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[bookmark: _Toc46512584][bookmark: _Hlk44314701]Abstract
The pore-scale behaviour of liquid flow over wire mesh stainless-steel packing of variable contact angle is relevant for mass and heat exchanges in multiphase chemical systems. This behaviour was investigated by imaging experiments and 3D volume-of-fluid modelling. The surface of the wire mesh ring was modified by alumina coating to reach both hydrophilic and hydrophobic characteristics. The cycle of capillary droplet flow over the uncoated ring exhibited penetration of the hydrophilic mesh openings, adherence to the surface of the ring and accumulation as drips at the bottom region of the rings. However, over the hydrophobic ring, the droplet exhibited low adherence to the ring surface, accumulation at the top surface of the ring, no penetration of the openings, slip by the gravitational forces over the vertical curvature and accumulation as drips at the bottom region. In agreement with the classical observations at the macroscale, the observations at the pore-scale confirmed the increase of the wetting efficiency, liquid holdup and effective surface area at increased liquid flowrate and reduced contact angle. The 3D model was in reasonable agreement with Stichlmair’s model for the liquid holdup, particularly in the hydrophilic zone of the contact angle and low flow as well as in a reasonable agreement with Linek’s model for effective area, particularly in the hydrophobic range of the contact angle.
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1. [bookmark: _Toc46512585]Introduction
[bookmark: _GoBack]Packed bed columns are largely employed in multiphase systems as they are estimated to account for 40-70 % of the capital and operating costs of modern process industries. The improvement of liquid flow inside the packed columns, in terms of relevant flow characteristics such as dispersion of the liquid phase and wetting efficiency of the packing, has been extensively investigated owing to the impacts of these characteristics on process design from both economic and environmental perspectives. An example of such packing is Dixon rings which are made of a wire mesh grid of cylindrical shape that is extended to a flat grid along the longitudinal direction of the ring. As shown in Fig. 1, the mesh structure of the Dixon ring offers extra paths for gas to flow into the ring through the openings of the grids, resulting in the high effective surface area, that is of utmost importance in the catalytic and gas-liquid separation applications [1] [2].
[image: \\lancs\homes\58\abdelra2\My Desktop\drrr.jpg]
[bookmark: _Ref46496308]Fig. 1: Stainless steel packing – Dixon ring ¼” diameter

The wetting efficiency of the packing is a critical design parameter as it affects the gas-liquid interface where the chemical process takes place as well as the patterns of flow of multiphase systems. It shapes variations of the liquid flow under various regimes (i.e. droplets, rivulets, channelled or trickle types), directly influencing mass and heat transfer phenomena [3]. The wetting efficiency is defined by the contact angle, which is the angle between the tangent to the interface of a droplet and the solid walls. When the contact angle is higher than 90°, a hydrophobic non-wetted surface is obtained, whilst a hydrophilic wetted surface is reached when it is less than 90°. The wetting efficiency is entangled by the hysteresis of the liquid distribution over a surface, the operating flow and the type of packing (i.e. materials and geometries). Early efforts were made by Billet and Schultes [4] on modelling the wetting efficiency of a randomly distributed packing using a large experimental database to derive correlations on the liquid holdup, effective surface area and mass transfer coefficient. An improved model was later developed by Rocha et al. [5] for multichannel flow through structured packing. The relevance of properties such as the contact angle (θ) and the size of the corrugations was reported and a model of the flow at microscale was highlighted based on correlations of the liquid holdup, the partial wetting and the liquid film thickness. Lambert & Gonzalez [6] used a bouncing droplet over a super-hydrophobic surface to demonstrate that the characteristics of a solid surface affect the shape and the pattern of flow. Dong et al. [7] developed an effective strategy to control the overflow of liquid on a micro-nano structured super-hydrophilic surface. Haroun et al. [8] and Ataki & Bart [9] investigated the wetting efficiency of structured packing, namely Mellapak 250.X and Rombopak-4M, respectively. The flow characteristics were reported by 3D simulation that captured the variations of motion of the gas-liquid interface. They combined the volume of fluid (VOF) model and the Eulerian-Eulerian model to investigate the effects of operating flow and properties of the liquid on the behaviour of flow variations, and reported modifications of existing correlations on the liquid holdup and the effective surface area for the structured packing. They emphasised the relevance of the θ on the flow regime. The higher the θ is, the more responsible it is for changing the flow from a trickle to bubble flow. Other works showed the feasibility of this modelling approach. The surface wetting ratio of a single catalyst particle was studied by Du et al. [10] and Augier et al. [11]. The former studied the effect of different operating flow rates, liquid viscosities and contact angle on the liquid film thickness and the latter investigated the reactive efficiency of different catalyst shapes. Overall, few studies investigated the wetting efficiency of gas-liquid flow in packed columns using a combination of spatially resolved experimental imaging and 3D modelling. Such an approach would demonstrate the relevance of conducting evaluations at the microscale level and help to understand the changes in flow-packing interactions.
One method that can be used to adjust the surface wettability is by applying a surface modification of the packing using a uniform coating of hydrophobic or hydrophilic nature, depending on the application of interest. Kumar et al. [12] compared the liquid hold up and the axial dispersion in packed beds of hydrophobic and hydrophilic types using the radiotracer technique and confirmed the anticipated high dispersion in the case of hydrophobic packing and the high holdup in the case of hydrophilic packing. Yan & Gao [13] investigated the effect of the hysteresis of the contact angles on the interfacial wettability for a packing that was coated by the spray and dipping methods. It proved that the lower the contact angle is, the less pressure drop occurs, resulting in high weeping rates. The hydrodynamics and mass transfer performances in a rotating packed column with a hydrophobic mesh were investigated by Zhang et al. [14] using a high-speed camera. They evaluated the dispersion by observations of the cone angle that was generated from the splashes of droplets-solid packing interactions. The results showed that a hydrophobic mesh was more capable of spreading the liquid and thus improving the mixing capabilities. Ma et al. [15] studied the wetting efficiency in a rotating packed bed of Al2O3 coated stainless steel mesh. In comparison to the uncoated stainless-steel mesh, the coated wire showed a higher wetting ratio, leading to an increase in the efficiency of mass transfer by 45.7 %. Su et al. [16] used a series of stainless-steel substrates to study the wettability in a rotating bed reactor. The wetting efficiency was related to the surface hardness and surface free energy which allowed an understanding of the role of the coating material on the wettability behaviour.
The opportunity to apply computational fluid dynamics (CFD) as a tool to model the flow distribution in packed columns has enabled significant progress in studying the wetting efficiency for fluid-solid interactions of various geometries and solid types. The VOF approach has principally been used and was conducted in combination with the Eulerian-Eulerian model, allowing capture of the interphase of surfaces between the liquid and the solid packing [17]. The spatial resolution of these methods helped link the complex geometrical configuration of the packing and operational parameters to patterns of the flow and thus assess interactions of the gas, liquid and solid phases of multiphase systems [18] [19].
Since the wetting performance and liquid dispersion are critical information to anticipate, the development of surface characteristics of a packing that would be tuneable is essential for multiphase flow. The study at the microscale level of packing is a promising approach to understand the phenomena that take place and predict those that occur at large scales. In addition, the visualisation of the dynamics of the wetting at the macroscale level is still not sufficiently mature since existing methods that allow observations of time-integrated data while the dynamics of the flow occurs, particularly at low velocities, where the time resolution of observation is critical, are not straightforward [20] [21].
In this work, spatially resolved procedures based on imaging using a Charged Couple Device (CCD) camera and 3D modelling, that combines the VOF and Eulerian-Eulerian models, are used to investigate the wetting behaviour of the Dixon ring subject to the multiphase flow under a trickle flow regime. The trickle flow exhibits partial wetting due to preferential channelling, leading to mal-distribution and uneven mixing. The local flows around an element of coated and uncoated Dixon rings are visualised by experimental imaging and compared with those obtained by 3D CFD simulation. The wetting efficiency of the Dixon rings and the liquid holdup, which have an impact on the solid-liquid interfacial area and the dispersion of the liquid, are investigated through a parametric study by varying the liquid flow rate and the contact angle relevant to hydrophobic and hydrophilic types of packing surfaces.

