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Abstract  

Open-cell foams as the column tray are promising candidates for the purpose of process 

intensification in the distillation process. In this paper, the real foam porous structure is 

obtained based on Micro Computed Tomography (µ-CT), and the bubble formation 

process on pore-scale foam tray is discussed based on the VOF-CSF model (volume of 

fluid method-continuous surface force). The results show that the wettability (CA), 

superficial gas velocity (Ug), porous structure, and clear liquid layer height (HCL) all 

affect a crucial factor of the foam tray - the liquid holdup in the porous channels (LHPC). 

It determines the effective porosity, which in turn affects the bubbling frequency and 

pressure drop. Meanwhile, the evolutionary mechanism of instantaneous pressure drop 

is analyzed based on the flow patterns, force analysis and interfacial phenomena. 

Moreover, the new model to predict pressure drop is proposed based on LHPC, which 

shows good consistency with experiments. 
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1. Introduction 

Porous foam materials have attracted more and more attention 1-5 due to their low 

density, high porosity, high specific surface area, good corrosion resistance, and strong 

support. Especially, it has the advantages of reduced pressure drop per unit height and 

large gas-liquid contact area, making it also a potential column internal structure. Such 

as foam corrugated structured packing 6-9, foam catalytical packing carrier 10-13, foam 

column tray 4,5,14-16, etc., have been proven to be more efficient than traditional column 

internals and are widely used in the chemical industry 4,5,14. As one of the main 

applications, foam trays, although they have low-pressure drop and high mass transfer 

efficiency compared to the traditional column trays4,5, there are still undesirable 

phenomena such as abnormal high-pressure drops15, liquid weeping16, and uneven gas 

distribution17. Therefore, in-depth research on the gas-liquid distribution inside the real 

foam pores, bubble evolution, and transient pressure drop is of great significance for 

the further development of the industrial application of the foam tray. 

In recent years, many researchers have investigated the hydrodynamics and flow 

mechanism of the foam column tray. We all know that traditional metal and SiC foam 

structures are hydrophilic media, and the liquid phase can easily penetrate into the pores 

to form different forms of gas-liquid distribution 18. Li et al. explored the gas 

distribution mechanism on the hydrophilic SiC foam tray, it was found that the foam 

structure and thickness have a significant impact on the pressure drop15. In addition, the 

SiC foam tray will cause abnormally high pressure due to weeping, which makes it 

difficult for the submerged foam orifice to form the first bubbling point. A large number 



of studies have shown that the wettability of the porous media surface is closely related 

to the gas-liquid flow pattern in the pores 19 and found that changing the traditional tray 

from hydrophilic to hydrophobic can effectively reduce the pressure drop 20. Therefore, 

modifying the SiC foam tray from hydrophilic to hydrophobic, Yan et al. found that the 

hydrophobic SiC foam tray also effectively reduced the pressure drop, and proposed 

the contact angle induced pressure drop 16 and the contact angle hysteresis effect 17 

through the overall pressure drop decomposition. In general, these research results point 

out that the complex foam pore structure, gas-liquid flow pattern inside the porous 

channels, foam pore wettability, bubbling form, and other factors have varying degrees 

of influence on the pressure drop of the foam tray. However, current research methods, 

such as CT, high-speed imaging, and pressure drop measurement, are limited to the 

objective estimation of experimental results, and cannot deeply explore the 

interrelationship between the liquid-solid interaction, gas-liquid distribution, bubble 

shape evolution, and pressure drop of the foam tray. Thus the further development and 

application of the foam tray is limited. Therefore, this paper aims to research the bubble 

growth, gas-liquid distribution inside the transient foam tray, and the pressure drop 

based on CFD and provide valuable references for its further development. 

Because the foam porous structure is one of the important factors for the reliability 

of CFD simulation results. However, many recent studies have approximated the foam 

structure to the accumulation of tetrakaidecahedron 9,21-24 or similar struts 25-29 to 

simplify the calculation, and lack a reliable prediction of the actual flow inside the 

porous channel. With the improvement of image reconstruction technology 30-33 and 



computational fluid dynamics27,34,35, the research for internal flow laws in porous 

channels can be better realized. However, due to the complexity of the foam structure, 

it is difficult to construct an ideal grid through structural grids, or it may lead to a large 

number of grids and low computational efficiency due to ensuring the authenticity of 

the grids as much as possible. As a result, the current researches based on the 

combination of CT reconstruction and CFD are mostly limited to steady-state research 

on homogeneous heat transfer 35,36, pressure drop 37,38, and flow distribution 32,34,39-42. 

