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Abstract: Since it is low in cost and low in toxicity and has good biodegradability, gas-liquid-foam 

three-phase flow has been widely used in industrial fire protection. Due to the different 

characteristics of gas, liquid, and foam, liquid precipitation is liable to occur under static conditions, 

resulting in unstable performance of the mixture. To improve fire extinguishing efficiency, it is of 

great significance to study the separation process of gas-liquid-foam. In the present study, the effects 

of the surface tension (range from 0.04 to 0.07) and initial liquid volume fraction (range from 0.2 to 

0.5) on the gas-liquid-foam separation process are investigated with the numerical tool Fluent. The 

liquid volume fraction is mainly influenced by two inverse effects: (a) the transformation of liquid 

into foam, and (b) the liquid drainage and bursting of foam. In the separation process, the volume 

fraction of small foam decreases monotonically while the volume fraction of medium and large foam 

increases slightly. Since the volume fraction of small foam is much greater than medium and large 

foam and its bursting process is dominant, the liquid volume fraction presents a monotonic 

increasing trend. The volume of the separated liquid increases almost linearly with time at various 

surface tensions and initial volume fractions, and the increase rate is about 0.004. In the range of the 

surface tension examined, the separation process is insensitive to the surface tension, resulting in 

almost the same drainage time. On the other hand, the separation process depends on the initial 

liquid volume fraction non-monotonically; namely, when the initial volume fraction is small, with 

the increase of the initial volume fraction, the liquid is more easily separated from the mixture, and 

when the initial volume fraction is over a critical value (about 0.4), the separation process is 

decelerated. 

Keywords: firefighting; gas-liquid-foam three-phase flow; separation process; surface tension;  

initial volume fraction; drainage time 

 

1. Introduction 

Gas-liquid-foam (three-phase flow) has the advantages of low density, good thermal 

insulation and protection performance, and high fire-extinguishing efficiency. It is widely 

used in the fire protection field, mainly to extinguish liquid or solid fires such as 

petrochemical, substation, etc. [1–8]. For example, Zhao et al. [4] improved the fire 

extinguishing efficiency by combining gas-liquid-foam three-phase flow with a clean and 

degradable fire suppressant. The laboratory-scale experiments demonstrated that 

excellent fire- extinguishing performance can be achieved by optimizing the volume flow 

ratio of air to foam. Ding et al. [7] experimentally studied the extinguishing efficiency of 

the compressed gas-liquid-foam with different air–water ratios on the diesel pool fire, in 

which 25% drainage time and expansion ratio were investigated, and the gas–water ratio 
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was in the range of 5–24. They found that both the 25% drainage time and the expansion 

ratio increased with increasing air–water ratio [7]. In order to achieve a better fire-

extinguishing effect, it is necessary to understand the flow stability characteristics of gas-

liquid-foam. 

Since the density of the water is larger than that of the air and foam, the gas-liquid-

foam three-phase flow is not stable under static condition. To be precise, under the effect 

of gravity, the bubbles burst, the water separates from the gas-liquid-foam three-phase 

flow and sinks to the bottom of the container, which degrades the fire-extinguishing 

performance of the gas-liquid-foam three-phase flow. Therefore, numerous researchers 

[9–18] have studied the stability of gas-liquid-foam three-phase flow so as to improve its 

fire-extinguishing performance. For example, Risal et al. [12] experimentally investigated 

the effect of surface-modified nanoparticles on the stability and pore-plugging 

performance of gas-liquid-foam, indicating that the modified nanoparticle-stabilized 

foam had high stability with an increasing pressure difference. Bashir et al. [18] studied 

the effects of foam quality and temperature on dynamic foam viscosity, pointing out that 

foam viscosity is a key attribute to calculate the foam flow in narrow channels. Due to the 

influence of nanoparticles, the stability and apparent viscosity of foam at high 

temperatures were increased. 