[bookmark: _Toc46512586]2. 3D CFD model and discretisation
[bookmark: _Toc46512587]2.1. Governing equations
The flow of the gas and liquid phases in the packed column was simulated by coupling the Navier-Stokes model of fluid flow with the VOF method and solving by the Finite element method. The Laminar Two-Phase Field module, COMSOL Multiphysics 5.3a, was used to execute these simulations using a computer server with 512 GB RAM. The fundamentals of the phase-field model are described as follows and more details about the model can be found elsewhere [22].
The VOF captured the diffuse interface between the two immiscible fluids (i.e. water and air) and used the mixing and the storage energies at the interface by decomposition of the Cahn-Hilliard second-order partial differential equations. The model was set to be controlled by the phase-field variable (ϕ), considering the synergies of mixing and storing energies at the interfacial region, and ensuring minimisation of the total energy correctly [23].
The phase-field model was simplified by assuming incompressible Newtonian liquid, constant viscosity, isothermal environment and laminar flow (i.e. negligible turbulence effects due to low velocity). The continuity and momentum equations are expressed by Equations (1) and (2), respectively.
	
	[bookmark: _Ref4758775](1)

	
	[bookmark: _Ref4665312](2)



where p represents the pressure (Pa),  is the density (kg/m3), u is the velocity vector (m/s), Fg and Fs are the gravitational and surface tension forces (N), respectively, and  is the dynamic viscosity (kg/m.hr).
The phase-field model incorporates the effects of the volumetric forces, such as gravity and surface tension. The surface tension was represented by the mixing energy. The surface tension forces, which are distributed over the interface, were calculated using the phase-field variable (, as shown in Equations (4) and (5), respectively. Therefore, this computation avoided complex terms such as the surface curvature and the surface normal, which are typically required in other multiphase models (i.e. the level set model) [24].
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	 = G
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where G is the chemical potential density (J/m3),  is the phase field variable (-), c is, is the capillary width (m) and  is the mixing energy density (N).
Two additional equations were included in this model to capture the fluid interface. These equations calculate the phase field variable ( and phase-field help variable (), as shown in Equations (6) and (7), respectively.
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where  is the phi-derivative of external free energy (-) and  is the mobility parameter (m3.s/kg).
The latter determined Cahn-Hilliard’s diffusion time scale. It has to be selected carefully to maintain a constant interfacial thickness and to prevent overdamping the convective terms [25].
In the regions where fluids were segregated, i.e. no mixing, one fluid was set to take the element ϕ = 1 and the other fluid to take the element ϕ = -1. Conversely, the interface or the phase-field region was set in the range of these two boundary values, as expressed by using Equation (8).
	 ϕ ≤ 1
	[bookmark: _Ref5000980](8)