A few researchers apply it to research the heterogeneous gas-liquid distribution due to 

the time-consuming calculation, and Li et al. only scans and reconstructs the two-

dimensional foam structure plane to study the bubble evolution mechanism43. Therefore, 

based on the real three-dimensional foam structure to transiently study the bubble 

mechanism of the foam tray is faced with the following problems: 1. Ideal mesh is 

difficult to construct, 2. The number of meshes is huge, 3. The calculation of the internal 

gas-liquid two-phase is easy to diverge and time-consuming. 

Therefore, this paper aims to solve the above problems. Firstly, reconstructing the 

real structure of the SiC porous channel based on Micro Computed Tomography (µ-CT) 

and using the real pore structure as the foam column tray (in Section. 2). Secondly, the 

numerical simulation of bubbling growth on different wettability foam tray is realized 

by adding the volume force source term to the momentum equation (in Section. 3). 

Thirdly, the real foam characteristic structure is constructed through the hybrid mesh of 

polyhedron and hexahedron, and the number of meshes is reduced on the basis of 

ensuring the authenticity of the foam structure. To balance the reliability and efficiency 



of the calculation results, local mesh refinement encryption is used in the bubble rising 

path (in Section. 4.1). Fourthly, the dynamic bubbling process was investigated with 

multiple factors, such as superficial gas velocity (0.1 m/s < Ug < 1.0 m/s), static contact 

angle (45º< CA < 135º), porous structure (1.04 mm < DC < 1.9 mm), and clear liquid 

layer height (30 mm < HCL < 60 mm), and its influence on the gas-liquid distribution 

inside the foam pores, bubble growth, and pressure drop (in Section. 4.4 – 4.7). Finally, 

based on this research results, a new general equation for the pressure drop of foam tray 

was constructed to provide a reference for the further development and utilization of 

foam trays (in Section. 5). 

2. Reconstruction of real structure for foam tray 

Foam SiC trays were supplied by the Institute of Metal Research, Chinese 

Academy of Science15. The real structure of the SiC foam tray is shown in Figure 1a, b. 

The thickness of the experimental foam tray (4 mm - 12 mm) and the bubble size 

distribution (in the air-water system, the bubble size distribution is concentrated 

between 3 mm and 6 mm) are considered comprehensively. Finally, the foam block 

with L × W × H = 6 mm × 6 mm × 4 mm is selected as the representative foam 

cell, which not only saves computing resources, but also does not affect the actual 

situation of bubble formation. Using Avizo software to analyze and scan the structural 

pictures of different porous foam materials. Based on the difference in the gray value 

of the foam struts and porous channels, it is divided into the solid region and fluid region, 

and its boundary value is determined based on the real structure porosity, thereby 

ensuring the authenticity of the foam structure. 



 

FIGURE 1 Images of SiC foam tray investigated: (a) top view and (b) front view; (c) geometric 
model; (d) 3D reconstruction of the real foam structure; (e) The pore size distribution of the SiC 
foam monolithic tray acquired by x-ray 3D imaging techniques. 

In this paper, three foam SiC materials with different pore diameter were selected 

to study the effect of the pore structures on the bubbling process and the pressure drop. 

The porosity of the initial foam block is controlled at 60% by adjusting the boundary 



of the fluid-solid region, which is consistent with the real situation. Next, the 

reconstructed three-dimensional real foam structure is imported into SPACECLAIM to 

establish a fluid domain (in Figure 1c), the local mesh refinement domain (boi region 

in Figure 1c) is established through the trajectory of bubble motion. Then imported into 

FLUENT MESHING to refine and smooth the internal rough porous structure to make 

it more conducive to numerical calculations (in Figure 1d). Meanwhile, the porosity of 

the optimized models A, B and C are 60.6%, 61.5% and 58%, respectively. The pore 

size distributions of the three foam structures obtained by spheroid-like analysis of the 

foam unit cells are shown in Figure 1e. The mean pore sizes for models A, B, and C are 

1.04 mm, 1.35 mm, and 1.90 mm, respectively. Using the same method for the solid 

region, the mean strut diameters for models A, B, and C are 0.59 mm, 0.69 mm, and 

1.08 mm, respectively. Unreasonable optimization for the geometric structure will 

affect the reliability of the simulation results. Therefore, a combination of polyhedral 

mesh and hexahedral mesh was used to ensure the authenticity of the foam porous 

structure as much as possible. For a detailed discussion of this content, see Section 4.1 

of Results and Discussion. 