Considering that it is difficult to analyze the interaction between phase flows by 

experimental methods, in recent years, numerical simulation technology has been 

increasingly applied to fluid flow analysis [19–31]. For example, Buwaand Ranade [20] 

numerically studied the effect of gas velocity, sparger design, and coalescence-

suppressing additives on the dynamics of gas-liquid flow in a rectangular bubble column, 

and the model predictions were verified by comparison with the experimental data. Bhole 

et al. [23] developed a computational fluid dynamics code with the finite volume method 

in the Eulerian framework for the simulation of axisymmetric steady-state gas-liquid 

flows in bubble columns, where the population balance equation for the bubble number 

density was included. In the framework, assuming the mechanical balance of each bubble, 

the resistance and lift are properly sealed so that each bubble has a different speed [23]. 

In general, the aforementioned research provides valuable experimental and 

numerical data for studying the interphase interaction of gas-liquid two-phase flow. 

Comparatively, the inter-phase interaction of air–water foam three-phase flow is more 

complex, and the relevant research is limited. The foam is considered as a separate phase 

comprised of a mixture of air and water, and gas-liquid-foam three-phase flow involves 

two processes, namely, the formation of foam due to the transformation of both air and 

water into foam and the destruction due to water drainage and bursting of bubbles, which 

is quite different from the gas-liquid two-phase flow. To deepen our understanding of 

gas-liquid-foam three-phase flow, the separation process of the water from the gas-liquid-

foam three-phase flow is conducted. 

The present study is organized as follows. Firstly, the numerical scenarios are 

described. Next, the mathematical model is introduced briefly. Then, after a grid 

independence test is conducted, the effects of the surface tension and of the initial volume 

fraction on the separation process of the water from the gas-liquid-foam three-phase flow 

are investigated. Finally, the study is summarized and some conclusions are drawn. 

2. Numerical Modelling Setup 

2.1. Numerical Scenarios 

Fluent is one of the most commonly used CFD software in the world. It has many 

modules to simulate different physical and chemical reaction processes. Compared with 

other software, it has the following advantages: (1) Good stability. Fluent has been 

checked by a large number of examples, and these have been found to be in good 

agreement with the experiment; (2) Fluent has a wide range of applications, including a 

variety of heat transfer combustion models and multiphase flow models, which can be 
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applied to almost all fluid-related fields; and (3) The calculation accuracy is high, up to 

second-order accuracy. Thus, the FLUENT code is employed for flow simulation to 

predict flow behavior in a cylindrical container. Figure 1 shows the setup of the model. 

The diameter of the cylindrical container is 108 mm, and the height of the cylindrical 

container(h) is 500 mm, which is filled with the gas-liquid-foam mixture initially. All the 

boundaries of the cylindrical container are walls, except that the top boundary is open to 

the atmosphere. The wall surface is set as “No slip,” and the related thermal conductivity 

is 0.45. There are many bubbles in the gas-liquid dispersion in the container. Due to the 

difference in density, the air bubbles will cream. During the creaming process, the aerated 

mixture in the cylindrical container can be divided into three layers: the foam layer, the 

gas-liquid mixing layer, and the liquid layer. Since the density of the liquid is larger than 

the gas and foam, the gas-liquid-foam mixture is not stable under the static condition; due 

to liquid drainage and foam bursting, the liquid separates from the gas-liquid-foam 

mixture and sinks to the bottom of the cylindrical container. The characteristic 

dimensionless height z* is expressed by: 

z* = z/h  (1)

where z and h mean the vertical distance from the container top and container height, 

respectively. 

The characteristic time t* is expressed by: 

t* = U0t/h (2)

where t means time and U0 means the free-creaming speed of a single bubble in the liquid. 

  
(a) (b) 

Figure 1. Modelling setup. The aerated mixture can be divided into three layers: the foam layer, the 

gas-liquid mixing layer, and the liquid layer. (a) Three-Dimensional Model. (b) xy-Plane Slice. 

