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Abstract:  9 

Effective mass-transfer area plays a key role for post-combustion carbon capture. The static area, 10 

an inactive part relative to mass transfer, needs to be differentiated in the interfacial area. In the 11 

present study, CFD method is employed to investigate static and dynamic interfacial areas in 12 

Mellapak 500.Y structured packing. A wide range of physical properties and loading conditions 13 

are included to understand their effects on both areas. The result shows that the relationship 14 

between interfacial area and interfacial velocity at the local scale can be described by gamma 15 

distribution with good accuracy. The influences of various physical properties derived from 16 

simulation are compared with existing experiment-based correlations for both static and interfacial 17 

areas. The result shows the dominant influence of viscosity on the static area, and the most 18 

importance of the influence of contact angle on the interfacial area. This study also highlights the 19 

importance of viscosity, which is usually ignored.  20 
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 22 

1. Introduction: 23 

As global warming continues to be a primary concern, curbing CO2 emissions has become 24 

an increasingly relevant topic in recent years. The flue gas from coal-fired power plants accounts 25 

for 30% of total U.S. CO2 emissions (Rochelle, 2009). Thus, coal plants are endeavoring to 26 

incorporate capture technology into new facilities and to retrofit existing plant towers. Various 27 

capture strategies have been proposed. Chemical absorption, adsorption, cryogenics, membranes, 28 

and microbial/algal systems are among the frontrunners in this effort (Rao and Rubin, 2002). Of 29 

these, absorption with a chemical solvent is arguably the most mature and readily deployable 30 
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concept (Rao and Rubin, 2002). To achieve absorption, the flue gas flows countercurrent to the 31 

solvent through a packing material. Structured packing, made of corrugated sheets, has been cited 32 

as being a highly favorable option for use in the absorber, due to its superior performance relative 33 

to high mass-transfer efficiency and low pressure drop.  34 

 The capital costs of CO2 capture are quite daunting because the absorber tower can be as 35 

large as 15 m in diameter. Performance evaluation and clear understanding of mass transfer is of 36 

vital significance for achieving a more efficient structured packing design before commercial 37 

deployment. Mass-transfer performance can be characterized by the product of mass-transfer 38 

coefficient and effective area. The effective area is the focal point of this research because an 39 

accurate prediction of the effective area is critically needed for the CO2 capture by aqueous amine 40 

absorption.   41 

 The effective area (ae) is where interfacial mass transfer takes place in a packed column. 42 

Note that the definition of effective area is different than wetted area (aw) and interfacial area (ai). 43 

Wetted area is the portion of the packing surface area covered with liquid, while the interfacial 44 

area is the total gas-liquid interface area. In structured packing, a portion of droplets is negligible 45 

at normal liquid loading (Rocha et al., 1993), and correspondingly wetted area and interfacial area 46 

are almost the same. The interfacial area can be divided into a static part (ast) and a dynamic part 47 

(adyn) as ai = ast + adyn (Puranik and Vogelpohl, 1974). The static part of the interfacial area is not 48 

renewed; after the saturation or depletion of the solute, it will no longer participate in the mass 49 

transfer. The dynamic part of the interfacial area is continuously renewed by the fresh solvent and 50 

thus remains active for mass transfer of solute. The difference between the static and dynamic parts 51 

can be discriminated by interfacial velocity because they each are defined by the hydrodynamic 52 

concept. The magnitude of the effective area depends on both absorption situations and hydraulic 53 

characteristics as ae = χ(Ha)·ast + adyn (Hegely et al., 2017), where Ha is the Hatta number that 54 

represents the ratio of chemical reaction to physical diffusion in a liquid film and χ(Ha) is a 55 

normalized coefficient as function of Ha, χ = f(Ha). Therefore, the clear differentiation of static 56 

and dynamic interfacial areas is important to accurately predicting the effective area. Measurement 57 

and prediction of the effective area have been the subject of many publications in the literature. 58 

De Brito et al. (1994) and Danckwerts (1970) reviewed the large variety of chemical absorption 59 

experiments to measure the effective area of interphase mass transfer in structured packings. Wang 60 



et al. (2005) and Tsai (2010) performed an extensive review of effective area correlation for 61 

structured packing. However, most of these measurements and correlations interchangeably used 62 

the interfacial area to represent the effective area for column design, which would overestimate 63 

the mass-transfer area in most absorption situations (Puranik and Vogelpohl, 1974). Few studies 64 

differentiate static area and dynamic area to correlate the effective area. For example, Shi and 65 

Mersmann (1985) proposed a representative model on the basis of rivulet flow on an inclined flat 66 

plate. The correlation for wetted surface area is theoretically derived and then a correction factor 67 

is multiplied on wetted surface area to consider the difference between wetted area and effective 68 

area. The influence of static area is implicitly confounded by a correction factor, rather than 69 

explicit consideration. Rocha et al. (1996) developed an effective area prediction model and 70 

validated it with experiments conducted under different operating conditions. A factor of 71 

approximately 0.9 was also used to account for regions in packed bed that are not conductive to 72 

rapid surface renewal. The static area was also not explicitly considered. Puranik and Vogelpohl 73 

(1974) proposed a correlation for estimating effective area in evaporation and absorption, with and 74 

without chemical reaction. The influences of the static area and dynamic area are separately 75 

presented in the final correlation. It shows the dependence of static area on the ratio of the Weber 76 

number and Froude number. The effectiveness of static area for mass transfer is governed by a 77 

Hatta number-like dimensionless factor, which exhibits a relationship similar to that reported by 78 

Hegely et al. (2017). Joosten and Danckwerts (1973) also differentiated static area and dynamic 79 

area literally and attributed the effectiveness of the static area to an adsorption-dependent factor. 80 

The existence and effectiveness of static area also have been emphasized for effective mass transfer 81 

in the analysis of liquid holdup at different absorption conditions (Baldi and Sicardi, 1975; Gelbe, 82 

1968; Patwardhan, 1979; Shulman et al., 1955). In all those studies, how to differentiate the static 83 

area from the total interfacial area is not clearly explained, leading to an unclear definition of static 84 

area. Because both static area and dynamic area are hydrodynamic concepts and related to local 85 

interfacial velocity, it is imperative to first analyze the relationship of interfacial velocity and 86 

interfacial area from which the static area can be determined by a threshold velocity. In 87 

combination with the chemical reaction condition, which will be analyzed in our next work, more 88 

accurate prediction of effective area can be obtained. A wide range of physical properties are 89 

analyzed to incorporate emergent solvents in hydrodynamic simulations. Therefore, the objective 90 



of this study is to accurately quantify the percentage of static and dynamic interfacial area with 91 

various solvents and loading conditions in a structured packing column.  92 

 In practice, direct observation of local flow field within a packed column is a difficult 93 

problem to overcome (Basden et al., 2013; Green et al., 2007; Owens et al., 2009). Computational 94 

fluid dynamics (CFD) simulation can overcome this limitation and offers access to a wealth of 95 

data not available from experimental techniques. In this study, CFD simulation with the prevailing 96 

volume of fluid (VOF) method is employed to rigorously analyze the local interfacial velocity 97 

distribution. Sulzer Mellapak 500.Y structured packing is used as a base case in the simulation. 98 

Wetting of the structured packed column in an absorption column is quite complex and a large 99 

number of factors influence the interfacial area, such as solvent properties (surface tension and 100 

viscosity), packing surface characteristics (contact angle and roughness), operational condition 101 