The volume for each element should remain constant for incompressible fluids. Therefore, if one fluid would leave a tiny volume element due to the interfacial diffusion, the other fluid would occupy the same volume element and vice versa. This allows the phase-field model to consider the discrepancies in the physical properties, i.e. density and viscosity, in regions where gas and liquid are in contact. The local density and dynamic viscosity or the mixture were calculated from local volume fraction values inside each cell of the calculation domain and areas described by Equations (9) and (10):
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The subscripts 1 and 2 in Equations (9) and (10) refer to water and air, which were considered as Fluid 1 and Fluid 2, respectively. The volume fraction (Vf) was computed by Equations (11) and (12):
	
	(11)


	 ≤ 1
	(12)


[bookmark: _Toc46512588]2.2. Model setup
To solve the governing differential equations for gas and liquid phases, the initial values and the boundary conditions have to be defined for all the domains and the boundaries. The initial values were specified by assuming that only the gas phase was present in the column, whilst the liquid phase was precluded from entering the column (i.e. at t = 0: = 1 and ). The inlet boundary was defined through the inlet velocity (uo) and the outlet boundary was defined through atmospheric outlet pressure. Details about the model characteristics are illustrated in Table 1.



[bookmark: _Ref67319913]Table 1: Parameters of the VOF model.
	Multi-phase model
	Volume of fluid

	Fluid
	Air-water

	Contact angle
	60°, 90°, 105° and 120°

	Surface tension (N/m)
	0.0729

	Operating pressure (atm)
	1

	Operating temperature (K)
	293

	uo (m/s)
	0.15, 0.25, 0.35 and 0.5

	Gas inlet velocity (m/s)
Thickness of the Dixon ring
	0.011
0.003 m



A range of contact angles, from 60 to 120°, covering both hydrophobic and hydrophilic properties are illustrated in Table 1. These values were selected as they reflect interactions of typical solvents with modified or unmodified surface structures [26].
[bookmark: OLE_LINK177][bookmark: OLE_LINK178][bookmark: OLE_LINK73]The boundary condition requires the calculation of the frictional forces ( slip length (. As shown in Fig. 2, the interactions of the liquid with the solid surface were considered using the adhesive condition, which is known as the wetted wall boundary condition. This boundary condition allowed the definition of the constant static contact angle ). The wetted wall boundary condition was calculated by Equation 13. The geometry, as shown in Fig. 3 (a), included the column (i.e. height and diameter were set to 18 and 4.8 mm respectively) and the inlet nozzle (i.e. size of 1.5 mm). A Dixon ring element was cut to have a diameter of 3 mm and length of 2 mm, and was then placed at the centre of the column, as shown in Fig. 3(a). Frictional force  was calculated according to Eq. (13):
	
	(13)


where   and  are slip length (m) and viscosity (kg/m.hr), respectively.
[image: ]
[bookmark: _Ref35118120]Fig. 2: Constant contact angle “ at the wall boundary condition.

A computer aided design (CAD) drawing of the Dixon ring geometry was provided by Croft Filters Ltd (Risley, UK). The CAD drawing required some modification in order to reduce the skewed elements occurring due to the intersections of the wires. The thickness of the cut of the Dixon ring was selected because it was found sufficient to observe the full flow of the drops through the openings or over the surface of the Dixon rings without overflow over the lateral sides. The intersections between the wires of Dixon rings had to be relaxed by 0.00001 m to avoid skewed meshing in both domain and boundary zones, as shown in Fig. 3(b).
[bookmark: _Ref35118833].
	a)
	b)
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[bookmark: _Ref34912753]Fig. 3: a) Illustration of the geometry of the 3D model, b) GR2 mesh distribution at the intersection of the wires, pore to mesh size ratio is 3.

[bookmark: _Toc46512589]2.3. Solution procedure
The phase-field model included a phase initialisation step and a transient step. The phase initialisation study started the phase field variable (ϕ) and ensured that it was smoothly varying throughout the domain, while the transient step solved the momentum conservation and Cahn-Hilliard equations. Moreover, the time-dependent study iteratively solved several non-linear equations for every time step using Newton’s approach. This approach evaluated the Jacobian function and its computationally expensive derivative. The default settings in COMSOL minimised the computational power by calculating the Jacobian derivative using a constant damping factor. However, this model was associated with a high degree of non-linearity due to the complex geometry of the Dixon rings, which generated skewed mesh elements. The initial simulations diverged when a constant damping factor was used in the calculation. It was then replaced by the dynamic damping factor, which was however computationally more expensive [27] [28].
The simulation started by discretising the fluid domain into many cells and the governing equations were then integrated for each cell. The differential equations were computed using an iterative solver (i.e. the generalised minimal residual solver) which was found to be effective and was then coupled with the geometric multigrid preconditioner to find numerical solutions for the non-symmetric matrices [29]. The preconditioner was used to coarsen the mesh using a multigrid, which reduced the order of the shape functions [30]. Other iterative solvers such as Flexible Generalized Minimal Residual method (FGMRES) and Biconjugate gradient stabilised method (BiCgStab) have been tested and provided similar results to the generalised minimal residual solver. The transient simulation was conducted using a time step of 0.005 s and convergence of relative tolerance of 0.01%. The simulation was conducted for a co-current gas-liquid flow configuration and the results of the flow pattern were described by the isosurface VOF value of 0.5.

[bookmark: _Toc46512590]3. Material and methods
[bookmark: _Toc46512591]3.1. Preparation and characterisation
In the previous work [31], a sol-gel alumina coating of uniform thickness of approximately 20 µm was applied to the Dixon rings. The same method was used to prepare the hydrophobic Dixon rings.
[bookmark: _Ref34842733][bookmark: _Ref44497887][bookmark: _Ref44497879]Dixon rings ¼” made of stainless steel 316L were supplied by Croft Filters Ltd (Risley, UK) and were used as a substrate for the coating. The data on the structural size were provided by the supplier and are illustrated in Table 2.



