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Abstract 

This study focuses on computational fluid dynamics (CFD) modelling of the air entrainment 

phenomena in water columns which are commonly used in processing plants. The CFD model 

is first validated against experimental data. Then, a comprehensive set of CFD simulations are 

conducted to understand the effect of inlet jet velocity, nozzle diameter, tank diameter, and 

tank height on the bubble formation. Three main patterns are identified: dispersed bubbles, 

medium air pockets (MAP) and large air pockets (LAP). For the dispersed bubble case, the 

initially formed air pockets break into smaller bubbles and hence the water level rises linearly. 

For the MAP case, the size of the air pockets remains larger than for the dispersed bubble case, 

though, with time they burst at the surface. Finally, for the LAP case, the inkling jet interacts 

violently with the wall and hence large air pockets are trapped within the column, causing the 

overflow of the fluid. The flows are further analysed using non-dimensionless Reynolds and 

Froude numbers, providing an acceptable range of operating parameters that ensure the fluid 

does not overflow. 
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1. Introduction 

Air entrainment into water impinging on surfaces occurs in both natural and industrial 

processes. In a natural process, this process entrains oxygen and carbon dioxide in the water at 

the free surface of oceans and rivers, affecting the survival of ecosystems (Ramirez de la Torre 

et al. 2020). In a variety of industrial processes, air entrainment phenomena into liquids are 

also present (Brouilliot and Lubin 2013, Kulkarni and Patwardhan 2014, Okhovat-Alavian et 

al. 2019, Schulz and Bart 2019, Cervantes-Álvarez et al. 2020). In some applications, such 

complex two-phase flow benefits the industrial process, while in other applications it may be a 

disadvantage for the design of components. In chemical reactors (Bhusare et al. 2017, Guo et 

al. 2017), for example, aeration plays an important role to achieve the end products, while in 

mould-filling processes, air entrapment forms oxide-inclusion in the product that leads to 

additional repairs in ferrous and non-ferrous castings.  

Such phenomenon is also relevant to water treatment and various processing plants that involve 

a complex high pressure piping system. A hydraulic break column (HBC) is introduced to break 

the pressure within a system, normally, to atmospheric pressure. To achieve this, the common 

practice is to run the pressure pipe into a top open HBC where the column is drained from the 

bottom section into a gravity system pipeline. On some occasions due to poor design, the HBCs 

are overflown causing chemical contaminations to the surrounding environments. This is due 

to the air entrainment phenomenon occurring during the process, where the HBC rate of 

draining falls behind an air entrained filling height rate. The flow inside an HBC involves a 

complex transient two-phase flow process where an impinging jet on an empty bottom surface 

or a liquid surface of a partially filled HBC generates highly turbulent regimes. Hence, as a 

result, air bubbles/pockets are formed during the filling process. This causes the outflow 

velocity to deviate from the theoretical value that is linearly correlated to the inlet flow rate 

and hence the water level in the column rises and overflows.  

The mechanism of air bubble formation for a plunging jet to a water pool has been studied 

experimentally in the literature where most studies focused on the average and global dynamic 

behaviour of the air/water mixture under the free liquid surface as the result of the plunging jet 

flow (Zhu et al. 2000, Kiger and Duncan 2012, Qu et al. 2013, Miwa et al. 2018, Ramirez de 

la Torre et al. 2020). The air entrainment phenomenon depends on the physical properties of 

the fluids, geometrical characteristics of the plunging jet system, and operational conditions 

such as fluid velocity (Metzger and Kind 2015, Wang et al. 2018). The main focal point of such 

studies was to establish boundaries to differentiate the air bubble formation regimes under the 



free surface. As a result, four major regimes below the water pool free surface are identified to 

address the concentration of air inside the water: (1) no-entrainment, (2) incipient entrainment, 

(3) intermittent entrainment, and (4) continuous entrainment (Biń 1993, Chirichella et al. 2002, 

El Hammoumi et al. 2002). These regimes are characterised using the impact jet velocity, 

which is defined as  

𝑉𝑗 = √𝑉0
2 + 2𝑔𝐿𝑗  (1) 

where 𝑉0 is the water velocity at the nozzle exit, g is the gravitational acceleration and 𝐿𝑗 is the 

falling length, which is defined as the distance between the nozzle exit and water free surface. 

For small 𝑉0, no entrainment was observed while with further increasing the jet velocity, the 

flow regime moves to incipient and intermittent entrainment followed by continuous 

entrainment (Qu et al. 2013, Roy et al. 2013).  

Previous studies on the bubble size and interfacial phenomena in different types of bubble 

column showed that the column’s dimensions, gas velocity, and the level of turbulence affect 

the bubble size distribution. It was demonstrated that the initial bubble size distribution created 

at the bottom of the column is carried out throughout the height of the column. This is due to 

the equilibrium between the coalescence and break-up. However, the effect of break-up 

increases, as the gas velocity increases due to its major effect on the hydrodynamics and 

consequently on the bubble size distribution (Lau et al. 2013). In the bubbly flow zone, further 

away from the bottom of the column, bubble size are larger due to coalescence and kinetic 

energy distribution (Mandal et al. 2005, Majumder et al. 2006). The dispersion coefficient of 

bubble motion is also affected by the column diameter as well as the gas velocity which is due 

to effect of fluid circulation and interaction of different size of bubble. On the other hands, the 

velocity distribution depends on the turbulence of the phase (Majumder 2008).  