(liquid load and gas load), packing design, etc. (Singh et al., 2018). The influence of these factors 102 

on the correlation of interfacial velocity and interfacial area is thus explored. A wide range of 103 

solvent viscosities and surface tensions are considered to incorporate new emergent solvents for 104 

carbon capture. In Section 2, the mathematical formation of the VOF method used in the CFD 105 

simulation is briefly introduced, as are the geometry and boundary conditions of the CFD packed 106 

column. The correlation of interfacial velocity and interfacial area relative to different influencing 107 

factors are discussed in Section 3. In Section 4, these results are compared with existing 108 

correlations for static area and interfacial area in the literature. The relative importance of different 109 

factors to both static area and interfacial area are evaluated as well, followed by concluding 110 

remarks.  111 

2. Methodology 112 

2.1. Mathematical formulations 113 

Multiphase flow simulations of the hydrodynamics in Mellapak 500.Y packing were performed 114 

using the VOF method. The commercial CFD software, STAR-CCM+, was used to carry out the 115 

numerical simulations (CD-adapco, 2020). A brief outline of VOF method is provided here. The 116 

mass conservation and momentum equations are solved for a single fluid as follows: 117 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝐮) = 0      (1) 118 



𝜕𝜌𝐮

𝜕𝑡
+ ∇ ∙ (𝜌𝐮𝐮) = −∇𝑝 +  𝜇∇2𝐮 +  𝜌𝐠 + 𝐅    (2) 119 

where p is pressure, g is gravity, μ is dynamic viscosity, and ρ is density. F is surface tension force 120 

at the gas-liquid interface, and u is the velocity vector of the fluid mixture. In the presence of gas 121 

and liquid phases, μ and ρ of the fluid mixture can be calculated as follows: 122 

𝜌 = 𝛼𝜌𝐿 + (1 − 𝛼)𝜌𝐺      (3) 123 

𝜇 = 𝛼𝜇𝐿 + (1 − 𝛼)𝜇𝐺      (4) 124 

where α is the volume fraction of liquid phase and subscripts L and G denote the liquid and gas 125 

phase, respectively; and α is in the range of 0 and 1, where 0 denotes cell fully occupied by gas 126 

and 1 denotes cell fully occupied by liquid. The volume fraction α is solved by an additional 127 

transport equation as follows: 128 

𝜕𝛼

𝜕𝑡
+ 𝐮 ∙ ∇𝛼 = 0      (5) 129 

In Eq. (2), surface tension force at the gas-liquid interface is modeled as a volumetric force using 130 

continuous surface force model (Brackbill et al., 1992): 131 

Fn = −𝜎∇ ∙ (
∇𝛼

|∇𝛼|
) ∇𝛼      (6) 132 

Fs = (∇𝜎)𝑠|∇𝛼|      (7) 133 

where σ is the interfacial tension and subscripts n and s denote normal and tangential components 134 

of a variable. The default normal direction is from liquid to gas. Because the constant surface 135 

tension coefficient is considered in this study, the tangential surface tension force Fs becomes 0. 136 

On the wall region, the 
∇𝛼

|∇𝛼|
 in Eq. (6) is enforced as 𝑛𝑤 cos 𝜃𝑤 + 𝑠𝑤 sin 𝜃𝑤. Herein, nw and sw are 137 

the unit normal and tangential vectors of the wall surface, respectively, and θw is the contact angle 138 

at the three-phase contact line. To acquire a sharp and clear interface, the high-resolution interface 139 

capturing (HRIC) scheme (Muzaferija, 1998) is used to reduce numerical diffusion. An additional 140 

convective term is added to Eq. (5) to increase the interface sharpness in the HRIC scheme.  141 

2.2. Problem setup  142 



High-resolution 3-D multiphase flow simulations were conducted to explore the hydrodynamics 143 

in a Mellapak 500.Y structured packed column that had two packing units. The packing geometry 144 

is shown in Fig. 1a. The geometry keeps the same as the PNNL laboratory continuous flow system 145 

absorber column which is developed by PNNL with a size small enough to be reproduced by the 146 

CFD model at a 1:1 scale (Fu et al., 2020b). The packed column has a radius of 3.82 cm and a 147 

height of 21 cm. A 0.1 mm radial gap is set between circular packing surface and column wall. 148 

This small gap is intended to reduce liquid flow along column wall surface which is the 149 

functionality of wiper band in practical packing column. It is noted that wiper band is not 150 

considered in this work. In industrial structured packing, wiper bands are present to redirect any 151 

liquid and vapor flowing along the wall back into the packing to ensure efficient contact between 152 

the two phases. Wiper bands shows observable effects on the pressure drop (Olujić, 1999) and 153 

local liquid distribution in proximity of wiper band, but limited liquid redistribution far away from 154 

wiper band (Basden, 2014). The height of each packing unit is 10 cm, and a 1 mm vertical gap is 155 

provided between them. When installing structured packing, the general industrial practice is to 156 

rotate each successive unit of packing 90° to promote liquid redistribution. The present CFD model 157 

follows a similar approach with the two units presenting an angle difference of θr = 90°. A liquid 158 

distributor (small cylindrical tubes beneath the top surface in Fig. 1a) is installed at the top of the 159 

domain similar to industrial applications and the height of inlet tube is 0.5 cm. The gap between 160 

the distributor inlet and upper packing top surface is about 0.45 cm. Cai (2018) suggested a 161 

minimal drip point density for 500.Y of 160 /m2. A total of 49 drip points is used to distribute the 162 

solvent uniformly across the packed column where the drip point density is more than the 163 

suggested value. The drip point distribution also influences the absorption efficiency and pressure 164 

drop in the structured packing (Pavlenko et al., 2020). To ensure uniform irrigation of solvent in 165 

the packing surface of the cylindrical column, a circular distribution of the drip points is favorable, 166 

as shown in Fig. 1b. Each drip point has diameter of 2 mm, and the liquid flow is vertically 167 

downward into the packed column. The velocity inlet boundary is specified at the liquid distributor 168 

as uL,in = uL·A/Ain, where uL is the liquid superficial velocity, A is the cross-sectional area of 169 

column, and Ain is the cross-sectional area of all dripping points. The bottom face has both outward 170 

solvent flow and inlet gas flow; it is not practical to set the gas phase boundary condition directly 171 

at the boundary (Fu et al., 2020a; Singh et al., 2020). Instead, the uniform gas velocity with the 172 

negative sign is specified at the remaining portion of the top face as uG,out = uG·A/Aout, where uG is 173 



the gas superficial velocity and Aout is the area of the outlet boundary. The bottom of the column 174 

is specified as the outlet boundary condition for both liquid and gas phases in simulation. The wall 175 

of the column is set as having no-slip wall boundary conditions with a static contact angle. The 176 

surface of the packing sheets is specified as being a no-slip wall with a static contact angle as well.  177 

Air and industry-used solvents for carbon capture are employed as the working fluids. The 20% 178 

monoethanolamine (MEA) was used as the base case, which has properties of μL = 1.18 cP, ρL = 179 

996 kg/m3, σ = 57.8 mN/m, and θw = 40° (Singh et al., 2017). The superficial velocities for the 180 

liquid and gas phases are uL = 0.004 m/s and uG = 0.05 m/s, respectively. The corresponding liquid 181 

load is 14.4 m3/m2h, in the manufacturer suggested operating range from 0.2 m3/m2h to 200 182 

m3/m2h. The corresponding F-factor (𝐹 = 𝑢𝐺√𝜌𝐺) for gas load is 0.06√𝑃𝑎, lower than loading 183 

point F = 2.5√𝑃𝑎 from manufacturer. Both liquid and gas loads are in the low range of appliable 184 

loading for commercial column sizes. The small liquid and gas loads in this study is selected based 185 

on the capacity limitation of PNNL laboratory continuous flow system (Fu et al., 2020b). At high 186 

flow rate, the gear pumps may exceed maximal rated differential pressure (torque limited). To 187 

incorporate the new emergent solvents, a range of solvent properties and loading conditions are 188 

examined and listed in Table 1. In each simulation, one parameter was varied while keeping the 189 

remaining properties the same as the base case, which is highlighted in Table 1. In the following 190 

comparison with existing correlations, additional cases are run to increase the database of this 191 

study.  192 



 193 

Fig. 1. (a) Configuration of two-unit Mellapak 500.Y structured packing columns used in the 194 

simulation. (b) The distribution of the dripping points of the liquid distributor at the top surface of 195 

the column.  196 

Table 1. Range of solvent properties and operating conditions used in the simulations. 197 