3. Mathematical modeling 

Considering the clear gas-liquid phase separation inside the porous foam material 

and the capture of the bubble shape above the foam column tray, the volume of fluid 

(VOF) model is used to simulate the bubbling process. This research focuses on the 

pressure drop of the foam column tray and the liquid holdup in the porous channels 

(LHPC) with Ug < 1.0m/s. The laminar flow model is adopted, and some coarse-



grained mathematical models (RANS, LES, etc.) are not introduced to describe 

turbulent flow, thus the additional error caused by the disordered vortex structure under 

turbulent conditions is eliminated. Moreover, the method of transforming the N-S 

equation into a linear equation adopts the finite volume method. This paper adopts 

double precision and 10-3 as the iterative convergence judgment conditions to avoid 

errors in computer solutions as much as possible. The laminar flow and incompressible 

model are adopted by solving the continuity equation (Equation 1) and Navier Stokes 

equation (Equation 2) to understand the process in detail. 

Continuity equation: 

( ) ( ) 0,  ,i i i i i i g l
t
α ρ α ρ∂

+∇⋅ = =
∂

u              (1) 

Momentum conservation equation: 

( ) ( ) ( )( )T
VOLP

t
ρ ρ µ ρ∂

+∇⋅ = −∇ +∇⋅ ∇ +∇ + +
∂

u uu u u F g     (2) 

The density and viscosity in the momentum equation and the continuity equation 

both use volume average density and volume average viscosity, as shown in 

Equations 3 and 4. 

g g l lρ α ρ α ρ= +                         (3) 

g g l lµ α µ α µ= +                         (4) 

Whether in the porous channel or the bubbling region, surface tension, a vital role, 

is caused by the attraction between molecules in the fluid. At the gas-liquid surface, the 

net force is radially inward, and the combined effect of the radial component of the 

force on the entire spherical surface is to shrink the surface, thereby increasing the 

pressure on the concave side of the surface. In this paper, the continuous surface force 



(CSF) model is used to interpret the surface tension as a continuous three-dimensional 

effect across the interface, rather than the boundary value condition on the interface. 

The surface tension effect is simulated by adding a source term to the momentum 

equation. That is, the forces normal to the interface can be expressed as the following 

equation. 

1 1

g l

p
R R

σ
 

∆ = +  
 

                           (5) 

where ∆𝑃𝑃  is the differential pressure between the two fluids on both sides of the 

interface, 𝜎𝜎𝑖𝑖𝑖𝑖  is surface tension coefficient, Rg and Rl are surface curvature as 

measured by two radii in orthogonal directions. The surface curvature is computed from 

local gradients in the surface normal at the interface. The calculation expression of 

curvature 𝑘𝑘 is shown in Equation 6. 

( )1n̂κ
  

= ∇ ⋅ = ⋅∇ − ∇⋅      

n n n
n n

                   (6) 

The continuous surface force (CSF) 44 model used in this paper can estimate the 

effect of wall adhesion at the fluid interface in contact with the balanced rigid porous 

boundary based on the equilibrium contact angle ( wallθ ) between the fluid and the porous 

channel wall. 

ˆ cos sinwall walln θ θ= +wall walln t                   (7) 

( ) ( )
( )

c
c

c
∇

=∇ =
∇wall

x
t x

x




                     (8) 

where wallθ  is the contact angle at the porous wall, n̂ is the surface normal at the cell 

next to the porous wall. walln  is the unit wall normal directed into the wall, wallt  is 

computed using Equation 8 with the fluid color ( )c∇ x  reflected at the porous wall. 



wallt  also is explained as a unit vector tangent to the porous wall. Therefore, the gas-

liquid surface tension can be written in terms of the pressure jump across the surface, 

the force at the surface can be expressed as a volume force using the divergence theorem. 

It is this volume force (in Equation 9). that is the source term that is added to the 

momentum equation (in Equation 2). 

( )
ij 1

2

i i
VOL

i j

F ρκ ασ
ρ ρ

∇
=

+
                            (9) 

 

FIGURE 2 Force analysis in different wettability wallθ  < 90°, wallθ  =90°, wallθ  > 90°, Where 

Fi , FG and FVOL are generated by gas impact force, liquid weight and volume force. 