To investigate the separation process of the liquid from the gas-liquid-foam mixture 

numerically, the population balance model [32,33] is adopted, where the distribution of 

the foam diameter is a key parameter. In the present study, twelve foam classes are 

adopted, which cover the typical foam diameters. Figure 2 shows the distribution of the 

foam diameter. The minimum foam diameter is 0.5 mm, and the maximum foam diameter 

is 4 mm. The gas-liquid-foam mixture consists of three phases: gas phase, liquid phase, 

and foam phase. The densities of the gas phase and liquid phase are 3 kg/m3 and 1200 

kg/m3, respectively, and the viscosities of the gas phase and liquid phase are 0.0001 Ns/m2 

and 0.04 Ns/m2, respectively. The foam is considered as a separate phase comprised of a 

mixture of gas and liquid, and the density and viscosity of the foam phase are calculated 

by the following equations [32,33], 

ρf = ρg + ρl(1 − αl)  (3)
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vf = vg + vl(1 − αl) (4)

where ρg, ρl, and ρf, respectively, denote the density of the gas, liquid, and foam phases; 

νg, νl and νf , respectively, represent the viscosity of the gas, liquid, and foam phases; and 

αl is the liquid volume fraction in the foam phase. The density and viscosity of the foam 

phase increase with liquid volume fraction. The whole simulation was conducted using a 

Dell Workstation T7920 with the CPU of Intel (R)5218R*2, and the total computing time 

took about one month. 

 
Figure 2. Distribution of the foam diameter, where twelve foam classes are adopted. 

2.2. Governing Equations 

To investigate the separation process of the liquid from the gas-liquid-foam mixture 

numerically, the population balance model and the Eulerian model [32,33] are adopted. 

The separation process of the liquid from the gas-liquid-foam mixture involves inter-

phase mass and momentum transfer, formation, and bursting of foam, thus solving the 

mass and momentum conservation equations; population balance equation is important. 

We assume that liquid, gas, and foam are independent phases. The mass conversion 

equation is given by 

3

1,

 , 1, 2,3k k
k k k kl

k k l

a
a V k

t




 


   


  (5)

where αk is the volume fraction of the k-phase, Vk is the velocity of the k-phase, and Γkl is 

the inter-phase mass exchange between the k-phase and the l-phase. 

Based on the finite volume method, the momentum conservation equation for each 

phase in the Euler approach is 

( )  1,2,3k k k
k k k k k k k k k kl

a v
a V a p a T a N M k

t


  


        


，  (6)

where p is pressure, N  is the body force vector, Tk is the Reynolds stress, Mkl is the inter-

phase momentum exchange between the k-phase and l-phase, and τk is the shear stress. 

The scalar parameter foam phase is introduced into the gas phase and foam phase. 

Due to the transformation of gas and liquid into foam and the destruction of liquid 

drainage and foam bursting, the number density of the different foam classes will vary. 
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To track the number density of a single bubble class, the population balance equation is 

employed as follows: 

k k ki
k k k ki i

a
a V S

t




 
  


 (7)

where ki denotes the fraction of foam class i, and Si refers to the source term of foam 

class i caused by the rupture and coalescence of foam and gas-liquid dispersion. 

2.3. Grid Sensitivity Analysis and Model Verification 

Using a coarse grid may cause the results to deviate from the accurate solution, while 

using a too-find grid will raise the cost of obtaining an accurate solution. To investigate 

the separation process of the liquid from the gas-liquid-foam mixture accurately, a grid 

independence test is conducted. To increase the computational accuracy, the structured 

hexahedron grid is adopted. Taking the case of surface tension σ = 0.07 and initial liquid 

volume fraction αl = 0.4 as an example, Figure 3 shows the grid arrangement of xz-plane 

slice, where the grid numbers are 65,500, 126,000, and 18,3700, respectively. It should be 

noted that the above three grid numbers are selected on the basis of the Fluent grid 

recommendation criteria. Obviously, with the increase in the grid number, the grid 

becomes finer, and the interphase interaction of the gas-liquid-foam mixture is described 

more accurately. Figure 4 shows the distribution of the gas-liquid-foam three-phase flow 

during the separation process at 30 s, where the grid numbers are 65,500, 126,000, and 