Parameters Values 

Liquid superficial velocity, uL (m/s) [0.001  0.003  0.004  0.0058  0.0085  0.0113] 

Gas superficial velocity, uG (m/s) [0  0.002   0.02   0.05   0.08] 

Static contact angle, θw (°) [9  18  36  40  54  72] 

Surface tension, σ (mN/m) [10 15  20  25  30  38  52  57.8  66] 

Liquid viscosity, μL (cP) [1.18 2.31  3.72  6.54  9.36  12.18] 

Rotation angle between two units, θr (°) [0 18  36  54  72  90] 

 198 

The computational flow domain is discretized by polyhedral mesh elements in the core volume. 199 

Because the solvent flows over corrugated sheets and the boundary wall in the structured packing, 200 

a prism layer mesh element is employed to resolve the boundary layers and the velocity gradient 201 

of the flow near the surface. The cross-sectional mesh configuration is shown in Fig. 2. A total of 202 

7.5 million cells is generated in the computational domain. The packing surface and wall surface 203 

r/R = 0

r/R = 0.31

r/R = 0.58

r/R = 0.83

y

z

x
θ r
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is refined with the prism layer mesh. The prism layers each have a thickness of 1.2 mm and 10 204 

layers. The CFD simulations were run on the Pacific Northwest National Laboratory high-205 

performance cluster. Each compute node has 24 cores, and each simulation ran on 8 nodes with 206 

total 192 cores. An implicit unsteady solver was used for the time steps. All the cases were run for 207 

10 s to ensure the interfacial area reached a pseudo-steady state. 208 

 209 

Fig. 2. Snapshot of the CFD mesh generated in the computational domain. 210 

2.3 Mesh independence study 211 

A mesh independence test was conducted to ensure there was an optimum number of cells in the 212 

computational domain for economic simulations. The base case was run with six mesh sizes. The 213 

evolution of the interfacial area in the packing column was monitored. Note that liquid film on 214 

column wall was excluded in the calculation of ai. The fractional area is defined as the ratio of 215 

interfacial area to the geometric area, af = ai/ap. The transient fractional areas are plotted in Fig. 3. 216 

All simulations achieved a pseudo-steady state value of af at about 6 s. The calculated af reduces 217 

when using a finer mesh and finally remains unchanged. Because the VOF method requires finer 218 

mesh near the gas-liquid interface, the coarse mesh is likely to have marked diffusion at the 219 

interface and consequently account for more cells. The results at the 7.5 million mesh size can be 220 

regarded as accurate at an affordable computational cost. Therefore, 7.5 million mesh cells will be 221 

used for all simulation cases in the following analysis.   222 
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Volume polyhedral meshes 

Packing surface prism layers 

Packing sheets 



 223 

Fig. 3. Fractional area with respect to simulation time at different mesh size resolutions. The 224 

simulations are run under the base case condition.  225 

3. Results 226 

The transient flow development for the base case is depicted to show the distribution of the solvent 227 

in structured packing. The fractional area at the pseudo-steady state is correlated with the 228 

interfacial velocity of the base case. The ratio of static interfacial area is described using the gamma 229 

distribution. Then, the effects of solvent properties and operating conditions on the total area and 230 

static interfacial areas are analyzed.  231 

3.1 Transient flow development 232 

The temporal evolution of the liquid-gas interface inside the packed column is illustrated in Fig. 233 

4. This temporal evolution of the fractional area corresponds to the magenta curve (7.5 M) in Fig. 234 

3. The liquid-gas interface is shown with the coloring indicating the local interfacial velocity. In 235 

the beginning, the solvent flows downward from the distributor and reaches the bottom in about 236 

3.0 s. This corresponds to the initial sharp increasing segment of the curve shown in Fig. 3. The 237 

solvent film spreads more uniformly on the bottom until about 5.0 s. After that, the flow reaches 238 

the pseudo-steady state and exhibit a nearly constant interfacial area. Note that the large rivulet 239 
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flow strip seen in the image is located on the column wall, which provides a non-trivial additional 240 

interfacial area for the small size columns.   241 

 242 

Fig. 4. Temporal evolution of the liquid-gas interface from 0 to 10 s. The liquid-gas interface is 243 

colorized by interfacial velocity magnitude.  244 

 245 

3.2 Interfacial area of the base case 246 

The interfacial velocity is used to differentiate the static and dynamic interfacial areas. Therefore, 247 

the relationship between the interfacial area and interfacial velocity is investigated first for the base 248 

case. The interfacial area and interfacial velocity magnitudes at t = 10 s in Fig. 4 are extracted from 249 

the simulation, excluding the liquid film on the column wall. The interfacial velocity is normalized 250 

by superficial liquid velocity and the range is discretized into a series of sections. The cumulative 251 

fractional area is normalized to the range of 0 to 1. The cumulative density function (CDF) of the 252 

fractional area with respect to normalized interfacial velocity is plotted in Fig. 5a. The gray 253 

cumulative histogram shows the simulation data. This CDF from the simulation is fitted by the 254 

CDF of the gamma distribution. The corresponding probability density function (PDF) of the 255 

t = 0.5 s t = 1.0 s t = 3.0 s t = 5.0 s t = 10.0 s 

0 0.06 0.12 0.18 0.24 0.3 

Interfacial velocity magnitude (m/s) 



fractional area with respect to normalized interfacial velocity is illustrated in Fig. 5b. The CDF 256 

and PDF of the gamma distribution, respectively, are 257 

𝐹(𝑥) =
𝑐

Γ(𝑎)
𝛾 (𝑎,

𝑥

𝑏
)      (8) 258 

and 259 

𝑓(𝑥) =
𝑐

Γ(𝑎)𝑏𝑎
𝑥𝑎−1𝑒−𝑥 𝑏⁄      (9) 260 

where Γ(∙) is the gamma function, 𝛾(∙,∙) is the lower incomplete gamma function. a and b are the 261 

shape and scale parameters of gamma distribution, respectively. c is a coefficient to match the 262 

fitting results. The fitted CDF and PDF of the gamma distribution are blue lines in Fig. 5. Both 263 

show a good match with associated simulation data with the coefficient of determination equal to 264 

1.0, and the minor difference is located at middle and end segments of the histogram. The merit of 265 

the CDF display lies in the clear correspondence of cumulative fractional area and certain 266 

interfacial velocity. It can be easily applied to estimate the portion of static interfacial area in the 267 

interfacial area. 268 

There is no existing clear definition of static area in the literature, even though this concept is 269 

widely used to denote the stagnant region in the column. In this study, the static area is defined 270 

based on the contribution of specific liquid region to overall mass transfer performance in packing 271 

column. The volumetric mass transfer coefficient in column can be expressed as (Song et al., 2018) 272 

𝑘𝑔
′ ∙ 𝑎𝑒 ≈

𝑢𝐿

ℎ𝑅𝑇
ln (

𝐶𝐶𝑂2,𝑖𝑛

𝐶𝐶𝑂2,𝑜𝑢𝑡
)     (10) 273 

where 𝑘𝑔
′  is the liquid film mass transfer coefficient, h is the height of the packing column, R is 274 

ideal gas constant, T is temperature, 𝐶𝐶𝑂2,𝑖𝑛 and 𝐶𝐶𝑂2,𝑜𝑢𝑡 are the inlet and outlet CO2 concentration 275 

in the column. Eq. (10) calculates the average mass transfer coefficient in packing volume based 276 

on the superficial liquid velocity. If the liquid region with interfacial velocity ui has higher velocity 277 

than uL, that region contributes more than average to the overall mass transfer; conversely at ui/uL 278 