[bookmark: _Ref67319318]Table 2: Uncoated and coated Dixon rings ¼” in structural data.
	
	Diameter (μm)
	Mesh (standard)
	Length (mm)
	Aperture (μm)
	Calcination temperature (K)
	Dipping cycles

	Uncoated wire mesh
	165
	60 × 60
	30
	258
	-
	-

	Coated wire mesh
	205
	60 × 60
	30
	218
	773
	3



[bookmark: _Toc46512592]3.2. Experimental flow analysis over Dixon rings
The experiments were carried out to validate the VOF model and capture realistic data of the wetting efficiency for the coated and uncoated configuration. The uncoated Dixon rings were degreased in an ultrasonic bath at 100 W for 10 mins then dried at 373 K for 1 h. The coating was deposited by dipping Dixon rings in alumina sol-gel suspensions. Aluminium isopropoxide (AIP) was selected as a precursor and was hydrolysed with the ratio of 1:100 (mol AIP:mol H2O) at 353 K. More details about the coating procedure are provided in previous work [31].
The experimental setup included a CCD camera (IMETRUM, video gauge) with 60 frames per second (fps) and resolution (640 x 480), flashlight, and image processing software (ImageJ). The experiments were operated at atmospheric pressure and ambient room temperature and were designed to reproduce the VOF model environment, as shown in Fig. 4. A syringe pump (Aladdin Programmable Syringe Pump, 1000-220) with a precision of 1.2×ml/min and a needle orifice of 2 mm were used to provide the desired flow, capillary droplets or liquid filaments. The liquid injection was held 12 mm apart from the Dixon ring and the injection speed was changed based on the desired flow. The experiments were repeated three times to enhance the qualitative comparison of the liquid flow direction over Dixon rings with the model results. Both distilled water and black dye were used, which helped discriminate the droplets from the rings using image processing Image J package. The Dixon rings were cleaned with acetone and dried before each experiment to remove any potential surface impurities. The time resolution of the camera was improved by capturing repetitive collisions of the droplets and capturing fine details of the collision and further dispersion of flow. A cycle of capillary droplet flow started when the droplet fell from the needle, impacted on the Dixon ring and then left it.
[image: ]
[bookmark: _Ref35117995][bookmark: _Ref35117768]Fig. 4: A schematic representation of the experimental setup for flow imaging over Dixon rings: PC – personal computer, camera – (IMETRUM, video gauge), syringe pump (Aladdin Programmable Syringe Pump, 1000-220), liquid source – water 500 mL tank, nozzle (20 mm ID).

[bookmark: _Toc46512593]4. Results and discussion
[bookmark: _Toc46512594]4.1. Model validation
[bookmark: _Toc46512595]4.1.1. Flow over uncoated Dixon rings
The dynamics of the capillary droplets on an uncoated stainless steel Dixon ring at Weber number (0.23 at the nozzle and after collision with the Dixon ring wall are illustrated in Fig. 5 (a-d) and (e-h) by a series of snapshots from laboratory experiments and Dixon rings cut used in simulations. The dynamics of the impact of the droplet over the Dixon ring were driven by competition of the inertial forces and the surface tension forces, in particular, the flow velocity, surface tension and Dixon ring surface roughness. During the impact and spreading of the capillary droplet, the inertial forces were converted into viscous dissipation forces, allowing the creation of new surfaces of the liquid for further spreading over the Dixon ring.
[bookmark: _Hlk77583928]The dropwise flow of water from the nozzle demonstrated the non-visco-elastic property of the flow and accumulated at the top part of the mesh openings for the uncoated rings. The droplets built up a liquid film and penetrated the grid by the formation of dripping drops inside the Dixon ring. The droplets were then obstructed by the horizontal grid at the centre of the ring at 0.2 s (Fig. 5 (b)) but continued filling the bottom region of the Dixon ring (Fig. 5 (c)). After 0.36 s, the bottom region became full and the liquid started to overflow through the sides at reduced velocity. This overflow led the droplets to reach the flooding conditions. The results from the model showed that the liquid was adhering to the ring until it reached the bottom section where the liquid was trapped and accumulated. The liquid film exhibited adherence to the uncoated ring, with no breakup and the thickness around the Dixon ring increased after each droplet until the liquid reached maximum value after four impact cycles and then detached at 0.36 s, as shown in Fig. 5 (d). The CFD simulation (Fig.s 5 (e-h)) show dynamics of the impact of the droplets of a reasonable agreement with the experimental data. Both Figs. 5 (b) and (f) of 0.2 s time snapshots show the droplet trapped inside the ring. These figures were improved by adding boundaries around the droplets to discriminate the flow pattern (red line). The experimental droplet was however mainly located above the horizontal grid (b) while the ring simulation shows a uniformly distributed droplet inside the ring (Fig. 5 (f)). The two snapshots at 28 s and 36 s show the experimental droplet filling the bottom part of the ring and later accumulated underneath while the simulation droplets remained well adhered to the grid inside the ring. Overall, the flow patterns by the simulation appear to be built slightly faster, as they show the accumulated droplets being more developed.