The different wettability of the porous media surface will seriously affect the 

whole operation process, so the different wetting states (static contact angle) of the 

porous media are analyzed. In Figure 2, when the CA (static contact angle) < 90°, the 

porous media wall in a wetting regime. The liquid attached to the porous wall tends to 

pull down along the porous wall, and there is a squeezing force perpendicular to the 



porous wall. The liquid phase attached to the porous wall is subjected to a downward 

adhesive force component. When the CA = 90°, the squeezing force perpendicular to 

the wall disappears, but the liquid phase attached to the wall still suffers a downward 

adhesion component. When the CA > 90°, the porous media wall in a non-wetting 

regime, the liquid attached to the porous wall tends to accumulate into droplets inside. 

Therefore, the liquid attached to the porous wall will be subjected to a component force 

that shrinks upward along the porous wall. The direction perpendicular to the porous 

wall is subject to the component force directed to the inside of the liquid phase. When 

the liquid phase inside the pore reaches a dynamic equilibrium state, the inner liquid is 

also subjected to an upward gas phase driving force Fi and downward gravity FG as 

shown in Equations 10 and 11. 

2 2
,

c

i g g g g m c
A

F U dA U Aρ ρ= ⋅ = ⋅ ⋅∫                  (10) 

 c( ) AG l CLF g H Hρ= ⋅ ⋅ + ⋅   (11) 

where Gρ and Lρ  are the density of gas and liquid respectively, gU  is the superficial  

gas velocity, cA  is the cross-sectional area of the channel, H is the height of the liquid 

in the porous channel, CLH is the height of the clear liquid layer, g  is the acceleration 

of gravity. 

4. Results and discussion 

4.1 Mesh independence verification 

To analyze the errors caused by ignoring Taylor's higher-order terms in the 

numerical simulation process, mesh independence is done. Three mesh sizes are 

established as shown in Figure 3a. The difference in meshing is mainly concentrated in 



the domain Ⅰ (porous channel) and the domain Ⅱ (boi: bubble trajectory).  

 
FIGURE 3 (a) Details of mesh generation: coarse mesh 1740578 maximum quality 0.77327459, 
Medium mesh 3998241 maximum quality 0.78954562, Fine mesh 4728259 maximum quality 
0.78093014;(b) the comparison results of the pressure drop and the liquid holdup in the porous 
channel with different mesh number at Ug = 0.3 m/s and CA = 45º 

Coarse mesh: The maximum mesh in Domain Ⅰ is 0.07 mm with a growth rate of 

1.05. The maximum mesh in Domain Ⅱ is 0.4 mm with a growth rate of 1.2. Medium 



mesh: The maximum mesh in Domain Ⅰ is 0.06 mm with a growth rate of 1.05. The 

maximum mesh in Domain Ⅱ is 0.2 mm with a growth rate of 1.2. Fine mesh: The 

maximum mesh in Domain Ⅰ is 0.05 mm with a growth rate of 1.05. The maximum 

mesh in Domain Ⅱ is 0.2 mm with a growth rate of 1.05. The simulation results with 

different mesh sizes show that there is a certain error between the calculation results of 

the coarse mesh and the medium mesh and fine mesh (in Figure 3b). But when the 

number of meshes increases from medium mesh to fine mesh the densification and 

refinement of the mesh has almost no effect on the simulation results of the LHPC and 

Ptotal. Therefore, in the case of rational use of computing resources, this paper adopts 

the meshing strategy of medium mesh to generate the computational fluid domain of 

the other foam structures, and this is the final mesh model.  

4. 2 Model verification 

Based on Model B, this paper simulates the dry pressure drop at different inlet 

velocities (Ug). Meanwhile, the wet pressure drop of Model B was simulated when 

CA=55° (hydrophilic foam tray) and HCL = 0.03 m (clear liquid layer height). As shown 

in Figure 4a， the simulation results of dry pressure drop are compared with the 

improved Eugen's equation (in Equation 12) proposed by Bracconi38. The equation is 

derived from the double correction of the experimental and CFD simulation results. 

When the strut is a triangular column, A' and B' in the Equation 12 are 266 and 1.2 

respectively. 