<1, that region contributes less than average to the overall mass transfer. Therefore, static area is 279 

defined as the liquid area with interfacial velocity following ui/uL < 1. It is noted that this definition 280 

is from aspect of overall mass transfer performance, rather than local hydrodynamics.  281 



In what follows, ui/uL = 1 will be used as a critical velocity to differentiate the low and high velocity 282 

regions. For example, the static area in the interfacial area is ast/ai = 0.056 for the base case. In 283 

addition, the relative weights of different interfacial velocities in the fractional area are also 284 

represented by the CDF display. For the gamma function fitting, the potential implication of Eq. 285 

(8) lies in the prediction of the static and dynamic areas if the critical velocity is determined. In 286 

addition, the parameters’ product a×b in the gamma distribution reflects the mean interfacial 287 

velocity in the column, and it is 11.83 (normalized) for the base case locally, because it is collected 288 

from individual interface cells. However, there is another widely used way to calculate the average 289 

interfacial velocity from global sense. The average interfacial velocity from global sense, denoted 290 

as 𝑢̅𝑖, can be calculated by liquid load, as follows: 291 

𝑎𝑤

ℎ
× 𝛿𝐿 ×

2

3
𝑢̅𝑖 = 𝑢𝐿 × 𝐴     (11) 292 

where aw/h denotes the cross-sectional perimeter of the liquid film. δL is mean film thickness, and 293 

it can be estimated from Nusselt theory (Bird et al., 2006), 𝛿𝐿 = [
3𝜇𝐿𝑢𝐿

𝜌𝐿∙𝑔∙𝑎𝑝
]

1 3⁄

. 
2

3
𝑢̅𝑖 is average 294 

velocity of the liquid film where factor 2/3 comes from the conversion between mean velocity and 295 

maximum velocity assuming parabolic velocity profile in liquid film. For the base case, aw = 296 

0.2678 m2, h = 0.2 m, and δL = 0.143 mm. Therefore, normalized interfacial velocity 𝑢̅𝑖 𝑢𝐿⁄  is 297 

48.15. Note that this calculation assumes the uniform liquid thickness for all interfacial velocity 298 

rather than the area-weighted average interfacial velocity. This normalized interfacial velocity is 299 

closer to the median of interfacial velocity range, which is equal to 37.8. The interfacial area-300 

weighted interfacial velocity is calculated from local interface and can represent the local 301 

interfacial velocity in packing column, whereas the mean average velocity from Nusselt theory is 302 

calculated based on assumption of uniform liquid thickness and cannot represent the real average 303 

velocity very well. The noticeable discrepancy between the liquid film thickness of the Nusselt 304 

theory prediction and the experimental result is also validated by Schug and Arlt (2016).  305 



 306 

 307 

Fig. 5. (a) Cumulative density function and (b) probability density function of the fractional area 308 

with respect to normalized interfacial velocity. The gray bars signify the simulation results, and 309 

the blue line denotes the CDF and PDF fitting curve with gamma distribution, respectively.   310 

3.3 Effect of viscosity 311 

With industrial use of new solvents, a wide range of viscosities needs to be included to cover 312 

general situations. The influence of μL on mass-transfer efficiency is extensively explored mainly 313 
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by using the interfacial area and mass-transfer coefficient (Nakajima et al., 2000; Rizzuti et al., 314 

1981; Song et al., 2018). In contrast to those analyses, the approach presented here incorporates 315 

interfacial velocity distribution at the local scale. The correlations of af and ui at six μL values 316 

presented in Table 1 are analyzed, as shown in Fig. 6a. The curves in Fig. 6a are generated by 317 

fitting simulation data with gamma distribution Eq. (8). The coefficients of determination are all 318 

above 0.99 for the fitting. Fig. 6a shows the steeper slope of the CDF curves at the beginning with 319 

higher liquid viscosity, indicating more interfacial areas are associated with lower interfacial 320 

velocity. This is also verified by the mean interfacial velocity trend with respect to viscosity shown 321 

in Fig. 6b. The mean interfacial velocity decreases from 11.83 at μL = 1.18 cP to 6.28 at μL = 12.18 322 

cP. It becomes harder for solvent to spread out on the corrugated sheet, leading to smaller 323 

interfacial areas. In terms of the static area, the ratio to interfacial area increases from 0.056 at μL 324 

= 1.18 cP to 0.371 at μL = 12.18 cP. Because one of the main goals of the design optimization of 325 

new packing is the elimination of stagnant liquid pools (Hegely et al., 2017), the solvent that has 326 

the higher viscosity needs special attention to increase the effectiveness of the static area or reduce 327 

the percentage of static area.    328 



 329 

Fig. 6. The effect of viscosity on the (a) correlation of interfacial area and interfacial velocity, (b) 330 

mean interfacial velocity, and (c) ratio of the static area to interfacial area.  331 

 332 

3.4 Effect of surface tension 333 

The correlations of fractional area with interfacial velocity at different surface tensions are 334 

presented in Fig. 7a. Because nine cases listed in Table 1 have nearly overlapping curves, only 335 

four curves are shown for clarity purposes. The surface tension overall has a small impact on the 336 

fractional area distribution. The curves also cross over each other at different interfacial velocities, 337 

which is different from what is shown in Fig. 6a. The variation of the mean interfacial velocity 338 

with surface tension is shown in Fig. 7b. The figure shows the nonmonotonic variation within the 339 

range of 2.5 (difference between 1st data point and 6th data point), which indicates the small 340 

influence of surface tension on mean interfacial velocity. It is noted that the variation in Fig. 7b is 341 

mainly caused by interfacial velocity distribution change at different surface tensions in Fig. 7a. 342 
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The HRIC scheme to capture interface may be also partially contributable to the interface velocity 343 

change. The ratio of static area in interfacial area is shown in Fig. 7c. It is noted that both static 344 

area and interfacial area change at different surface tensions. The static area ratio is almost constant 345 

at lower surface tension values and increases at higher surface tensions. This can be explained by 346 

the effect of surface tension on the solvent flow in the structured packing. Gravity and surface 347 

tension are in direct competition with each other for area generation. Gravity serves to spread the 348 

liquid by pulling it toward and over the packing ridge, while surface tension acts to prevent the 349 

liquid from spilling over the packing ridge. At higher surface tensions, the flow resistance is larger 350 

and leads to the development of a larger percentage of static area. This trend in static area growth 351 

is also validated by the CFD simulation conducted by Basden (2014). It is also consistent with the 352 

empirical relationship of the static area reported by Puranik and Vogelpohl (1974), who showed 353 

that static area is positively proportional to surface tension. Tsai (2010) showed that a reduction in 354 

surface tension leads to an increase in interfacial area. This statement is also verified by our 355 

simulation results. Fig. 7c presents the ratio of static area in interfacial area, not the fractional area. 356 