The air entrainment phenomenon has been also studied using computational fluid dynamic 

(CFD) simulations (Torré et al. 2008, Karim et al. 2017). Such multiphase flows are highly 

transient processes with a complex temporal and spatial variation of the interface between the 

liquid and gaseous phases. It has been found that the air entrainment at surface discontinuities 

is associated with turbulent kinetic energy and jet velocity (Xiang et al. 2014, Majidi and 

Beckermann 2019). Simulations have been conducted using both Reynolds averaged Navier 

Stokes (RANS) and large eddy simulation (LES) methods. (Khezzar et al. 2015) applied a 

multiphase LES Volume-of-Fluid (VOF) model to simulate the flow of two turbulent plunging 



water jets, achieving good agreement with the experimental data while topological phenomena 

taking place during the transient impact and continuous entrainment regime was well captured.  

(Lopes et al. 2016) also adopted a VOF method to study a 3D circular plunging jet. They 

developed an explicit term to detect bubble formation and air-entrainment at the free surface 

that improved the flow prediction in terms of bubble formation and free-surface wave’s 

amplitude. Further study by (Zidouni Kendil et al. 2012) focused on the development of the 

flow field below the pool surface. In this study, the jet was modelled as a two-phase bubbly 

flow injecting into the pool that neglected the complex interactions between surface waves and 

turbulence that leads to the entrainment of air. Satisfactory predictions of mean flow quantities 

were achieved. It was found that in the wake of bubbles, the liquid is dragged towards the free 

surface. Although the lift coefficient had a marginal impact on the velocity field, the 

combination of different values for the initial bubble size, void fraction concentrations, and the 

lift coefficient affected the plume shape. (Ma et al. 2010) developed a subgrid model that 

assumes that at low liquid jet impact velocities air is entrained due to the roughness of the 

liquid jet, although at higher velocities this is due to the formation and breakdown of an air 

cavity near the impact point. They coupled the model with an Eulerian multi-fluid (MF) method 

to simulate air entrainment beneath a plunging liquid jet for a range of jet velocities and 

achieved good agreement with the measured data.  

For a plunging jet on a water pool, the local surface oscillation is generated at the contact point 

when the jet vertically enters the pool. Eventually, the pool surface undulation is affected and 

air pockets are created underneath the pool surface. Consequently, the air is entrained through 

the vacant space generated by the pocket. The generated air pocket interface is highly unstable 

and hence the pocket disintegrates into multiple small bubbles. The entrained bubbles are then 

carried away within the pool by the large-scale eddies, and it has been found that most of these 

large-scale vortices are oriented orthogonal to the flow direction (Miwa et al. 2018).  

Previous studies mainly focused on a plunging jet to a liquid pool, where the level of the water 

pool remains constant. This is different from the HBC process where the water level varies 

with time subject to how the draining rate through the downstream pipework operates. 

Although similar processes occur in the HBC process, the dominant cause of air entrainment 

is the formation of large air pockets. The filling process of an HBC is a combination of the 

water impingement jet (Dewan et al. 2012) and the plunging jet to a water pool that 

simultaneously lead to air entrainment. The HBC is initially empty. The vertical water jet 

impinges on the bottom surface of the column and then the flow direction changes, which also 



causes a momentum force at the bottom of the tank, creating a water layer at the bottom surface 

of the column. This is a common design method of cooling systems in different applications 

(Yang et al. 2015). As the water flow along the bottom surface reaches the tank’s sidewall, it 

moves vertically due to its momentum along the column’s sidewall. The jet kinetic energy 

gradually converts to potential energy, and hence the water reaches a maximum height 

(fountain height) then travels down in a fountain profile path towards the centre of the tank 

before reaching to the bottom surface again. This causes air encapsulation and creates large-

medium air pockets. Depending on the jet velocity and tank dimensions, the air pockets may 

break into smaller bobbles. Simultaneously, the water level in the column increases and hence 

the continuation of the water jet causes instabilities at the water level surface that also creates 

bubbles.  

A reliable design of HBCs requires a better understanding of the air entrainment process to 

ensure cost-effective operation, while it prevents harmful environmental impacts of 

overflowing contaminants. Currently, there is a lack of data and procedures for such design. 

This study, for the first time, aims to use CFD two-fluid modelling to understand the correlation 

between air entrainment with operational and geometrical parameters of HBCs including inlet 

jet velocity, nozzle diameter, tank diameter, and tank height. This will provide improved design 

guidelines for industrial processes.  

2. Problem definition  

The schematic view of HBC is presented in Fig. 1. The HBC is initially empty. The high 

momentum water jet impinges the bottom surface of the tank and then it flows parallel to the 

surface until it reaches the sidewalls, where the water flows upwards. Depending on the initial 

momentum of the water (i.e. nozzle diameter and jet velocity) and the height and diameter of 

the tank, the water reaches the ‘fountain’ height h and then the ‘fountain’ breaks. To understand 

the air entrainment during the filling process of a tank, effects of main parameters, including 

inlet jet velocity, 𝑉0, nozzle diameter, d, tank diameter, D, and tank height, H, were considered. 

The range of values for each parameter are considered as 0.025, 0.05, and 0.08 m for nozzle 

diameter (d); 0.3 and 0.5 m for tank diameter (D); 1 and 2 m for tank height (H); and 1, 2, 3, 

and 4 m/s for inlet jet velocity, 𝑉0. 



 
Figure 1: Schematic of the water hydraulic break column. 

3. Methodology 

This section briefly discusses the governing equations in the RANS framework that solve the 

transport equations for Favre averaged quantities. This is followed by the details of the 

numerical setup.  