 

FIGURE 4 (a) the dry pressure drop38; (b) the wet pressure drop15 (CA = 55º, HCL = 0.03 m, 

Model B). 
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In addition, the simulated results of the wet pressure drop were compared with the 

experimental results measured by our research group15, as shown in Figure 4b. (The 

working conditions for this data are HCL = 0.03 m, hydrophilic foam tray. The foam 

samples are of the same sort as Model B, the dimensions are L × W × H = 80 mm 

× 80 mm × 4 mm.) Through the comparison results of Figures 4a, b, it is found that 

the modeling and simulation method in this paper can accurately calculate the pressure 

drop of the foam tray based on the real structure.  

4.3 The evolution of pressure drop and liquid holdup with bubble growth 

Take the case of Model B, CA = 60°, Ug = 0.1 m/s, HCL = 0.03 m as an example. 

Figure 5a is a schematic view of the main periods and stages of bubble formation at 

porous orifices. The color of the foam blocks in Figure 5a indicates the gas-liquid phase 

distribution of the internal pores, while the bubble boundary is selected as the interface 



at a gas-phase volume fraction of 0.5. Figure 5b and Figure 5c show the evolution of 

the Ptotal and LHPC during the bubbling process. The colored marks in Figure 5b and 

the colored vertical lines in Figure 5c respectively represent the bubble characteristics 

at different stages of bubbling and correspond to Figure 5a. 

 

FIGURE 5 The bubbling behavior of the foam valve with Model B, when CA = 60º, Ug = 0.1 m/s 
and HCL = 0.03 m; (a) Schematic view of the main periods and stages of bubble formation at 
porous orifice; (b) The evolution of Ptotal with flow time; (c) The evolution of LHPC with flow time. 



First, we consider the time taken between two consecutive bubbles to completely 

detach from the foam tray as a bubbling period. And a bubbling period consists of four 

stages, which are bubble point formation (0 – 0.001 s), bubble growth (0.001 – 0.050 

s), bubble necking (0.050 – 0.054 s) and bubble detachment (0.054 – 0.055 s), 

respectively. We can find that the variation laws of the Ptotal in these four stages are a 

rapid decrease, a slow decrease, a slow increase, and a rapid increase. And the bubble 

growth stage is the largest portion of the whole bubbling period. Comparing bubbling 

periods 1 and 2 in Figures 5b and c, we find that the bubbling period 2 is compared to 

1. Its LHPC increased by 0.2, resulting in an increase of Ptotal by 50 Pa in the bubble 

growth stage, and the bubbling period was also shortened by 0.015 s. This also indicates 

the significant contribution of LHPC in the foam tray to Ptotal and foaming frequency. 

Moreover, the time for the bubbles to detached the foam tray corresponds to the peaks 

of Ptotal and LHPC in Figures 5b and c, whose frequencies further reflect the bubbling 

frequency within a fixed time period. Therefore, the subsequent chapters of this paper 

focus on the influence of operating conditions (superficial gas velocity (Ug) and clear 

liquid layer height (HCL)) and structural characteristics (foam structure (Dpore and ε) and 

wettability (CA)) on instantaneous LHPC and Ptotal.  

4.4 The influence of superficial gas velocity on Ptotal 

The Ug is one of the important factors that affect the Ptotal and LHPC. Figure 6a 

shows the schematic view of the leading bubble that is about to detach the foam tray 

under different Ug. The time corresponds to the color marks in Figures 6c, d. Figure 6b 

shows the mean Ptotal and the size of the Dbubble which can be calculated by Equation 14. 



Figures 6c and d show the evolution of LHPC and Ptotal at different Ug. 

 
FIGURE 6 Operating conditions: Model B, CA = 45º, HCL = 0.03m. (a) Schematic view of bubbles 
about to detach the orifice under different Ug;(b) The evolution of initial bubble diameter (Dbubble) 
and mean Ptotal with Ug;(c) The evolution of LHPC with flow time under different Ug; (d) The 
evolution of Ptotal with flow time under different Ug. 