Therefore, higher surface tension reduces the fractional area and increases the percentage of static 357 

area.  358 



 359 

Fig. 7. The effect of surface tension (a) on the interfacial area and interfacial velocity, (b) on the 360 

average interfacial velocity, and (c) on the ratio of static area in interfacial area. To better illustrate 361 

the effects, only four curves are shown in (a).  362 

3.5 Effect of contact angle 363 

The contact angle is an important component of the system that indicates the degree of wetting 364 

when a liquid and solid interact. Young’s equation reveals a relationship between the contact angle 365 

and interfacial tension of three phases. The packing sheets are generally manufactured from 366 

different materials such as ceramics, metal, and plastics, which have different contact angles for a 367 

given solvent. For a given packing surface, the contact angle and liquid-gas surface tension are 368 

inherently coupled. That is, cosθw and σ follow a linear relation. Any changes in the surface tension 369 
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must be met with corresponding changes in the contact angle (Nicolaiewsky and Fair, 1999; Tsai 370 

et al., 2008). The effect of this coupling relationship is discussed below.  371 

The effects of contact angle on the fractional area at intermediate surface tension (57.8 mN/m) and 372 

low surface tension (25 mN/m) are shown in Fig. 8a and Fig. 8b, respectively. Both plots show 373 

steeper curves at the low contact angle values. This means there is a large percentage of fractional 374 

area within a relatively low interfacial velocity. This is demonstrated by the mean interfacial 375 

velocity in Fig. 8c. A lower contact angle corresponds to a lower interfacial velocity. This trend 376 

can be explained by the effect of the contact angle on the flow morphology. The contact angle 377 

primarily determines if the liquid flows as a film or a rivulet (Basden, 2014). For the highly wetting 378 

case (9°), liquid flows primarily as a film. For the weakly wetting case (72°), liquid flows primarily 379 

as a rivulet, leading to a smaller wetted area. Because the liquid load is the same for various contact 380 

angle cases, Eq. (11) qualitatively shows a higher mean interfacial velocity as the wetted area 381 

decreases, even though the quantitative analysis by Eq. (11) shows significant deviation. 382 

Therefore, the lower contact angle shows a lower interfacial velocity for both surface tensions. 383 

Fig. 8c also shows that at a lower contact angle (<40°), the mean interfacial velocity at two surface 384 

tensions present a 1% difference, whereas this difference reverses at a higher contact angle (>40°). 385 

Because this small difference (~1%) is within the fluctuation range of the mean interfacial velocity 386 

at various surface tensions shown in Fig. 7b, this small difference is most likely a fluctuation that 387 

has a different surface tension, rather than a physical trend. The ratio of static area in interfacial 388 

area shows a monotonic trend with the contact angle (Fig. 8d). Because lower contact angle has 389 

better wettability, the solvent can spread over the packing ridge and presents a thin film near the 390 

ridge. Whereas at a higher contact angle, the solvent mainly flows in a valley as rivulet flow that 391 

has a larger thickness (Singh et al., 2017). Thin film has a lower interfacial velocity than that of a 392 

rivulet at the same liquid load. Therefore, the simulation with the lower contact angle has a higher 393 

ratio of static area. In addition, the lower surface tension has a smaller ratio of static area, which 394 

is consistent with Fig. 7c. The ratio change in static area for both surface tension (Fig. 7c) and 395 

contact angle (Fig. 8d) is around 5%, which indirectly demonstrates the similar effects of contact 396 

angle and surface tension on the static area.  397 



 398 

   399 

Fig. 8. The effect of contact angle (a) on the correlation of the interfacial area and interfacial 400 

velocity at σ = 57.8 mN/m, (b) on the correlation of interfacial area and interfacial velocity at σ = 401 

25 mN/m, (c) on the mean interfacial velocity, and (d) on the ratio of static area.  402 

3.6 Effect of gas load 403 
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fluctuation. Even though the effect of gas load is negligible in average sense like Fig. 9b, gas load 409 

still shows some importance on the ratio of static area in interfacial area as shown in Fig. 9c. The 410 
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variation in the ratio of static area is almost 0.05, the same as the effects of surface tension and 411 

contact angle. From this variation, the influence of gas load on static area cannot be overlooked. 412 

Fig. 9c shows a positive proportion of static area ratio and gas load. This is attributed to the 413 

resistance effect of gas flow on the liquid flow in the countercurrent flow. Higher gas load with 414 

larger momentum slows the interfacial velocity of the liquid. For thin-film flow with very small 415 

solvent velocity, this resistance would cause the fluid to stagnate and increase the static area. Gas 416 

load is expected to have a larger influence on film flow, rather than rivulet flow, in terms of static 417 

area.  418 

 419 

 420 

Fig. 9. The effect of gas load (a) on the correlation of interfacial area and interfacial velocity, (b) 421 

on the mean interfacial velocity, and (c) on the ratio of static area. 422 
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Higher liquid load increases the kinetic energy of solvent flowing along the packing surface. 424 

Almost all correlations derived from both experiments and simulations predict the positive 425 

proportion of interfacial area and liquid load within certain ranges. However, it is not clear how 426 

the liquid load affects the interfacial velocity and the corresponding interfacial area. This section 427 

addresses this question by running six simulations (refer to Table 1). The correlation of fractional 428 

area and interfacial velocity is shown in Fig. 10a. With a higher liquid load, more of surface region 429 

presents higher interfacial velocity, which is expected. Note that the superficial velocity in 430 

individual case is used to normalize the interfacial velocity, rather than a constant value, to be 431 

consistent with the definition of static area. The correlation with respect to normalized interfacial 432 

velocity is shown in Fig. 10b. It shows that the case with relatively high superficial velocity 433 

presents high fraction of static area in comparison to case with low superficial velocity. It is 434 

attributed to the definition of static area which describes standard deviation to superficial velocity. 435 

The mean interfacial velocity follows a power law trend with liquid load, as shown in Fig. 10c. 436 

This trend can be qualitatively explained by Eq. (11)— the liquid load increases both the wetted 437 

area and the film thickness, and the relation 𝑢̅𝑖 𝑢𝐿⁄  ∝  
1

𝑎𝑤𝛿𝐿
 shows power law function of uL. This 438 

trend is depicted in Fig. 11, which shows the gas-liquid interface on the center packing sheet of 439 

the bottom unit. The figure shows that higher liquid load can cover more areas on the packing 440 

sheet, as is especially obvious in the middle valleys. The coloring also indicates a thicker liquid 441 

film at higher liquid loads. The liquid flows as rivulets along the packing channels and doesn’t 442 

overcome the corrugation ridge of the packing layer. This flow pattern in Mellapak 500.Y is 443 

consistent with observation by 3D tomographic scans (Wehrli et al., 2018) and simulations 444 

(Olenberg and Kenig, 2017). The ratio of static area in interfacial area shows a increasing trend 445 

relative to liquid load, as shown in Fig. 10d. This can be interpreted from both Fig. 10b and 10c. 446 

Noted that this increasing trend is related to the fraction of static area, not the total static area. 447 

Another point is that the variation magnitudes of the static area ratio and mean interfacial velocity 448 

caused by the liquid load are much larger than other factors, like surface tension, contact angle, 449 

and gas load. The liquid load and viscosity impose similarly significant influences on the 450 

interfacial area.  451 



   452 

   453 

Fig. 10. The effect of liquid load (a) on the correlation of interfacial area and absolute interfacial 454 

velocity, (b) on the correlation of interfacial area and normalized interfacial velocity, (c) on the 455 

mean interfacial velocity, and (d) on the ratio of the static area. The x axis in (b) is cut to 75 to 456 

maintain clear visualization of curves.  457 
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 458 

Fig. 11. Gas-liquid interface visualization on the center packing sheet of the bottom unit. The 459 

interface is colorized by interfacial velocity magnitude. 460 

3.8 Effect of rotation angle 461 

In structured packing, gas and liquid flow through a single element and preferentially spread in a 462 

series of packing units. To spread gas and liquid uniformly in all sheets, each packing unit is rotated 463 

at a certain angle with respect to the adjacent element. This setup has been widely employed in 464 