3.1. Governing equations 

Both VOF and Eulerian multi-fluid (MF) models are commonly used for the simulation of two-

phase flows (Soleymani et al. 2008, Parsi et al. 2016, Clissold et al. 2020, Jalalifar et al. 2020, 

Gallagher et al. 2021). In the Eulerian MF model, momentum, continuity and energy equations 

are separately solved for each phase (Khezzar et al. 2015), allowing to model various forces, 

such as lift, drag, and virtual mass. On the other hand, the VOF model solves a single set of 

momentum equations although it uses a surface-tracking technique designed for two or more 

immiscible fluids (Chauhan et al. 2021). In VOF, the phase volume fractions are obtained using 

accurate explicit or implicit time algorithms with higher-order advection schemes to resolve 

sharp interfaces between a pair of phases. The validation case is simulated using both 
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approaches, allowing the selection of the proper model for the comprehensive parametric study 

of the HBC design case. 

3.1.1 Eulerian multi-fluid model 

The Favre averaged continuity equation for each phase can be written as 

1

𝜌𝑞
(
𝜕

𝜕𝑡
(𝛼𝑞𝜌𝑞) +  𝛻 ∙ (𝛼𝑞𝜌𝑞𝑣⃗𝑞)) = 0 (2) 

where 𝜌 is density, 𝛼 is volume fraction, and 𝑣⃗ is velocity. Note 𝑞 is the primary fluid phase 

and 𝑝 is the secondary fluid phase. The Favre averaged momentum equation for each phase is 

given as 

𝜕

𝜕𝑡
(𝛼𝑞𝜌𝑞𝑣⃗𝑞) +  𝛻 ∙ (𝛼𝑞𝜌𝑞𝑣⃗𝑞𝑣⃗𝑞)

= −𝛼𝑞𝛻𝑝 +  𝛻 ∙ 𝜏̿ 𝑞 + 𝛼𝑞𝜌𝑞𝑔⃗ +∑𝐾𝑞𝑝(𝑣⃗𝑝 − 𝑣⃗𝑞)

𝑛

𝑙=1

+ 𝐹⃗𝑞 + 𝐹⃗𝑙𝑖𝑓𝑡,𝑞

+ 𝐹⃗𝑣𝑚,𝑞 

(3) 

where 𝑝 is pressure, 𝜏̿  is the stress-strain tensor, 𝐾𝑞𝑝 is the fluid-fluid exchange coefficient, 𝐹⃗𝑞 

is external body force, 𝐹⃗𝑙𝑖𝑓𝑡 is lift force, 𝐹⃗𝑣𝑚 is virtual mass force, and 𝑛 is the number of phases 

which is two here.  

In the Eulerian multiphase approach, Eqs. (2) and (3) are solved for each phase. Since the 

dominant interphase force is the drag, the fluid-fluid exchange coefficient, 𝐾𝑞𝑝 is related to the 

drag force and relative velocity between phases, and written as 

𝐾𝑞𝑝 = 𝛼𝑞𝛼𝑝𝜌𝑝𝑓𝑑𝑟𝑎𝑔/𝜏̿𝑝 (4) 

In the above equation, 𝜏̿𝑝 = 𝜌𝑝𝑑𝑝
2/18𝜇𝑞 represents the droplet/bubble response time, where 𝑑𝑝 

is the droplet/bubble size, and 𝑓𝑑𝑟𝑎𝑔 represents the drag function. Various models are available 

for the drag function. Schiller and Naumann model is acceptable for most fluid-fluid 

simulations due to its correlation with experimental data across a range of flow velocities and 

particle/bubble concentrations (Silva et al. 2015). For this model, the drag force and drag 

coefficient are presented as 

𝑓𝑑𝑟𝑎𝑔 = 
𝐶𝐷𝑅𝑒𝑝

24
 (5) 

  



𝐶𝐷 = {

24

𝑅𝑒𝑝
(1 + 0.15𝑅𝑒𝑝

0.687) 𝑅𝑒𝑝  ≤ 1000

0.44 𝑅𝑒𝑝  > 1000

  (6) 

where 𝐶𝐷 is the drag coefficient and 𝑅𝑒𝑝 is the relative Reynolds number, defined in Eq. (7). 

𝑅𝑒𝑝 = 
𝜌𝑞|𝑣⃗𝑝 − 𝑣⃗𝑞|𝑑𝑝

𝜇𝑞
 (7) 

where is 𝜇 the viscosity.  

3.1.2 Volume of fluid (VOF) coupled level-set 

For the VOF method, instead of solving governing equations for each phase, the mass and 

momentum equations are simplified to one set of equations (Pineda-Pérez et al. 2018). To 

improve the interface tracking, the VOF is coupled with the level-set method, which is 

specifically designed for the cases where no mass transfer between phases is involved. The 

level-set function is smooth and continuous and hence its spatial gradients can be accurately 

calculated. In this method, the conservation of the mass and momentum are written as 

𝛻 . (𝑣⃗) = 0 (8) 

𝜕

𝜕𝑡
(𝜌𝑣⃗) +  𝛻 . (𝜌𝑣⃗𝑣⃗) = − 𝛻 𝑝 +  𝛻. [𝜇 (𝛻𝑣⃗ +  𝛻𝑣𝑇⃗⃗ ⃗⃗⃗ )] +  𝜌𝑔⃗ − 𝜎𝑘𝛿(𝜙)𝛻(𝜙) (9) 

where 𝑣𝑇⃗⃗ ⃗⃗⃗   is the stress tensor, 𝜙 is the level-set function, 𝜎 is the surface tension coefficient, 

and 𝑘 is the curvature.  