1 36 bubble
bubble

Vd
π

⋅ =  
 

                        (14) 

As shown in Figure 6b, the mean Ptotal first decreases and then increases with the 

increase of the Ug. The Dbubble increases with increasing Ug. From the discussion in the 

section 4.3, we know that the peak positions of Ptotal and LHPC correspond to the time 



when the bubble leaves the foam tray. The peaks’ frequency and height of Ptotal reflect 

the bubbling frequency and the dynamic pressure in the porous channels. In Figure 6d, 

When Ug = 0.05 m/s, the peak of Ptotal is high frequency and low value. As the Ug 

increases (0.1 m/s - 0.5 m/s), the peak frequency begins to downshift. With the Ug 

continues to increase (0.5m/s - 1.0m/s), the peak frequency hardly changes, but the peak 

value of Ptotal suddenly increases. Meanwhile, The LHPC has been decreasing with 

increasing Ug (in Figure 6c). When Ug = 0.05 m/s is compared with Ug = 0.5 m/s, the 

former LHPC is higher, resulting in a faster bubbling frequency and a higher mean Ptotal. 

When Ug = 0.5 m/s is compared with Ug = 1.0 m/s, the dynamic pressure in the foam 

pores of the latter is higher and the mean Ptotal is higher when the bubbling frequency is 

similar. This shows that LHPC is the key factor affecting the bubbling frequency of the 

foam tray, and the bubbling frequency and dynamic pressure are the key factors 

affecting the Ptotal. 

4.5 The influence of wettability (static contact angle) on Ptotal 

The wettability of the foam tray will affect the evolution of dynamic bubbles. For 

rigid surfaces, Young's equation (Equation 15) is a method to relate the interfacial 

tensions between each of the phase interfaces to the contact angle at the three-phase 

boundary. The detailed equation is as follows: 

cosgl wall sg slσ θ σ σ⋅ = −                     (15) 

where glσ  is the surface tension at the gas-liquid interface, sgσ  is the surface tension 

at the solid/gas interface, and slσ  is the surface tension at the solid/liquid interface. 



 
FIGURE 7 Operating conditions: Model B, Ug = 0.1 m/s, HCL = 0.03 m. (a) Initial bubbling 
mechanism under different CA; (b) The evolution of Dbubble and mean Ptotal with CA; (c) The 
evolution of LHPC with flow time under different CA; (d) The evolution of Ptotal with flow time 
under different CA. 

It can be known from Young's equation that the static contact angle (CA) will affect 

the energy difference between gas-solid and liquid-solid interaction. In Figure 7a, when 

CA < 90º, the energy of the liquid-solid interface will be smaller than that of the gas-



solid interface. Therefore, when the bubble grows to replace the liquid on the foam 

surface, kinetic energy must be applied to do work. In other words, the liquid attached 

to the foam surface is more likely to spontaneously replace the gas on the foam surface 

and cause the bubbles to detach the surface of the foam tray. When CA > 90º, during 

the growth process of the bubble, the gas phase is easier to spontaneously replace the 

liquid on the foam surface, make it adhere to the foam surface and grow, and prolong 

the time for the bubble to detach the surface of the foam tray.  

In Figure 7b, the mean Ptotal decreases and Dbubble increases with increasing CA. In 

Figure 7c, When CA increases, the LHPC becomes less and less until nothing. It can be 

seen from the peak position of the Ptotal (in Figure 8d) that the increasing CA decreased 

both the bubbling frequency and the dynamic pressure. This trend is also consistent 

with the trend of single submerged orifice45. Therefore, the following conclusions can 

be drawn: the increasing CA results in the enhancement of the liquid phase cohesion 

effect. Resulting in a decrease LHPC and dynamic pressure, an increase in the Dbubble, 

a decrease in bubbling frequency, and a decrease in the mean Ptotal.  

4.6 The influence of clear liquid layer height on Ptotal 

In this paper, different HCL were established to further explore the contribution of 

LHPC to Ptotal. In Figure 8a, the SiC pressure drop (PSiC) is the pressure drop difference 

in foam part. As the HCL increases, the Dbubble becomes smaller, and the Ptotal, PSiC, and 

LHPC increase. This is because the increased gravity of the liquid phase in the porous 

channel (Equation 11) leads to an increase in the LHPC, a decrease in the effective 

porosity of the foam tray, an increase in the dynamic pressure inside the channel, and 



an increase in bubbling frequency, which ultimately increases the PSiC and reduces the 

Dbubble. This further shows that the bubbling frequency, which is affected by the LHPC, 

is one of the key components in the PSiC.  

 
FIGURE 8 Operating conditions: Model B, CA = 45º, Ug = 0.1 m/s. (a) The evolution of Dbubble, 
PSiC, Ptotal and LHPC with clear liquid layer height (HCL);(b) The evolution of LHPC with flow time 
under different HCL; (c) The evolution of Ptotal with flow time under different HCL; (d) Effects of HCL 
on bubble flow pattern. 