CO2 capture in industrial applications. The rotation has been shown to increase the liquid holdup 465 

and wetting area significantly (Fourati et al., 2012; Soulaine et al., 2014). Rotation also causes 466 

fluid accumulation at the junction between adjacent packing elements because the packing channel 467 

changes directions. X-ray tomography images showed that the global holdup at junctions is twice 468 

as high as that in the interior of the packing unit (Toye et al., 2005). This creates additional 469 

resistance to liquid and gas flow and then increases the gas flow pressure drop as the downside. 470 

Consequently, the local liquid velocities slow down when crossing the element junctions. Pavlenko 471 
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et al. (2019) investigated the effect of rotation angle on the distribution of local liquid velocities in 472 

the packing cross section by experimental observation. With a higher rotational angle, the liquid 473 

velocity in the center of the packing cross section decreases, but the flow rate at the packing 474 

periphery increases. Hence, the uniformity of liquid flow increases. At θr = 90°, the flow is 475 

maximum at the periphery and minimum in the center compared to other rotations. Our simulation 476 

can substantiate their conclusion and provide more insights into static interfacial area. 477 

The results for fractional areas at different rotation angles are shown in Fig. 12a. The curves are 478 

almost overlapping and show the minor influence of rotation angle on the interfacial velocity 479 

distribution. The mean interfacial velocity decreases at larger rotation angles, as shown in Fig. 480 

12b. This decrease is due to the more significant dislocation (the rotation angle between upper unit 481 

and lower unit) of the flow channel from the upper unit to the lower unit and reduces the flow 482 

momentums. This can be confirmed by the gas-liquid interface visualization in Fig. 12e where the 483 

liquid velocity in diagonal longest channels reduces with larger rotation angles. Additionally, the 484 

entering velocity at metal sheet tip is smaller for case with larger rotation angle in Fig. 12e. This 485 

is also consistent with the conclusion drawn by Pavlenko et al. (2019). The fractional area increases 486 

at a larger rotation angle, as shown in Fig. 12c. This axial spreading of liquid increases and the 487 

original dry surface area becomes irrigated, increasing the fractional area of packing. In accordance 488 

with Eq. (11), the average interfacial velocity decreases and more area is likely to stagnate, as 489 

shown in Fig. 12e. This point is not discussed in the previous literature and reveals another 490 

downside of rotation, even though the variation in the static area is very slight, about 0.01. From 491 

the perspective of interfacial area, 90° is favorable given the underlying assumption that all 492 

interfacial area can contribute to mass transfer. However, the slightly increased ratio of static area 493 

undermines the advantage of higher interfacial area at 90° and needs to be considered for column 494 

design in combination of effectiveness of static area. Limited to current condition in this study, the 495 

packing with rotation angle of 90° would show better performance than those with other rotation 496 

angles.  497 
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Fig. 12. The effect of rotation angle on (a) the relationship between interfacial area and 501 

interfacial velocity, (b) the mean interfacial velocity, (c) the fractional area, (d) the ratio of static 502 

area, and (e) gas-liquid interface visualization at bottom unit for three rotation angles.  503 

4. Discussion 504 

In addition to the static interfacial area, the effects of the aforementioned factors on the total 505 

interfacial area are also discussed and compared with existing correlations. The current data set 506 

also is compared with existing correlations of the static area and holdup, and the merits of current 507 

work are discussed as well. The effects of these factors on static area and mean interfacial velocity 508 

are discussed to highlight the factors whose influence is dominant. The practical application of 509 

current work is discussed as well.  510 

4.1 In Comparison with existing correlation of fractional area 511 

Numerous correlations have been proposed to predict the fractional area in the packed column 512 

(Wang et al., 2005). Many are derived from chemical absorption/mass-transfer measurements, 513 

because direct measurement of fractional area is difficult in experiments. The latest relevant 514 

correlation proposed by Song et al. (2018) is used to compare with simulation data. The fractional 515 

area is calculated based on the volumetric mass-transfer rate and measured mass-transfer 516 

coefficient as follows (Song et al., 2018): 517 

𝑎𝑓 = 1.16𝜂 [
𝜌𝐿

𝜎
𝑔1 2⁄ 𝑢𝐿𝑎𝑝

−3 2⁄
]

0.138

     (12) 518 

where ƞ is a coefficient that depends on the packing type, surface materials, and loading condition. 519 

For the structured packing and preloading condition in this study, ƞ is 1.0 for stainless steel and 520 

0.62 for plastic surface. The contact angle is implicitly represented by this coefficient because Eq. 521 

(12) does not have a term representing the contact angle. In addition, Song et al. (2018) treated 522 

other factors considered in our analysis (but not in Eq. (12)), such as viscosity and gas load, as 523 

insignificant relative to fractional area. The relative error for insignificance is 10%.  524 

The effects of solvent properties, gas, and liquid loads on the fractional area were presented 525 

separately in the previous section. To clearly illustrate their relative importance, the y axis in all 526 

figures is fixed to 0 and 1. The correlation and CFD data are compared in Fig. 13.   527 
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 530 

Fig. 13. Comparison of fractional area by correlation and CFD simulation showing the effects of 531 

(a) viscosity, (b) surface tension, (c) contact angle, (d) gas load, and (e) liquid load. 532 
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Because ƞ varies with surface texture, both curves representing metal (ƞ = 1) and plastic (ƞ = 0.62) 533 

surfaces are plotted in the graphs. Fig. 13a shows the influence of viscosity on fractional area. af 534 

has a variation of 0.1 in the specified viscosity range, which cannot be treated as negligible. The 535 

average dependence of af on μL by Song et al. (2018) is -0.007 ∓ 0.022, whereas it is about 0.07 536 

in our simulation. This difference may be attributed to the experimental measurement in Eq. (12) 537 

because it is impossible to only vary viscosity without changing other physical properties for the 538 

measurement of gas-liquid interfacial area with chemical absorption. It is admitted that the 539 

investigated liquid rate in Song et al. (2018) ranges 6-73 m3/m2h which shows wider range and 540 

higher load than 14.4 m3/m2h for base case in our study. The interfacial area is found to increase 541 

with liquid viscosity by X-ray measurement on Mellapak structured packing (Janzen et al., 2013). 542 

X-ray measuring technique can overcome the interdependence of physical properties in interfacial 543 

area measurement since the impact of liquid system properties on mass transfer phenomena is 544 

irreverent for X-ray tomography. Their measurement with liquid load ranging 4-25 m3/m2h can 545 

confirm our relation between interfacial area and liquid viscosity in Fig. 13a. In addition, 546 

predictions concerning the influence of viscosity in existing correlations conflict with one another. 547 

Some correlations stated a positive dependence of the fractional area on viscosity (Bravo and Fair, 548 

1982; Rizzuti et al., 1981; Singh et al., 2018), other predicted negative dependence (Brunazzi et 549 

al., 1995; De Brito et al., 1994), and the rest predicted no dependence (Rocha et al., 1993; Tsai, 550 

2010).  551 

The effect of surface tension on fractional area is shown in Fig. 13b. The simulation curve with θw 552 

= 40°, which is the same as the base case, falls between correlation curves and exhibits the same 553 

trend. It validates the consistency of our simulation with experimentally derived correlation Eq. 554 

(12). Because the contact angle is embedded in ƞ, ƞ = 1 and ƞ = 0.62 represent the highly wetting 555 

and weakly wetting properties of metal and plastic surfaces, respectively. That is, ƞ = 1 corresponds 556 

to small θw and ƞ = 0.62 corresponds to large θw based on the negative dependence of the fractional 557 

area on the contact angle. To determine the upper and lower bounds of this dependence, two 558 

additional sets of simulations with θw = 0° and θw = 90° are run. The data with θw = 0° lie above 559 

the curve with ƞ = 1 and the data with θw = 90° lie below the curve with ƞ = 0.62. This further 560 

validates our simulation. The simulation data also show that the limiting fractional area with θw = 561 