The phase interaction between the fluids is defined using the last term at the right-hand side of 

Eq. (9), which is a function of the level-set function, 𝜙. It is defined as a signed distance to the 

interface and hence the interface is the zero level-set and can be expressed as Γ =

{𝑥| 𝜙(𝑥, 𝑡) = 0} in a two-phase flow system: 

𝜙 = {

+|𝑑𝐼| 𝑖𝑓 𝑥 ∈ 𝑡ℎ𝑒 𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑝ℎ𝑎𝑠𝑒
0 𝑖𝑓 𝑥 ∈ Γ

−|𝑑𝐼| 𝑖𝑓 𝑥 ∈ 𝑡ℎ𝑒 𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑝ℎ𝑎𝑠𝑒
 (10) 

where 𝑑𝐼 is the distance from the interface. The normal, 𝑛⃗⃗𝐼 and curvature, 𝑘 of the interface is 

required in the computation of the surface tension force and estimated as 



𝑛⃗⃗𝐼 =
𝛻𝜙

|𝛻𝜙|
|𝜙=0 (11) 

𝑘 = 𝛻.
𝛻𝜙

|𝛻𝜙|
|𝜙=0 (12) 

The transport equation of the level-set function is then written as 

𝜕𝜙

𝜕𝑡
+ 𝑣⃗. 𝛻 𝜙 =  0 (13) 

For the secondary phase, the conservation of the volume fraction is also solved which is 

expressed as: 

𝜕𝛼𝑝

𝜕𝑡
+ 𝑣⃗. 𝛻 𝛼𝑝 =  0 (14) 

The volume fraction equation for the primary phase is then computed using: 

𝛼𝑞 = 1 − 𝛼𝑝 (15) 

The presence of the component phases determines the properties appearing in the transport 

equations. The density and viscosity for the mixture are then computed as 

𝜌 = 𝛼𝑞𝜌𝑞 + 𝛼𝑝𝜌𝑝 

𝜇 = 𝛼𝑞𝜇𝑞 + 𝛼𝑝𝜇𝑝 
(16) 

 

3.2. Numerical set-up 

For the velocity and pressure coupling, the PISO pressure correction algorithm is adopted. The 

second-order upwind scheme is adopted for the flow parameters. The geo-reconstruct scheme 

is used for the interface. Residuals are set as 1E-4. The inlet constant velocity is adopted for 

the water jet. A non-slip condition is imposed at wall boundaries. The top of the tank is open 

and it is set as a pressure outlet. The standard k-ε model is adopted for modelling flow 

turbulence, which is a semi-empirical linear eddy viscosity model based on the model transport 

equations for the turbulent kinetic energy and its dissipation rate. Further discussions on 

selecting turbulence model are given in Section 4.1.  

Four different mesh configurations are considered for the case with d=0.025 m, H=2 m, D=0.3 

m and 𝑉0 = 2 m/s. The near wall meshes are designed to be biased towards the wall so that the 

wall adjacent cell height can be accurately controlled. The number of cells for these meshes is 

approximately 6,000, 10,000, 21,400 and 33,800. Figure 2 shows the axial profile of the 



velocity at r=0.075 m measured from the centre. The velocity is presented for the thin water 

layer formed at the bottom surface of the column after the jet water impinges on the wall. As 

can be seen, a configuration with 21,400 cells shows acceptable accuracy in predicting the 

velocity, and a further refinement results in marginal difference. Hence, a mesh with 21,400 

cells is selected for the simulations.  

 

Figure 2: Velocity profiles along the water layer at the bottom of the HBC. 

 

4. Results and discussion 

4.1. Model validation 

The numerical models are first validated against the experimental data conducted by (Qu et al. 

2013). The experiment was performed in a 0.3 m ×0.3 m ×0.5 m rectangular tank fabricated 

from transparent acrylic sheets to allow for flow visualisation. The water was injected into the 

tank by a vertical thin-walled round nozzle with an inner diameter of d = 6 mm. The free jet 

falling height is 𝐿𝑗 = 100 mm which is the distance from the nozzle exit to the water free 

surface. The water level inside the tank was kept constant at a height of 420 mm measured 

from the bottom of the tank. The water injection velocity, 𝑉0, is 1.5 m/s.  

Figure 3 shows the time series of the spatial process of initial impact by a plunging jet. It 

qualitatively compares the results obtained using the VOF level set method and Eulerian MF 

model with the PIV velocity measurements of the liquid phase. It can be seen that the 

penetrating jet creates a conical air void under the water surface that grows over time due to 

the kinetic energy and potential energy balance. The penetration of the water jet continues 

while the shape is deforming, creating a cylindrical shape at the bottom of the air cavity with 

the liquid jet trapped inside (Qu et al. 2013). At approximately 50 s, a balance between the 

local hydrostatic pressure and the initial velocity imparted to the cavity wall causes the rim of 
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the cylindrical part to collapses at the neck. The bottom part then evolves into a toroidal air 

bubble. Finally, the toroidal air bubble collapses into several bubbles of various sizes and 

shapes. This trend is well captured by both VOF level-set and Eulerian MF models although 

both models show some discrepancies in predicting bubble formation, which is consistent with 

the previous simulations (Ma et al. 2010).  

 t = 0 ms  t = 13.3 ms  t = 46.7 ms  t = 49.3 ms t = 54 ms t = 620 ms  

Experiment 

      
VOF-Level Set 

      
Eulerian multi-fluid 

      

Figure 3: Time series of liquid jet penetration in comparison to the measurements (Qu et al. 

2013). 