183,700, respectively. Since the density of the liquid is larger than that of the gas and foam, 

under the effect of the gravity the foam bursts and the liquid separates from the gas-liquid-

foam mixture and sinks to the bottom of the container. It is observed that the distribution 

of the gas-liquid-foam between the grid numbers 65,500 and 126,000 is obviously 

different, while the distribution of the gas, liquid, and foam between the grid numbers 

126,000 and 183,700 is very close. Moreover, Figure 5 shows the time history of the liquid 

volume fraction, where the grid numbers are 65,500, 126,000, and 183,700, respectively. 

The volume fraction of the liquid increases monotonically until the liquid volume fraction 

reaches 0.25 (25%), and the separation process of the liquid from the gas-liquid-foam 

mixture reaches the steady state. Similarly, between the grid numbers 65,500 and 126,000, 

the difference in the volume fraction of the liquid is obvious, while the volume fraction of 

the liquid is very close between grid numbers 126,000 and 183,700. In order to balance the 

accuracy and efficiency of the numerical results, the grid number 126,000 is adopted. 

 

           (a)  (b) (c)  

Figure 3. Grid arrangement of xz-plane slice, where the grid numbers are 65,500 (a), 126,000 (b), and 

183,700 (c), respectively.  
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(a)  (b)   (c)  

Figure 4. Distribution of the gas-liquid-foam during the separation process at 30 s, where the grid 

numbers are 65,500 (a), 126,000 (b), and 183,700 (c), respectively. 

 
Figure 5. Correlation of liquid volume fraction with time, where the grid numbers are 65,500, 

126,000, and 183,700, respectively. 

3. Results and Discussion 

To investigate the separation process of the liquid from the gas-liquid-foam mixture, 

the effects of the surface tension and the initial volume fraction on the separation process 

are discussed. 

3.1. Effect of Surface Tension on Liquid Separation 

Under the static condition, the gas-liquid-foam mixture is not stable; namely, it is apt 

to reach a low surface energy state. Thus, the surface tension may affect the separation 

process of the gas-liquid-foam mixture. Initially, the liquid volume fraction is set to be αl 

= 0.1. The surface tension of the liquid phase is dominant. Thus, the selection of the surface 

tension is close to the liquid phase. To investigate the separation process of the gas-liquid-

foam mixture quantitatively, Figure 6 presents the evolution of the liquid volume fraction 

with time, where different surface tensions are adopted. Obviously, the whole volume 

fractions of the liquid phase increase almost linearly. Interestingly, the separation process 

of the gas-liquid-foam mixture is insensitive to surface tension; namely, at different 

surface tensions, the drainage time is almost the same. 
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To visualize the separation process of the gas-liquid-foam mixture, Figures 7 and 8 

show the distribution of the liquid volume fraction of xy-plane slice during the separation 

process at 30 s and 60 s, respectively, where the surface tensions are different. Under the 

effect of gravity, the liquid volume fraction increases obviously. Since the density of the 

liquid is larger than that of the gas and foam, the liquid phase sinks to the bottom of the 

cylindrical container. At 30 s, though the surface tension is different, the distribution of 

the liquid volume fraction is quite similar. At 60 s, at the bottom of the cylindrical 

container, the liquid volume fraction is close to 1. Figure 9 exhibits the time history of the 

volume fraction of the foam phase, where the surface tension is σ = 0.055. With the increase 

in class index, the foam becomes larger. The liquid volume fraction is affected by two 

processes: the formation of foam due to the transformation of both gas and liquid into 

foam and the destruction due to liquid drainage and foam burst. During the separation 

process, after a short period of increase, the volume fraction of the small foam decreases 

monotonically, while the volume fraction of the medium and large foam increases weakly. 

However, the volume fraction of the small foam is much greater than that of medium and 

large foam, due to the bursting of the small foam; the liquid separates from the gas-liquid-

foam mixture, and the liquid volume fraction increases monotonically. 