Moreover, due to the detached bubble that is farther from the water surface, the 

greater pressure on the bubble surface, the bubble is easily deformed to reduce the rising 

resistance. In Figure 8d, the higher the clear liquid layer height, the more likely the 

initial bubble detached the foam tray to coalesce and eventually form a large bubble 



(Because the large bubble has greater lift and acceleration, which achieves a similar 

drag reduction effect 46).  

4.7 The influence of porous structure on Ptotal 

 

FIGURE 9 Operating conditions: HCL = 0.03 m, Ug = 0.1 m/s. (a) Schematic view of bubbles about 
to leave the orifice under different porous structures;(b) The evolution of Dbubble and mean Ptotal with 
mean pore diameter (Dpore);(c) The evolution of LHPC with flow time under different porous 
structures; (d) The evolution of Ptotal with flow time under different porous structures. 

The detailed structural information of models A, B, and C is shown in Figure 1. 

As we all know, the most representative porous structure parameters are mean pore size 

and porosity. In Figure 9b, under different CA, model B with the largest porosity of 

61.5% has the largest size of the Dbubble. This shows that the Dbubble is only related to the 



porosity of the foam structure, not the mean pore size. When CA = 45º, model A with 

the smallest mean pore size has the largest Ptotal. Combining the peaks of LHPC and 

Ptotal in Figure 10c and Figure 10d, it can be concluded that the smaller the mean pore 

size, the more LHPC, the faster the bubbling frequency, resulting in larger Ptotal. 

However, when CA = 135º, the LHPC is almost 0 (Figures 10a, c). Model C with the 

smallest porosity has the fastest bubbling frequency and the largest Ptotal. This shows 

that the foam structure affects the Ptotal by affecting the LHPC and bubbling frequency.  

5. New model of pressure drop for the foam tray 

Through multi-factor investigation, it is concluded that the LHPC is the key 

component of the Ptotal. Therefore, the mean LHPC under the influence of various 

factors were calculated as shown in Figure 10a,b. In Figure 11a,b, when CA ≥ 90º, 

the LHPC is almost 0 during the bubbling process, which can be ignored. In addition, 

based on Yan's experimental results 16, it is also shown that when Ug > 1.3 m/s, there is 

no liquid weeping in the foam tray, which also shows that LHPC = 0. Therefore, with 

Ug = 1.3 m/s as the maximum superficial gas velocity, the equation of the LHPC is 

established (in Equation 16). The prediction results of Equation 16 is compared with 

the simulation results. It can be seen from Figure 10a, b that Equation 16 can well show 

the evolution of the LHPC with the foam structure (Dpore(mm)), the height of clear 

liquid layer (HCL(m)), the static contact angle (CA(º)) and the superficial gas velocity 

(Ug(m/s)). 



 
FIGURE 10 (a) The evolution of Ug and HCL with mean LHPC; (b) The evolution of mean Dpore 
and wettability with mean LHPC; (c)The evolution of Ug, HCL and CA with mean PSiC; (d) Schematic 
diagram of pressure drop decomposition 
 

( )21.5 1 0.1157 1.3 D H    1.3  and CA < 90

0                                                      1.3   or  CA 90
poreg CL g

l

g

CA U U m s

U m s
α

− − ⋅ − ⋅ ⋅ < °= 
≥ ≥ °

     (16) 

total L CL SiCP g H Pρ= ⋅ ⋅ +                         (17) 

SiC DRY CAP P P= +                           (18) 

Pressure drop is one of the key factors in the application of foam trays. We 

decompose the Ptotal into a clear liquid head and PSiC (in Figure 10d and Equation 17). 

The PSiC is composed of the dry tray pressure drop (Pdry) and the CA-induced pressure 

drop (PCA) (in Equation 18). The PCA is the relationship between the Ug, CA, and LHPC. 

Based on experiments and simulations, the gas velocity at the lowest point of pressure 

drop (approximately 0.3 m/s) is analyzed. When Ug < 0.3 m/s, the contribution of the 

LHPC in the PCA is greater, and when Ug > 0.3 m/s, the contribution of the Ug in the 



PCA becomes more and more significant. Based on this principle, Equation 20 for PCA 

is proposed. The best constant in Equation 20 is obtained by the least-squares method 

as shown in Equation 21. It can also be seen from Equation 21 that when the Ug is low 

(Ug < Ucri) and the foam tray is hydrophilic (CA < 90°), the LHPC has a great influence 

on the PCA. With the gas velocity increasing (Ug > Ucri), the PCA is dominated by the 

dynamic pressure (U2g) in porous channels. 
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FIGURE 11 (a) Variations of LHPC with both Ug and CA;(b) Variations of PSiC with both Ug and 
CA. 