The progress of the initial air cavity can be also monitored using geometrical cavity parameters 

when the pinch-off occurs, representing when the cavity breaks down into two parts. Three 

main geometrical parameters are considered here including 𝐷𝑐/𝑑, 𝐷ℎ/𝑑 as ℎ𝑐 as schematically 



shown in Fig. 4. 𝐷𝑐 is the diameter of the approximated hemisphere, 𝐷ℎ is the diameter of the 

hollow produced by the jet and ℎ𝑐 is the depth of the cavity at pinch-off. These parameters can 

be also obtained using semi-analytical equations (Zhu et al. 2000): 

𝐷𝑐
𝑑
≅ 2𝐶(𝐹𝑟)

1
2 

𝐷ℎ
𝑑

≅ 2.41 

ℎ𝑐
𝑑
≅
1

4
(
𝐷𝑐
𝑑
)

2
3
(𝐹𝑟)

2
3 + 2𝐶(𝐹𝑟)

1
2 

(17) 

where 𝐶 = 0.9 is a constant and 𝐹𝑟 is the Froude number and computed as 𝐹𝑟 = 𝑉0/√𝑔𝑑. 

Note that 𝐹𝑟 is 6.183 for the validation case.  

 

 

Figure 4: Schematic view of the geometric parameters of the cavity.  

 

The simulation results are compared with the measured and semi-analytical data (Zhu et al. 

2000, Qu et al. 2013) in Fig. 5a. It can be seen that both VOF and Eulerian MF models predicted 

the depth of the cavity very well. The agreement for 𝐷ℎ/𝑑 is reasonable while 𝐷𝑐/𝑑 is over 

predicted which is consistent with the observation in Fig. 3 at approximately 50 s where the 

pinch-off occurs. The velocity of the cavity bottom, 𝑉𝑐, that represents the penetration velocity 

is further analysed in Fig. 5b. The penetration velocity is normalised by the relevant jet velocity, 

𝑉𝑗, which is computed using Eq. (1). The cavity depth 𝑦𝑐 is normalised by the nozzle diameter. 
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Both models agree well with the experimental data. It can be seen that, when the cavity is 

produced by a steady liquid jet, the bottom of the cavity advances at a velocity approximately 

equal to half the jet velocity (Birkhoff 2012).  

In addition to the standard k-ε model, the VOF simulations were conducted using more 

advanced turbulence models including the k-ε renormalisation group turbulence model (RNG) 

and k-ω based shear stress transport (SST) model which are expected to have better accuracy 

near-wall region (Castillo and Carrillo 2017, Castillo et al. 2017). As can be seen in Fig. 5, the 

results reveal that the SST and RNG models do not necessarily provide better agreement with 

the measured data. While the SST model shows slightly better agreement for hc, it leads to 

underprediction of Dh/d. On the other hand, the RNG model resulted in the underprediction of 

hc and Dh/d whereas it slightly improved the prediction of Dc/d. The results obtained using 

these turbulence models for the normalised penetration velocity show the same level of 

agreement as that obtained using the standard k-ε model. Hence, the k-ε model is used for the 

simulations in this study. It is worth noting that for the hydraulic break column case, the near 

wall region does not significantly affect the air entrainment during the filling process which is 

the focus of the current study and hence the k-ε model should be adequate for the simulations.  
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Figure 5: Model validation: (a) geometrical cavity parameters, (b) normalised penetration 

velocity 𝑉𝑐/𝑉𝑗 versus normalised cavity depth 𝑦𝑐/𝑑. 

The results for the validation case confirm that both VOF and Eulerian MF models are capable 

to accurately predict air entrainment in a two-phase plunging jet flow. Hence, for the HBC 

simulations, the VOF model is adopted which is computationally more affordable.  

 

4.2. Hydraulic break columns 

This section provides VOF simulations of the filling process of the HBC of Fig. 1. The 

geometrical and operational parameters vary according to the values of Table 1. In total 26 

simulation cases are considered. The aim is to understand how these parameters affect the air 

entrainment during the filling process in order to identify design guidelines for an HBC.  

Figures 6 and 7 show the temporal evolution of water in the HBC for a series of selected cases. 

For an ideal scenario where there is no air entrainment, it is expected that the water level, 𝑦 in 

the tank increases linearly with time. Depending on the air entrainment, the water level deviates 

from the theoretical values as shown in Fig. 6. In this figure, the theoretical values are presented 

by dashed lines, while the actual values, obtained using the CFD simulations, are presented by 

solid lines. Three main patterns are identified among different cases: dispersed bubbles, 

medium air pockets (MAP) and large air pockets (LAP). For more clarification, a time series 

of the water volume fraction is also shown in Fig. 7 for both bubble and MAP conditions. It 

can be seen that water reaches the impinging wall at the bottom surface of the column and then 

it spreads horizontally until it reaches the sidewalls. As expected, the water then moves 
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upwards until it reaches the height of ℎ where its upward velocity becomes zero. The value of 

ℎ is greater for the case with a higher 𝑉0 as shown in Fig. 7a and Fig 7d. This is the reason that, 

in all three recognised patterns, the water level initially deviates sharply from the theoretical 

values. The water then fountains back to the tank due to the gravitational effect (Fig. 7b and 

Fig. 7e) and hence the trapped air creates some air pockets. It also should be noted that during 

the return of the fountain, in some cases, it clashes with the incoming jet disturbing the 

impinging process that causes a more violent beginning in the filling process. 