	[bookmark: _Ref34994569][image: ]
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[bookmark: _Ref74133935]Fig. 5: Flow pattern comparison between the experimental and Snapshots of the impact of droplets (a-h) and filaments (i-p) on uncoated stainless steel Dixon ring for = 0.23 : (a-d) experiments, (e-h) simulation (a & e) at 0.12 s, (b & f) at 0.2 s, (c & g) at 0.28 s and (d & h) at 0.36 s, and for = 0.64 : (i-l) experiments, (m-p) simulation, , (i & m) at 0.06 s, (j & n) at 0.12 s, (k & o) at 0.18 s and (l & p) at 0.24 s.

When  was increased from 0.23 to 0.64, the same dynamics were observed as shown in Fig. 5 (i-l) (i.e. experimental droplet accumulation above the horizontal grid vs. uniform distribution through the ring of the simulation in Fig. 5 (m – p), accumulation of the experimental droplet at the bottom the ring vs. accumulation of simulation droplet inside the ring). Also, a continuous liquid stream occurred and fully developed at 0.24 s, as shown in Fig. 5 (l and p). The liquid flow pattern from the experiments and the model reached a steady-state flow within a shorter time than that reached at  of 0.23.
[bookmark: _Toc46512596]4.2. Grid independence test and simulation validation
The complex geometry of Dixon rings made the implementation of structured meshes challenging. Therefore, unstructured grids of free tetrahedral elements were used for the fluid domains and triangular elements covered the surfaces. To ensure that the solution was independent of the size of the mesh used in the simulation, the grid independence (GR) test for different cell sizes was conducted. The properties of several meshes are presented in Table 3. The number of cells and the sizes of the elements that were used enabled the assessment of the resolution of the flow pattern.
When GR1 was tested, the liquid flow over Dixon rings did not change over time (Fig. 6 (a–e)). As expected, GR1 results did not produce any liquid penetration through the Dixon rings. The refined mesh (i.e. GR2) is described in Fig. 6 (f–j) illustrating a realistic pattern for the flowing liquid. Further increase in the number of elements (i.e. GR3) augmented the computational time with no clear discrepancies in the flow pattern observed, as shown in Fig. 6 (k–o) and therefore GR2 was adopted for the simulation study. The computation time ranged from 672 to 840 h at  = 0.23 to 2.57.
The refined mesh domain (i.e. GR2) is described in Fig. 7. This observation is confirmed by the trends of wetting efficiency with time illustrated in Table 4 where GR2 and GR3 demonstrated close performance. To ensure that the model replicates realistic flow, a segment of a larger sized Dixon ring was used for the simulation. The mesh used for this investigation, GR2-1, had the same properties as GR2 except for the larger number of cells, as shown in Table 3. Fig. 8 confirmed the trend observed in Fig. 5, which were driven by a hydrophilic pattern, similar to the one produced using GR2.

[bookmark: _Ref30748912]Table 3: Mesh properties for the CFD model discretisation.
	Mesh type
	Maximum element size (mm)
	Minimum element size (mm)
	Resolution of narrow regions (-)
	Number of cells (cell)
	Element size near Dixon rings wall (mm)

	GR1
	0.48
	0.144
	0.6
	260798
	0.06

	GR2
	0.322
	0.096
	0.7
	586524
	0.04

	GR3
	0.288
	0.072
	0.75
	1008754
	0.03

	GR2-1
	0.322
	0.096
	0.7
	849542
	0.05



	[image: ]
	[image: ]
	[image: ]


[bookmark: _Ref44857531]Fig. 6: Flow pattern of VOF = 0.5 for uncoated Dixon rings using grid GR1 (a-e), GR2 (f-J) and GR3 (k-o), (a,f,k) at 0 s, (b,g,l) at 0.04 s, (c,h,m) at 0.05 s, (d,i,n) at 0.06 and (e,j,o) at 0.07 s, = 1.26 and θ = 105°


Table 4: Quantitative comparison using the wetting efficiency against time (s) for several mesh types.
	Mesh type
	t (s)
	0.03
	0.04
	0.05
	0.06
	0.07

	GR1
	Wetting
efficiency 
(-)
	0
	0.002
	0.02
	0.033
	0.045

	GR2
	
	0
	0.037
	0.027
	0.04
	0.049

	GR3
	
	0
	0.038
	0.027
	0.042
	0.047




[image: C:\Users\abdelra2\AppData\Local\Microsoft\Windows\INetCache\Content.Word\mesh 3.png]
[bookmark: _Ref54557704]Fig. 7: Illustration of a domain of GR2 mesh.

[image: ]


[bookmark: _Ref43314726]Fig. 8: Flow pattern of VOF = 0.5 for uncoated Dixon rings using the grid GR2-1, = 0.23  and θ = 60°: (a) 0 s, (b) 0.04 s, (c) 0.05 s, (d) 0.06 and (e) 0.27 s.
[bookmark: _Toc46512597]4.3. Flow around coated Dixon rings
Fig. 9 (a,b) shows a scanning electron microscope image of a coated Dixon ring. The coating was concentrated in the areas near the pores and an area where wires intersect. Energy-dispersive X-ray spectroscopy (EDS) tests showed the molar percentage of 8% alumina of coating at the convex area of the wires, as described in the previous work [31]. These surface non-uniform distributions of the coating will have an impact on fluid flow through the opening as discussed in the following section.[image: ] [image: ]

[bookmark: _Ref35119863][bookmark: _Ref54556250][bookmark: _Hlk43836539]Fig. 9: Scanning electron microscopic image for coated Dixon ring: (a) ×250 and (b) ×500.b
a