0° is always above 0.8 and that with θw = 90° it is around 0.4, irrespective of the surface tension. 562 



These data provide additional information about the limiting condition of the fractional area at 563 

different contact angles and surface tensions.  564 

The effect of contact angle at two surface tensions is shown in Fig. 13c. The af  reductions for θw 565 

from 9° to 72° are very close for two curves as well as the curve slopes, which indicates the 566 

independent relationship between contact angle and surface tension. Comparison of the af  drops 567 

in Fig. 13b and 13c, it indicates that contact angle overperforms surface tension relative to the 568 

influence of the fractional area. One interesting point is the concurrent crossing of the CFD curve 569 

by the correlation lines, marked by the red dashed lines. The crossing can roughly estimate the 570 

contact angles of 27° and 75° corresponding to ƞ = 1.0 and ƞ = 0.62, respectively, and the angles 571 

are both in a reasonable range for metal and plastic surface and consistent with all graphs in Fig. 572 

13. With this information, the correlation in Eq. (12) can more accurately predict the fractional 573 

area and make the comparison with other emergent data.  574 

The effects of gas and liquid loads are illustrated in Fig. 13d and 13e. They show a negligible 575 

effect of gas load and a significant effect of liquid load, consistent with the conclusion represented 576 

by Eq. (12). The trend of af with respect to uL for simulation is almost the same as that for 577 

correlation.  578 

Overall, the simulation exhibits good agreement with the latest correlation of fractional area in 579 

terms of liquid properties and loading conditions. The only difference is for the effect of viscosity. 580 

Viscosity is a long-lasting conflicting factor in literature and needs more investigation. In this 581 

sense, our CFD model is validated by the experimentally derived correlation. It also presents the 582 

capability to back out the uncertain parameters in correlations, like contact angle corresponding to 583 

ƞ.  584 

4.2 Dependence of static area 585 

The prediction correlation of the static area indicates the importance of ruling out inactive area 586 

from interfacial area in the calculation of effective area. Puranik and Vogelpohl (1974) provided 587 

the only existing correlation for static area derived from statistical analysis of various previous 588 

experimental data. After adjustment to our notations, their correlation for static area is as follows: 589 

𝑎𝑠𝑡

𝑎𝑖
𝑎𝑓 = 0.229 − 0.091𝑙𝑛 (

𝜌𝐿𝑔

𝜎𝑎𝑝
2)    (13) 590 



where the static area is expressed as the ratio of the total surface area, rather than the ratio of 591 

interfacial area as done in Section 3. It shows that only surface tension influences in all specified 592 

physical properties. In addition, the static area calculated by Eq. (13) for the base case is about 593 

0.264. That means, one quarter of the total surface area is covered by stagnant film. The negligible 594 

influence of liquid load in Eq. (13) contradicts other experimental measurements (Gelbe, 1968; 595 

Schubert et al., 1986) that indicate static area decreases with higher liquid loads. Their experiments 596 

also show the effect of viscosity on static area. In this aspect, the correlation for static area needs 597 

further analysis.  598 

Our simulation provides insights into the dependence of static area on the discussed factors. The 599 

static area is defined as the ratio of the total surface area: ast·af/ai. It shows a positive dependence 600 

on viscosity, independent of surface tension, negative dependence on the contact angle term (1-601 

cosθw), weakly positive dependence on gas load, and negative dependence on liquid load. The 602 

dependence on viscosity, contact angle, and liquid load cannot be overlooked. A more extensive 603 

data set is need to the determine the specific form of this dependence and the associated correlation.  604 

4.3 Relative importance of discussed factors 605 

The influence of six factors on the static and fractional areas are presented separately in Section 3 606 

and 4.1. Note that the effective mass-transfer area depends on both areas, and hence the 607 

comprehensive evaluation of the impacts of the factors on the effective area requires a combination 608 

of both metrics (static area and fractional area). Because the specified ranges of physical properties 609 

and loading conditions cover prevalent solvents and operating conditions, the variations in static 610 

area and fractional area corresponding to those ranges can represent the dominance of an individual 611 

factor in the effective mass-transfer area. Therefore, the variations in the static area and fractional 612 

area in the previous sections are collectively shown in Fig. 14. Fig. 14a illustrates the significant 613 

influence of viscosity on the static area. Surface tension, contact angle, gas load, and liquid load 614 

have similar influences on the static area. The rotation angle has the least influence. From this 615 

perspective, the influence of viscosity is underestimated by most existing correlations because few 616 

investigators have endeavored to analyze the percentage of the static area. This study emphasizes 617 

the value of evaluating the relative importance of the six factors and highlights the influence of 618 

viscosity. Comparison of the influence of the factors on the fractional area in Fig. 14b reveals the 619 

dominant influence of contact angle, which is consistent with existing understandings (Rocha et 620 



al., 1993; Shi and Mersmann, 1985; Singh et al., 2016). The influence of surface tension and liquid 621 

load on the fractional area are of secondary importance. The gas load and rotational angle have 622 

negligible influences on the fractional area.  623 

     624 

Fig. 14. The variation of (a) static area and (b) fractional area in the specified range of discussed 625 

factors in Table 1.  626 

4.4 In comparison with existing correlation of holdup 627 

Besides the comparison of fractional area with latest correlation in section 4.1, the liquid holdup 628 

is also compared with well-established correlation in an effort to assess the reliability of current 629 

CFD model. Many empirical correlations are derived to predict liquid holdup in Mellapak 630 

structured packing columns (Olujić et al., 2007; Rocha et al., 1993; Stichlmair et al., 1989; Suess 631 

and Spiegel, 1992). The well-established correlation by Suess and Spiegel (1992) will be used to 632 

compare with our CFD results. The predictive holdup correlation is, 633 

ℎ𝐿 = 𝑐 (
𝑎𝑝

𝑉
)

0.83

𝐵𝑥 (
𝜇𝐿

𝜇0
)

0.25

     (14) 634 

with c = 0.0169 and x = 0.37 for B < 40 m3/m2h and c = 0.0075 and x = 0.59 for B > 40 m3/m2h. V 635 

is the volume of packing column, μ0 is the dynamic viscosity of water at 20°C. Liquid holdup is 636 

calculated in Eq. (14) as a function of liquid load, liquid viscosity, and specific surface area of the 637 

packing. The dependances of liquid holdup on liquid viscosity and superficial velocity are 638 

compared between CFD result and Eq. (14), as shown in Fig. 15. Overall, good agreement is 639 

reached between CFD result and correlation in Eq. (14). It is noted that some increasing minor 640 
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difference still exists between CFD results and existing correlation with larger liquid viscosity and 641 

superficial velocity. It is due to difference of power law dependence on viscosity and velocity. The 642 

power exponents of viscosity and low velocity in Eq. (14) are 0.37 and 0.25, respectively. The 643 

fitted power exponents of viscosity and velocity from CFD results are 0.29 and 0.19, respectively. 644 

Several possible interpretations can tell this difference. Firstly, the correlation in Eq. (14) is derived 645 

based on the structured packing (Mellapak 250.X, Mellapak 250.Y and 500.Y). Least square 646 

regression is applied on all data to obtain the power exponents. Some variation would exist for 647 

Mellapak 500.Y, which will cause some difference of power exponents. Most likely interpretation 648 

is the slight difference of packing structure in this study and Eq. (14). Wiper band and surface 649 

texture (embossing and perforation) are not considered for our geometry in Fig. 1(a). The static 650 

holdup at contact points between adjacent packing sheets usually takes 1% to 2% of total holdup 651 