Taking Model B, HCL = 0.03 m as an example, the variations of LHPC and PSIC 

with both Ug and CA are shown in Figure 11. In Figure 11a, when Ug < 1.3 m/s and CA 

< 90°, The active porosity of the foam tray caused by LHPC must maintain smaller to 



produce large enough force to overcome the resistance forces. However, the resistance 

force becomes smaller or driving force becomes larger with increasing CA or Ug, which 

is beneficial to open more gas channels, which means effective porosity becomes larger. 

In other words, increasing CA will reduce the resistance forces and contribute to 

decrease PSiC, while increasing Ug will increase the driving forces and cause the PSiC to 

decrease first and then increase. The first decrease in PSiC is due to open more gas 

channels. If the effective channels have been fully utilized, the PSiC will increase 

monotonically with increasing Ug. This also shows that for the purpose of reducing the 

PSiC, the LHPC should be prevented from blocking the gas channels, to achieve the goal 

of reducing the Ptotal. 

 
FIGURE 12 Comparison between Yan 16, Li 15 and Gao 47 experimental results of 
pressure drop on foam trays and the calculated values. 

Based on the above results, the calculated value of the prediction model of the Ptotal 

(in Equation 19) was compared with the experimental value, as shown in Figure 12. 



The deviations of most data are smaller than 20%. The predicted values of the model 

are in good consistency with the experimental values. Some of the calculated values are 

lower than the experimental values (The region enclosed by the blue ellipse in Figure 

12). The main reason is that when the thickness of the foam tray increases to 12 mm, 

the LHFP in the predicted model is underestimated, resulting in the predicted total 

pressure drop lower than the actual situation. To sum up, this model will be effective 

for the prediction of total pressure drop of the foam tray. 

6. Conclusion 

Based on the tomographic reconstruction of the real foam structure and using this 

as a geometric model. The effects of Ug, CA, HCL, and foam structure (Model A, Model 

B, and Model C) on the LHPC, dynamic bubbling process, and Ptotal are investigated, 

and the following conclusions were obtained. 

During the dynamic bubbling process with the foam tray as the orifice, the PSiC is 

mainly composed of the bubbling frequency (pressure drop peak) and the dynamic 

pressure in the porous channels (with bubble growth, the pressure drop converted by 

the gas phase kinetic energy of the internal porous channels). Foam trays with complex 

struts tend to hold LHPC and block the gas channels, which makes the bubbling 

frequency faster and causes abnormally high pressure. Increasing the CA, Ug, porosity, 

and mean pore diameter can effectively reduce the LHPC. To make it satisfy one of 

extending the bubbling frequency or reducing the dynamic pressure in the porous 

channels to achieve the purpose of reducing the Ptotal. Therefore, this paper builds a new 

pressure drop correlation equation under based on the LHPC caused by the influence 



of multiple factors. This model has good predictability and provides a valuable 

reference for the application and development of foam trays. 
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Nomenclature 

iα   the volume fraction of the i phase, dimensionless 

ε   porosity 

VOLF   volume force, N 

R   radius, m 

g   gravitational acceleration, m/s2 

P   system pressure, MPa 

Re   Reynolds number 

gU   superficial gas velocity at gas inlet, m/s 

criU   Critical superficial gas velocity at gas inlet, m/s 

µ   viscosity, mPa·s 

σ   surface tension, N/m 

t   flow time, s 

ρ   density, kg/m3 

CA   static contact angle,º 

CAP   CA-induced pressure drop, Pa 



DRYP   dry tray pressure drop, Pa 

SiCP   SiC foam pressure drop, Pa 

totalP   Total pressure drop, Pa 

L   SiC foam thickness, m 

CLH   clear liquid layer height, m 

poreD   SiC foam pore size, mm 

bubbleD   initial bubble size, mm 

Abbreviations   

CFD  computational fluid dynamics 

CSF  continuous surface force 

LHPC  Liquid holdup in porous channels 

Subscripts   

g  gas phase 

l  liquid phase 
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