[bookmark: _Toc46512598]The flow around the coated Dixon rings was assessed by the experimental flow analysis and the VOF simulation. The static contact angle of the coated Dixon ring was challenging to assess experimentally due to the complex geometry of the stainless-steel grid.
To confirm the contact angle θ of the coated Dixon rings, the results of the laboratory observations of three depositions of alumina were compared to those obtained by simulation for different contact angles, ranging from hydrophilic to hydrophobic nature (i.e. 60 to 120°). Among these, the one based on a static contact angle θ = 105° demonstrated flow patterns similar to the experiments on coated Dixon rings.
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Fig. 10: Flow pattern by the experimental and simulation obervations: Snapshots of impact of droplets on coated stainless steel Dixon rings: θ = 105°, We= 0.23  (a-h) and  We= 0.64  (i-p)

As shown in Fig. 10(a-h), at = 0.23 and at 0.17 s, both experimental and simulation results show that capillary droplets were about to impinge the Dixon ring. The experimental droplet was repelled by the surface at 0.31 s while the simulation droplet was repealed at 0.29 s. The droplet accumulated at the top surface of the ring where the surface energy was high and the thickness of the liquid reached a maximum value, promoting then gravitational forces and leading the droplet to slip over the vertical curvature and detached at the bottom surface of the ring. Both the model and the experiments showed no penetration of the liquid into the grid of the coated Dixon ring, owing to its hydrophobic nature. Minor differences in the flow pattern occurred due to the non-uniformity of the contact angle, which made the droplet move around the Dixon ring until being forced to detach by the next droplet at 0.43 s and 0.29, as shown in Fig. 10 (d) and (f), respectively.
At value of 0.64, the droplet accumulated at the top surface of the ring at a higher rate in comparison with the surface energy, accelerating the gravitational forces and detachment at the bottom surface of the ring. Few discrepancies were observed between the model results and the experiments, as illustrated in Fig. 10 (i-p). The analysis focused on understanding the relationship between the nature of the packing (i.e. hydrophobic or hydrophilic) and the changes in the flow pattern over time. The images taken by the camera showed similar shapes to the droplets by simulation except for a minor amount of liquid that penetrated the Dixon rings opening, as shown in Fig. 10 (i). This disagreement could be caused by some assumptions used in the CFD simulation (i.e. the initial wall boundary conditions, constant wetted wall angle instead of a dynamic one with associated hysteresis and phase properties).
[bookmark: _Ref34828580]Fig. 10 (o & p) shows an average thickness over the length of the liquid film of 2 mm. Some tails are also observed which indicate the formation of a successive bubble that does not pass the mesh of the packing. Liquid-solid frictions led to extended droplets of lower local velocity compared with relevant bulk velocity. At a value of 0.23, phenomena of shrinkage and spreading over the sides of the Dixon rings were not observed, demonstrating the relevance of inertial forces over the surface tension forces. Overall, the flow over the coated and the uncoated Dixon rings has shown that the coated version offered liquid spreading over the mesh opening in comparison with the uncoated one which offered more film flow that passed through the meshes for improved wettability.

4.4. Wetting efficiency by a parametric study
[bookmark: _Toc46512599][bookmark: _Hlk77585458]4.4.1. Influence of liquid inlet velocity
[bookmark: _Hlk77585813]The wetting efficiency is defined as the ratio of the wetted area over the total area of packing. The effect of velocity  on the wetting efficiency was studied for the coated and uncoated rings. The profiles of wetting efficiency were calculated by averaging the liquid volume fraction () over the surface of the coated or uncoated rings with respect to time, as summarised in Fig. 11 and Fig. 12. Two distinctive peaks appeared for  = 0.15 m/s, each peak corresponded to dynamic profiles of wetting efficiency of the coated and uncoated rings with time and inlet liquid velocity and more relevant Figures of dynamics of the impact of the droplets with time were added (A 1). The liquid velocity was varied at 0.15, 0.25, 0.35 and 0.5 m/s. The velocity values of 0.15, 0.25 and 0.35 m/s corresponded to a dropwise flow from the nozzle while the velocity of 0.5 m/s corresponded to a jet flow from the nozzle. The residence time was approximately 0.05 s (i.e. first peak initiated at 0.15 s and ended at 0.2 s while the second peak started at 0.25 s and ended at 0.3 s). Conversely, five peaks appeared for the uncoated rings. The wetting efficiency reached a steady-state pattern after approximately 0.3 s. As shown in Fig. 12, the residence time for a single peak is 0.09 s, which is three times higher than that of the coated rings.
[bookmark: _Hlk43847387]As shown in Fig. A1 (c), in appendix A, the droplet hit the Dixon ring at 0.14 s at high wetting efficiency but was then repelled by the hydrophobic nature of the ring at 0.15 s. As shown in Fig. A2 (g-l), when uo was increased to 0.25 m/s, the drag forces destabilised the liquid stream by delaying the outer layers of flow in respect to the inner ones, driving the cohesive molecular forces to become tenuous. The slower outer molecules dragged the inner molecules until the surface tension forces have exceeded the inertial forces [32]. At uo of 0.35 m/s, the flow pattern changed because the surface tension forces were not dominant. The dynamic profiles of wetting efficiency of the coated rings with time and inlet liquid velocity are summarised in Fig. A3. The profiles of wetting efficiency are similar to those observed in the coated rings, but the residence time of the droplets of the uncoated Dixon rings was longer than that of the coated rings due to stronger adherence of the droplets to the rings, slowing down their travel inside the rings. At high liquid rates in both cases of coated and uncoated rings, the inertial forces dominated over the surface forces, resulting in the steady-state profile. It was not surprising to find that the wetting efficiency increased with uo, which agreed with the work reported by Du et al. [10] confirming that uo and the time required to reach the steady-state were directly proportional to each other. Overall, the high-velocity values stabilised the liquid shape of both uncoated and coated Dixon rings. The flow around the uncoated Dixon ring was converted into a film flow of uniform thickness due to a significant change in velocity over local parts of the droplets (i.e. increased thickness of the rolling droplet with reduced changes of the local parts).
 [image: ]
[bookmark: _Ref35074312][bookmark: _Ref44763234]Fig. 11: The wetting efficiency profile for uo = 0.15 m/s (black line), 0.25 m/s (red line), 0.35 m/s (green line) and 0.5 m/s (blue line) for coated rings, θ = 105°.
  [image: ] 
[bookmark: _Ref44763256]Fig. 12: The wetting efficiency profile for uo = 0.15 m/s (black line), 0.25 m/s (green line), 0.35 m/s (red line) and 0.5 m/s (blue line) for uncoated rings, θ = 60°.