(Aferka et al., 2011; Rocha et al., 1993), which can cause the difference between our results and 652 

correlation in Eq. (14). The smaller holdup on smooth structured packing with no holes than 653 

industrial packing is confirmed as well by Schug and Arlt (2016). The smaller power exponent of 654 

velocity than correlation in Eq. (14) is also observed by Olujić et al. (2007). Additionally, it is 655 

noted that only effects of velocity and viscosity are considered in Eq. (14). Complicated correlation 656 

for liquid holdup also shows dependence on crimp angle of corrugation and contact angle etc. 657 

(Rocha et al., 1993).  658 

  659 

Fig. 15. Comparison of overall holdup in Mellapak 500.Y between CFD results and existing 660 

correlation with respect to (a) viscosity and (b) superficial liquid velocity.  661 
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4.5 Practical application discussion 662 

In this study, the static area and dynamic area are differentiated in interfacial area. It provides 663 

insight on the uncertainty analysis of existing correlation for fractional area since most correlations 664 

do not separate static area from interfacial area or interchangeably use interfacial area and effective 665 

area. It also offers alternative method to construct more accurate empirical correlation of fractional 666 

area. Some discussions are followed about the practical application of current model and results. 667 

Compared to practical packing column, the constructed geometry in this study maintains the core 668 

features and ignores some other features, i.e., wiper band and surface textures. Wiper bands are 669 

wrapped around the circumference of the element and bent toward the column wall prior to 670 

installing the packing. It helps direct liquid flow back into the packing element and prevent gas 671 

channeling. In the section with wiper bands, the porosity decreases and surface area increases, 672 

enhanced liquid accumulation is observed via X-ray CT near wiper bands, and lower away from 673 

wiper bands (Aferka et al., 2011; Owens et al., 2009). Additionally, the contact between adjacent 674 

packing sheets confined by wiper bands also results in local accumulation of liquid (Janzen et al., 675 

2013). The liquid at those contact points is continuously renewed by the liquid flow and liquid 676 

mixing is promoted. The liquid holdup at those contact points are measured ranging between 1% 677 

and 2% (Aferka et al., 2011). Therefore, the presence of wiper band would increase the interfacial 678 

area, but the quantification of enhancement needs future analysis. Surface texture (embossing) 679 

shows multiscale roughness from microscale to millimeter scale, and is difficult to fully resolve 680 

those multiscale features in simulation (Nicolaiewsky and Fair, 1999). The simplified pattern of 681 

surface texture is considered in simulation to show enhanced wetted area (Sebastia-Saez et al., 682 

2013). This enhanced interfacial area is also confirmed with experimental measurement (Tsai, 683 

2010). Perforation on practical metal sheet in structured packing help equalize radial pressure 684 

profiles in the packing column and to promote liquid spreading. The presence of perforations 685 

enhances wetting and increases the contact area for liquid gas interaction at low flow rate regime 686 

where liquid crosses the holes to wet the other side of perforated sheets (Subramanian and Wozny, 687 

2012). At high flow rate regime, the effect of perforation is negligible due to hole covered by 688 

liquid. Aforementioned factors increase interfacial area and cause deviation from prediction by 689 

current model and results.  690 

5. Conclusion 691 



Post-combustion carbon capture via solvent absorption has attracted significant interest among 692 

industry and scientific research communities due to its prospective deployment in the mitigation 693 

of greenhouse gas emissions. The design of absorption columns relies highly on the prediction of 694 

the mass-transfer coefficient and effective mass-transfer area. The accurate prediction of the 695 

effective area depends on both static area and interfacial area. In this study, a 3-D multiphase 696 

simulation using the VOF method was conducted to investigate the interfacial area, especially the 697 

static area. The two-packing unit Mellapak 500.Y structured packing was analyzed because of its 698 

commercial deployment by industry. A wide range of physical properties—viscosity, surface 699 

tension, contact angle, gas load, liquid load, and rotation angle—were considered in the analysis. 700 

The correlation of interfacial area and interfacial velocity at the local scale can be described by 701 

gamma distribution, which can capture velocity distribution at the gas-liquid interface and be used 702 

to describe the static area percentage in the interfacial area. Assuming a given velocity threshold, 703 

the static area percentage for different physical properties can be quantified. It shows the 704 

significant influence of viscosity on static area, which is usually ignored in existing literature. In 705 

addition, the interfacial area at different physical properties is compared with existing correlations 706 

and shows good agreement to validate the current CFD model.  707 

The issue of current correlation for the static area is also discussed and the approach in this study 708 

provides a means of more accurately establishing the correlation for the static area. Viscosity is 709 

the dominant influence on static area, and contact angle  the main effect on interfacial area. In the 710 

prediction of effective area, both factors need special attention to obtain accurate results. Since 711 

contact angle has the most pronounced influence on predicted interfacial area, its experimental 712 

determination is very critical. Conventionally, the sessile drop technique is employed to determine 713 

static contact angle on flat plate. However, the textured packing sheet makes the measurement 714 

complicated and far from accuracy. Wilhemy plate technique can be used to measure effective 715 

contact angle and provide more accurate key parameter for simulation and correlations. Relevant 716 

progress on the contact angle measurement will come out soon.  717 

The effectiveness of the static area relative to mass transfer also needs to be better understood and 718 

will be analyzed in further study to accurately predict the effective area.  719 

 720 
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 726 

NOMENCLATURE 727 

Roman Letters 728 

A = cross-sectional area of packing column, m2 729 

Ain = cross-sectional area of dripping points, m2 730 

Aout = area of outlet boundary of packing column, m2 731 

ae = effective area, m2 732 

aw = wetted area, m2 733 

ai = interfacial area, m2 734 

ast = static part of interfacial area, m2 735 

adyn = dynamic part of interfacial area, m2 736 

af = fractional area, af = ae/ap 737 

ap = geometric area of packing surface, m2 738 

B = liquid load, m3/m2h 739 

c = factor in Eq. (13) 740 

𝐶𝐶𝑂2,𝑖𝑛 = inlet CO2 concentration in packing column, mol/m3 741 

𝐶𝐶𝑂2,𝑜𝑢𝑡 = outlet CO2 concentration in packing column, mol/m3 742 

F = surface tension force at the gas-liquid interface per unit volume, N/m3 743 

g = gravity acceleration, m/s2 744 

hL = liquid holdup, % 745 

h = height of packing column, m 746 

𝑘𝑔
′  = liquid film mass transfer coefficient, kmol/m2·Pa·s 747 

R = ideal gas constant, 8314.5 m3·Pa/kmol·K 748 

T = temperature, K 749 



u = velocity vector of effective fluid, m/s 750 

uL,in, uG,out = inlet velocity at the liquid distributor and outlet velocity of gas at top boundary, m/s 751 

uL, uG = liquid and gas superficial velocity, m/s 752 

ui, u̅i = local and averaged interfacial velocity of liquid, m/s 753 

x = exponent of liquid load in Eq. (13) 754 

V = volume of two-unit packing column, m3 755 

Greek Letters 756 

α = volume fraction of liquid phase 757 

μ = dynamic viscosity of fluid, mPa·s 758 

χ = effective part of ast 759 

ρ = density of fluid, kg/m3 760 

σ = interfacial tension, mN/m 761 

δL = mean film thickness, m 762 

θw = contact angle at the three-phase contact line, ° 763 

θr = rotation angle between two units of packing column, ° 764 

Γ() =gamma function 765 

γ(,) = lower incomplete gamma function 766 

η = coefficient related to material types 767 

Dimensionless Groups 768 

Ha = Hatta number 769 

Subscript 770 

i = gas-liquid interfacial variable  771 

n = normal component of a vector 772 

s = tangential component of a vector 773 

L = liquid component 774 

G = gas component 775 

 776 

 777 
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