In the first scenario, referred to as the bubble case, the initially formed air pockets break into 

smaller bubbles (Fig. 7b and Fig. 7c) and hence after a violent start, the rise of water level 

travels in parallel to the theoretical values. This is indicated by blue solid and dashed lines in 

Fig. 6. In this case, the air bubbles are formed under the water surface at a constant linear rate 

but slightly above the theoretical values indicating the portion of air trapped in the volume. In 

the second scenario, referred to as the MAP case, the size of air pockets is larger compared to 

the bubble case as shown in Fig. 7e and Fig. 7f. However, after some time they burst at the 

surface and water column drops, allowing the filling process to almost return to the bubble air 

entrainment regime. Hence, eventually, the water level increases linearly as shown by green 

solid and dashed lines in Fig. 6. Finally, in the third scenario, referred to as the LAP case, the 

formed air pockets are very large. Due to the higher energy of the impinging jet combined with 

a smaller tank diameter, the inkling jet interacts violently with the wall and hence the returning 

flow at the beginning of the filling process creates large air pockets that do not burst due to the 

fast accumulation of water on top of the large air pockets. Consequently, the water level quickly 

reaches its maximum value (i.e. the height of the tank), causing an overflow.  

By varying either the geometrical parameters or initial velocity, one of the discussed scenarios 

may occur. Among the mentioned scenarios, the bubble condition is considered as operational, 

while the LAP case is considered as the failed scenario. Although for the MAP case, the water 

does not overflow, this condition is not reliable since the flow behaviour is violent and should 

preferably be prevented. All cases are categorised into the bubble, MAP and LAP based on the 

observed trends for the water level rise and discussed in more detail in the following.  

 



 

Figure 6: Temporal evolution of water level for three main scenarios: dispersed bubble, 

medium air pocket (MAP) and large air pocket (LAP). 
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Figure 7: Time series of water volume fraction for the case with 𝑉0 = 2 m/s, representing the 

bubble pattern at (a) 1 s (b) 4.86 s, and (c) 9.94 s and the case with 𝑉0 = 4 m/s, representing 

the MAP pattern at (d) 0.93 s, (e) 2.51 s, and (f) 3.56 s.  

To provide some information on the bubble and air pocket size, the image processing of 2D 

plots of volume fractions is conducted using IMAGEJ. For all cases, the bubbles are recognised 

at the time when the water level reaches 80% of the column’s height. The size distribution is 

then obtained to compute the normalised total area that represents the total volume fraction of 

air.  

𝛼𝑖 = 𝑁𝑖𝐴𝑖/𝐴𝑡𝑜𝑡𝑎𝑙  
(18) 

where 𝐴𝑖 and 𝑁𝑖 are the area and the number of bubble/air pocket i while 𝐴𝑡𝑜𝑡𝑎𝑙 is computed 

as 0.8𝐷 × 𝐻. Figure 8 presents the probability distribution function of the normalised total area 

(Fig. 8a, c, e) and the number of bubble/air pockets (Fig. 8b, d, f) versus the bubble equivalent 

diameter. For all different patterns, the frequency of small bubbles is the highest, however, the 

peak of normalised area distribution moves towards larger sizes as the flow pattern varies from 

bubble to LAP. While in MAP and LAP scenarios, the number of larger bubble/air pocket sizes 

is smaller than that of the small bubbles, their areas (representing their volume fraction) are 

significantly larger that changes the trend of water rise in the column. For the cases with bubble 

patterns, the bubble size ranges from approximately 5 mm to 130 mm while their total area 

ranges from 0.1% to 5.6% of the column. Small bubbles with low volume fractions allow the 

water level to increase almost linearly. For MAP cases, the air pocket’s size range is further 

extended, showing a maximum of the equivalent diameter of 190 mm while the maximum 

normalised bubble/air pockets area is about 10% of the tank volume. It confirms that the water 

level still follows the linear trend although the flow is more violent due to the existence of the 

larger bubbles. For the LAP scenarios, the large air pockets are created - a maximum size of 

590 mm which occupied about 60% of the column, causing water overflow to occur in these 

cases. It is worth noting that there are some scatter for larger bubble sizes which could be due 

to the limited number of available samples.  
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Figure 8: (a,c,e) Normalised bubble area and (b,d,f) bubble number versus bubble diameter, 

and (g) normalised bubble area versus maximum bubble equivalent diameter.  

Furthermore, Fig. 8g shows the maximum bubble/air pocket equivalent diameter which is 

scaled by 𝑑∗ defined as the ratio of nozzle diameter to the tank diameter 

𝑑∗ = 𝑑/𝐷 (19) 

It can be seen that the scaled equivalent air bubble diameter is the lowest for bubble cases. It 

shows a medium range for MAP cases while its value is significantly higher for LAP cases. 

For the LAP cases, a larger area of the tank is occupied by the air pockets trapped in the initial 

stage of the filling and hence the water level sharply increases in the early stage. For two cases 

that have the same nozzle diameter and jet velocity but different tank diameters, the narrower 

thank shows that the initial entrapments of large pockets did not have enough time to raise by 

its buoyancy before overflowing occurs. As the tank diameter widens, the returning fountain 

interacts violently with the water jet allowing the entrained pockets to break and hence smaller 

air pockets and bubbles are formed. Consequently, the overflowing process is postponed and 

the water level increasing rate returns to a linear trend as observed in Fig. 6 for bubble cases. 

The size of bubbles and air pockets are correlated to the operating conditions and geometrical 

features of the column that can be represented by non-dimensional numbers such as Frude and 

Reynolds numbers which are discussed further in the following.  