[bookmark: _Toc46512600]4.4.2. Influence of contact angle
[bookmark: _Ref44498031]The influence of contact angle on the wetting of Dixon rings was investigated for a reference velocity uo of 0.15 m/s. The droplet dynamics for the actual coated ring (θ = 105°) and uncoated rings (θ =60°) were evaluated. Two additional values of the contact angle at 90° and 120° were also simulated, allowing observation of the behaviour of flow through the opening and flow over the surface of Dixon rings, prediction of the flow over more hydrophobic and hydrophilic conditions, that is a higher angle than 120° and lower than 60°, respectively, reproducing phenomena of solvent-surface interactions of a wide range of industrial applications [33].
At the value of θ = 60°, which corresponds to the uncoated Dixon ring, the droplet adhered to the ring, spread over to achieve maximum wetting and passed through the mesh opening, as illustrated in Fig. 13 (a). At θ = 90°, the droplet passed through the mesh opening of the Dixon rings but with less wetting, as shown in Fig. 13 (b) and then was repelled at long residence times in the Dixon ring. These trends continued at higher contact angles (i.e. θ = 105° and 120°) where the droplet observed no bouncing on the Dixon ring wall but a weaker adherence to the rings and more rolling over the wall of the rings, resulting in the lowest wetting efficiency, as shown in the wetting profile in Fig. 14.


[image: ]

[bookmark: _Ref35161547][bookmark: _Ref44860616]Fig. 13: Flow pattern of VOF = 0.5 at 0.14 s using the grid GR2, We = 0.23 for θ: (a) 60° (uncoated Dixon rings); (b) 90°; (c) 105° (coated Dixon rings); (d) 120°.
 [image: ] 
[bookmark: _Ref35161873]Fig. 14: The wetting efficiency of Dixon rings, We = 0.23 for θ = 60° (black line), 90° (red line), 105° (blue line) and 120° (green line).

[bookmark: _Toc46512601]4.5. Hydrodynamic performance
[bookmark: _Toc46512602][bookmark: _Hlk43901769]4.5.1. Liquid holdup
The liquid holdup was obtained by averaging the volume of the liquid volume fraction . The liquid holdup  was studied for Weber number ( 0.23 to 2.57 for θ = 60°, 90°, 105° and 120°, as shown in Fig. 15 and Fig. 16. The trend for  was similar to the wetting efficiency profiles, when the wetting efficiency increased, the liquid holdup increased and therefore increased with  and reduced contact angles. The liquid holdup for the uncoated Dixon rings (i.e θ = 60°) is the highest among all, as shown in Fig. 15. A minor discrepancy was found at  = 2.66, θ = 90° had the highest liquid holdup. This is a consequence of numerical modelling and could be explained by the fact that more liquid was allowed, which is particularly true in the range of contact angle from 90° to penetrate the mesh opening, while some adherence of the liquid is observed for the uncoated Dixon rings at θ = 105°.
The results from the VOF model were compared to models usually used in literature for random packing structure (i.e. Stichlmair et al. [34] by Equations (13) and (14) and Billet & Schultes [4] by Equation (15)), as illustrated in Fig. 16 (a-d). The model results for hL were fitted to Stichlmair et al. [34] using 2-D curve-fitting on Matlab. An exclusive correlation for the liquid holdup for Dixon ring, is shown in Equation (13). The model constant had 95% confidence bounds, b = 0.226, c = 0.08083 and R-square= 0.9557. The results for θ = 60°, 90°, 105° and 120° are in a reasonable agreement with those by Stichlmair’s model, particularly in the hydrophilic zone of the contact angle 60° and 90°, as shown in Fig. 16 (a) and (b), respectively. The comparison for hydrophilic Dixon rings showed that Stichlmair et al. [34] model is reliable at low  (i.e. the relative deviation of 7.21 % at θ = 60° and 14.12 % for θ = 90°). The reliability of the CFD model decreased at high  (i.e. relative difference was low for all  except at = 2.66 where it reached deviation of 42.31 %). At θ = 105° and 120°, as shown in (c) and (d), both Stichlmair et al. [34] and Billet models showed poor predictions, the relative difference errors being 24.01% and 33.23%, confirming additional local mixing could take place.
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	(14)
	

	
	(15)
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[bookmark: _Ref43575050]Fig. 15: Effect of Weber number  on the liquid holdup  for uncoated Dixon rings, θ = 60° (filled circles), 90° (hollow triangles), 105° (filled triangles) and 120° (hollow squares).
[image: ]
[bookmark: _Ref46478533]Fig. 16: Effect of Weber number  on the liquid holdup : a) θ = 60°; b) θ = 90°; c) θ = 105°; d) θ = 120°. CFD model (filled circles), Billet & Schultes [4] (hollow triangles) and Stichlmair et al. [34] (filled triangles).

