265901449273	0.7699886640724638	20 m³/(m²/h)	5	20	35	50	0.87282345902136471	0.78731736644862971	0.75908797828985541	0.76750769823188392	5 m³/(m²/h)	5	20	35	50	0.52760409930672447	0.44692256535269675	0.433840109882353	0.43227601721739145	10 m³/(m²/h)	5	20	35	50	0.51315147347181367	0.45600844188426731	0.42942690942028988	0.41642408413043486	20 m³/(m²/h)	5	20	35	50	0.50082235267388675	0.43176698444407668	0.40711764253623206	0.38866543060869563	Viscosity η /(mPa s)


Surface-to-volume ratio 
R /(m²/m³)




5 m³/(m²/h)	5	20	35	50	0.60257114461623529	0.62591791430708088	0.59070099442423629	0.5620450839054143	10 m³/(m²/h)	5	20	35	50	0.60051408628276326	0.59950026768832732	0.56059295944686327	0.54081846079132023	15 m³/(m²/h)	5	20	35	50	0.56503681429507568	0.57668707587456614	0.54974350694612162	0.51385580486770321	20 m³/(m²/h)	5	20	35	50	0.57379570576096051	0.54840271895901116	0.53632471357723899	0.50639939052607363	Viscosity η /(mPa s)


RC-P liquid/RFilm flow /-
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