The non-dimensional Reynolds and Froude numbers are obtained using  

𝑅𝑒𝑗 = 𝜌𝑤𝑉𝑗/𝜇𝑤𝑑 

𝐹𝑟 =
𝑉𝑗

√𝑔𝑑
 

(20) 
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where 𝜌𝑤 and 𝜇𝑤 are the density and viscosity of water, respectively. 𝑉𝑗 is obtained using Eq 

(1) where 𝐿𝑗 = 𝐻. The jet Reynolds number describes the relative importance of inertial forces 

and viscous forces in the jet whereas the Froude number represents the inertial forces and 

gravitational forces on the surface of the jet. The formation of bubbles is directly linked to the 

flow pattern of the jet impinging. To further shed light on this, a schematic view of different 

regions of a jet impingement flow is shown in Fig. 9a while the velocity field is analysed in 

Fig. 9b for two cases with 𝑉0 = 2 m/s and 4 m/s. In both cases, d=0.025 m, D=0.3 m and H=2 

m. At the nozzle exit, entrainment of mass, momentum and energy occurs due to shear-driven 

interaction of the surroundings with the existing jet. Gradually, the jet loses its kinetic energy 

and hence the velocity profile expands in the spatial direction while shrinks down in magnitude 

along the sides of the jet. This leads to a non-uniform radial profile of the axial velocity that 

develops within the jet. This is consistent with the previous studies on the impinging jet (Dewan 

et al. 2012, Yang et al. 2015). The point where the jet strikes the surface is known as the 

deflection zone/stagnation region. In this region, the axial velocity quickly diminishes with a 

consequent rise in the static pressure (Ahmed et al. 2015). The bulk flow then follows the radial 

outward direction, creating the wall jet which is a layer of water at the bottom surface of the 

column. This is followed by the fountain region along the sidewalls, which is caused by the 

interaction of water flow on the bottom surface with the sidewalls.  
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Figure 9: Jet impingement flow: (a) Schematic view of different regions, and (b) velocity 

contour plots and vectors near the bottom of the column for (left) the case with 𝑉0 = 2 m/s, 

representing the bubble pattern and (right) the case with 𝑉0 = 4 m/s, representing the MAP 

pattern. 

In the wall jet zone, the axial profile of the radial velocity is important. At a radial location, the 

radial velocity is zero adjacent to the impinging wall and increases and reaches its maximum 

value which is shown by 𝑢𝑚 in Fig. 9a. Further away from the centre of the tank, the value of 

𝑢𝑚 is smaller. Hence, as radially moving toward the tank sidewalls, 𝑢𝑚 decreases, showing 

that the maximum 𝑢𝑚 occurs near the centreline of the column, shown by 𝑢𝑚,𝑚𝑎𝑥. As expected 

the case with higher 𝑉0 has a higher jet velocity, resulting in a larger 𝑢𝑚,𝑚𝑎𝑥 at the wall jet 

zone (Yang et al. 2015). Figure 10 illustrates the 𝑢𝑚,𝑚𝑎𝑥 normalised by 𝑉𝑗 versus the jet 

Reynolds number scaled with 𝑑∗ for all cases. It can be seen that the normalied 

𝑢𝑚,𝑚𝑎𝑥 fluctuates around a value of 0.87, marked by a horizontal dashed line, showing a 

minimum and maximum value of 0.72 and 0.95, respectively. The cases with lower 𝑅𝑒𝑗 × 𝑑∗ 

dominantly result in lower 
𝑢𝑚,𝑚𝑎𝑥

𝑉𝑗
, while the opposite is true for the cases with larger 𝑅𝑒𝑗 × 𝑑∗. 

This is due to the development of the jet core before it reaches the wall surface. A case with a 

smaller nozzle diameter has a lower value of 𝑅𝑒𝑗 and 𝑑∗ (i.e 𝑑/𝐷) and consequently lower 

𝑅𝑒𝑗 × 𝑑∗. In this case, the jet core zone is narrower and hence to maintain the flow the energy 

lost is higher as the jet impinges on the surface, resulting in lower 𝑢𝑚,𝑚𝑎𝑥/𝑉𝑗, whereas for a 

case with larger nozzle diameter (i.e. larger 𝑅𝑒𝑗𝑑
∗), the core rejoin is wider and hence the 



energy loss is lower when the velocity changes its direction from vertical to horizontal, leading 

to 𝑢𝑚,𝑚𝑎𝑥/𝑉𝑗 closer to 1. This is shown as an inset in Fig. 10, representing 𝑢𝑚,𝑚𝑎𝑥/𝑉𝑗 for the 

cases with D=0.3 m, H=2 m and 𝑉0 =  2 m/s whereas the nozzle dimeter varies (0.025, 0.05 

and 0.08 m).  

 

Figure 10: The maximum wall jet velocity versus jet Reynolds number.  

Figure 11 presents ℎ/𝐷 (open symbols) versus 𝑅𝑒𝑗 × 𝑑∗. As indicated in Fig. 7, ℎ is the 

fountain height. The value of 𝐷/𝑑 for all cases is also presented by filled symbols in this figure. 

It can be seen that for small jet Reynolds numbers, the flow regime remains in the bubble 

category. The jet Reynolds number, computed per Eq. (20), is affected by 𝑉𝑗 which depends on 

the column’s height (H) and the water velocity at the nozzle exit (𝑉0). Hence, low 𝑅𝑒𝑗 values 

represent the cases with lower initial flux and smaller column’s height (H) that affects the 

formation of bubbles. These cases also have a high 𝐷/𝑑 ratio where the jet momentum and 

tank size allow the trapped air to break down into small bubbles and hence the water level 

increases linearly. On the other hand, the cases with large 𝑅𝑒𝑗 and small 𝐷/𝑑 dominantly 

follow the LAP category where large air pockets remain in the domain, causing the filling 

process to be failed. The MAP cases are characterised by medium 𝑅𝑒𝑗 while their 𝐷/𝑑 remains 

in the mid-range.  
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Figure 11: The normalised fountain height (ℎ/𝐷) and the ratio of the tank diameter to the 

nozzle diameter (𝐷/𝑑) versus the jet Reynolds number. 