[bookmark: _Toc46512603]4.5.2. Effective surface area
[bookmark: _Hlk43902959]The effective area, which is a critical parameter in gas-liquid mass transfer operations, was calculated by averaging the liquid volume fraction  and dividing by the surface of the Dixon ring. The effective area  was studied for a range of Weber number between  0.23 and 2.57 and contact angle of θ = 60°, 90°, 105° and 120°, as illustrated in Fig. 17. The general trend shows the effective area increased with . The highest effective area is at θ = 60°, while the lowest is at , except for  0.23, the effective area at  is lower than that of 120° with a value of 0.031.
[bookmark: _Hlk43903247]These results were compared to Linek et al. [35] given by Equation (16) and Billet & Schultes [4] given by Equation (17), for θ = 60°, θ = 90°, θ = 105° and θ = 120°, as shown in Fig. 18 (a-d). Billet & Schultes [4] requires additional physical parameters such as density ( and viscosity (. The results obtained using the CFD modelling were closer to the model by Linek (i.e. relative difference error for Linek et al. [35] model are 15.40% at θ = 60° and 14.24% for θ = 90°). Billet & Schultes [4] were higher than 40% for most of the contact angles but at θ = 105° and 120°, the relative deviations were 31.05 % and 15.32%. This shows that Linek et al. [35] was more reliable to predict the effective area for Dixon rings.
	
	(16)

	
	(17)





[image: ]
[bookmark: _Ref43643416]Fig. 17: Effect of Weber number  on the normalized effective area for uncoated Dixon rings, θ = 60° (filled circles), 90° (hollow triangles), 105° (filled triangles) and 120° (hollow squares).

[bookmark: _Ref43649776][image: ]
[bookmark: _Ref67319649]Fig. 18: Effect of Weber number  on the normalised effective area  for: a) θ = 60° b) θ = 90° c) θ = 105° d) θ = 120°, CFD model (filled circles), Linek et al. [35] (hollow triangles) and Billet & Schultes [4] (hollow squares).

[bookmark: _Toc46512604]5. Conclusions
This work demonstrated the role of flow at pore-scale of low flow regime operations inside the packed beds on control of wettability, holdup and the effective area for Dixon packing. It offers options to design packing for gas-liquid separation applications with tuneable opportunities for packing wettability and liquid mixing. The liquid flow over a single Dixon ring was studied using laboratory imaging experiments and 3D simulations. The investigation was conducted on a single wire mesh uncoated and surface modified Dixon ring with an alumina coating. The results of the VOF model were validated by imaging of the flow using a CCD camera and by a grid test simulation solution that was independent of the number of cells.

A cycle of droplet flow over an uncoated Dixon ring exhibited penetration of the hydrophilic mesh openings, adherence to the surface of the ring, obstruction by the horizontal grid at the centre of the ring and accumulation at the bottom region of the Dixon rings. The adherence of the droplet to the Dixon ring confirmed the hydrophilic nature of the Dixon ring. The cycle of the droplet interaction with the uncoated hydrophobic Dixon ring exhibited accumulation of the droplet at the top surface of the ring where the thickness of liquid reached a maximum value. This has promoted the gravitational forces and led the droplet to slip over the vertical curvature to the bottom surface of the ring without any penetration inside the ring.
The droplets profiles for the coated and uncoated rings were obtained by experiments and CFD simulations, and these were in reasonable agreement which allowed the further parametric study of the impact of the flow and contact angle on the wetting efficiency, liquid holdup and effective surface area. The uncoated Dixon rings were found to have a contact angle of 60° which described a hydrophilic packing nature, promoting the wetting efficiency by making the droplet to spread over it. The coated rings were shown to be hydrophobic in nature (contact angle of 105°), promoting repellence of the droplets. The time needed to reach the steady-state decreased when the liquid inlet velocity was increased or the contact angle was decreased. High flow rates destabilised the liquid stream by delaying the outer layers of flow with respect to the inner ones, driving the cohesive molecular forces to become tenuous.
The 3D CFD model confirmed the increase in the wetting efficiency, liquid holdup and effective surface area with increased liquid flowrate and reduced contact angle, in reasonable agreement with Stichlmair’s model, particularly in the hydrophilic zone of the contact angle and low We and Linek’s model, particularly in the hydrophobic range of the contact angle. This was driven by the development of a film of uniform thickness over the coated ring and by an increase in the thickness and length of the droplet over the uncoated rings. The high wettability and the hydrophilic nature of the uncoated Dixon rings can reduce the operational condition in packed columns. The hydrophobic coatings can be implemented in gas-liquid separation processes that require high mixing in packed beds.





	Nomenclature
	

	
	Effective area ()

	
	Packing area per unit volume ()

	c
	Capillary width (m)

	
	Packing diameter (m)

	G
	Chemical potential density (J/m3)

	
	Gravity constant (m/)

	
	Liquid holdup (-)

	Fg
	Gravitational forces (N)

	
	Froude number (-)

	Fs
	Surface tension forces (N)

	p
	Pressure (Pa)

	T
	Viscous deformation tensor

	
	Liquid inlet velocity (m/s)

	
	

	Greek letters
	

	
	Liquid Density (kg/)

	
	Liquid viscosity (kg/m.hr)

	
	Surface tension coefficient (N/m)

	
	Slip length (m)

	
	Phase field variable (-)

	
	Mixing energy density (N)

	
	Mobility parameter (-)
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