The relationship between the Froude and jet Reynolds numbers is further analysed in Fig. 12 

for different cases. Both non-dimensional numbers are scaled by 𝑑∗. It can be seen that for the 

cases with large 𝑅𝑒𝑗 and 𝐹𝑟 numbers, the LPA phenomena is dominant whereas, for cases with 

small 𝑅𝑒𝑗 and 𝐹𝑟 numbers, the bubble regime is dominant which is considered as operational. 

This provides a guideline for selecting the appropriate operating conditions and HBC geometry 

features. The overflow condition can be avoided if the combination of d, D, H, and 𝑉0 results 

in small values of 𝐹𝑟 × 𝑑∗ and 𝑅𝑒𝑗 × 𝑑∗ as shown in Fig. 12.  

 

Figure 12: Dependence of air entrapment regimes on Froude and Reynolds numbers 
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This paper presented detailed computational fluid dynamic (CFD) simulations of air 

entrainment phenomena occurring during the filling process of a hydraulic break column 

(HBC). The CFD model was first validated against the measurement data for water plunging 

jet into a water pool. For this purpose, both volume-of-fluid (VOF) and Eulerian multi-fluid 

models were tested. It was found that both models accurately predicted the geometric 

parameters of the cavity at the pinch-off point. Satisfactory agreements were also obtained 

between the CFD data and measurements for both penetration length and penetration velocity.  

The VOF model was then adopted for the HBC simulation. Effects of inlet jet velocity, nozzle 

diameter, tank diameter, and tank height were numerically analysed. It was found that the air 

entrainment rate is determined by a combination of impinging jet and water plunging physics 

and is affected by the operating and geometrical parameters. Among different cases, three main 

patterns are identified which are namely dispersed bubble, medium air pockets (MAP) and 

large air pockets (LAP) scenarios. In the bubble case, the formed air pockets break into smaller 

size bubbles and hence the water level rises linearly. In the MAP scenario, the size of air 

pockets is larger compared to the bubble case, however, after some time they burst at the 

surface and water column drops, allowing the filling process to almost return to the bubble air 

entrainment regime. Finally, in the LAP scenario, the inkling jet interacts violently with the 

wall and hence large air pockets are developed. For HBCs forming dispersed bubbles, the 

process is operational, while for cases demonstrating other patterns (MAP and LAP), the flow 

behaviour is trapping more air in the column and hence they should preferably be prevented.  

The complex two-phase flows are further analysed using non-dimensionless numbers, 

including the ratio of the jet and tank diameters, the normalised fountain height formed on the 

sidewall surfaces and Reynolds and Froude numbers. It was found that at lower Reynolds 

numbers and higher ratios of jet to tank diameter, the normalised fountain height is lower and 

hence there is enough time and space for the formed air pockets to burst, leading to the bubble 

regime. Further analysis showed that there was a correlation between Reynolds and Froude 

numbers, showing that for low values of these parameters, the flow regime remains in the 

dispersed bubble category where the water level in the column rises linearly with time similar 

to the ideal theoretical condition.  

 



 

  

Nomenclature 

𝐴𝑖  (m2) Area of bubble/air pocket 

𝐶𝐷 - Drag coefficient 

d (m) Nozzle diameter 

D (m) Tank diameter 

𝐷𝑐  (m) Diameter of the hemisphere 

𝐷ℎ (m) Diameter of the hollow 

𝑑𝑝 (m) Bubble size 

𝑑∗ - Non-dimensional diameter  

𝑑𝐼  (m) Distance from the interface 

𝐹𝑞  N External body force 

𝐹𝑙𝑖𝑓𝑡  N Lift force 

𝐹𝑣𝑚  N Virtual mass force 

𝑓𝑑𝑟𝑎𝑔  N Drag force 

 𝐹𝑟 - Froude number 

g (m/s2) Gravity 

 ℎ (m) Fountain height  

 𝐻 (m) Tank height 

ℎ𝑐 (m) Depth of the cavity at pinch-off 

 𝑘 (1/m) Curvature 

𝐾𝑞𝑝 (kg/m3s) Fluid-fluid exchange coefficient 

𝐿𝑗 (m) Falling length 

𝑁𝑖  - number of bubble/air pocket 

p (Pa) Pressure 

 𝑟 (m) Tank  radius 

 𝑅𝑒𝑗 - Jet Reynolds number 

 𝑅𝑒𝑝 - Bubble Reynolds number 

𝑢𝑚 (m/s) Water velocity at the bottom of the tank 

𝑉0 (m/s) Water velocity at the nozzle exit 

𝑉𝑗 (m/s) Impact jet velocity 

𝑉𝑐 (m/s) The velocity of the cavity bottom 

y (m) Water level  

𝑦𝑐 (m) Cavity depth 

𝛼 - Volume fraction 

𝜇 (kg/m.s) Viscosity  

 𝜌 (kg/m3) Density 

 𝜎 (kg/m2s2) Surface tension coefficient 

 𝜏̿  (kg/ms2) Stress-strain tensor 

𝜏̿𝑝 (t) Bubble response time 

 𝜙  (m) Level-set function 
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