 
Figure 6. Evolution of the liquid volume fraction with time, where different surface tensions are 

adopted. 
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(a)       (b)        (c) 

Figure 7. Distribution of the liquid volume fraction of xy-plane slice during the separation process 

at 30 s, where the surface tensions are σ = 0.04(a), σ = 0.055(b), σ = 0.07 (c) , respectively. 

  

(a)       (b)        (c) 

Figure 8. Distribution of the liquid volume fraction of xy-plane slice during the separation 

process at 60 s, where the surface tensions are σ = 0.04(a), σ = 0.055(b), σ = 0.07(c) , 

respectively. 
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Figure 9. Time history of the volume fraction of the foam phase, where the surface tension is σ = 

0.055. 

At different surface tensions, the liquid volume fraction increases with time almost 

linearly. Thus, a linear fitting, namely, αl = kt + b, is adopted to investigate the relation 

between the liquid volume fraction and the time, where k is the slope of the line, and b is 

the interception of the line. Figure 10 shows the curves of the liquid volume fraction with 

the time, together with the linear fitting results, where the surface tensions are different. 

It is observed that the linear fitting is very close to the original data; namely, the liquid 

volume fraction increases linearly with time. Furthermore, Figure 11 shows the relation 

between the slope of the line and the surface tension, where the surface tensions are 

different. At different surface tensions, the difference in the slopes of the lines is negligible 

(in Figure 11, the error of growth rate is within ±5%); namely, the separation process of 

the gas-liquid-foam mixture is insensitive to the surface tension. 

 

 

Figure 10. Curves of the liquid volume fraction with the time, together with the linear fitting results, 

where the surface tensions are different. 



Fire 2023, 6, 117 10 of 14 
 

 

0.04 0.05 0.06 0.07
1

2

3

4

5

6

k
σ

×10  3

 
Figure 11. Relation between the slope of the line and the surface tension, where the surface tensions 

are different. 

3.2. Effect of Initial Volume Fraction on Liquid Separation 

Next, the effect of the initial liquid volume fraction on the separation process is 

discussed. The separation process is insensitive to the surface tension, and the surface 

tension is set to 0.07. Seven initial volume fractions of the liquid are adopted: αl0 = 0.2, 0.25, 

0.3, 0.35, 0.4, 0.45, and 0.5. Taking the cases of αl0 = 0.2, 0.3, 0.4, and 0.5 as an example, 

Figures. 12–13 show the distribution of the liquid volume fraction at t = 5 s and 50 s. 

Initially, with the increase in αl0, the volume fraction of the liquid increases. At t = 50 s, the 

separation process reaches the steady state, at the bottom of the cylindrical container, and 

the liquid volume fraction is close to 1. Meanwhile, the largest liquid volume fraction is 

reached at the condition of αl0 = 0.4. 

 
  (a) αl

0 = 0.2      (b) αl
0 = 0.3        (c) αl

0 = 0.4       (d) αl
0 = 0.5 

Figure 12. Distribution of the liquid volume fraction at t = 5 s, where αl0 = 0.2, 0.3, 0.4, and 0.5. 
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(a) αl0 = 0.2      (b) αl0 = 0.3         (c) αl0 = 0.4        (d) αl0 = 0.5 

Figure 13. Distribution of the liquid volume fraction at t = 50 s, αl0 = 0.2, 0.3, 0.4, and 0.5. 

In addition, Figure 14 shows the time history of the volume fraction of the liquid, 

where the initial volume fractions of the liquid are different, namely, αl0 = 0.2, 0.3, 0.4, and 

0.5. It is observed that the volume fraction of the liquid increases with time almost linearly. 

The volume fraction of the liquid is composed of two parts, the initial part and the separate 

part. To understand the separation process, the initial part is subtracted from the volume 

fraction of the liquid. At different αl0, the volume fraction of the liquid increases 

monotonically. However, the rate of the volume fraction is different. Figure 15 shows the 

time history of the volume fraction of the liquid, together with the result of the linear 

fitting. It is observed that the difference between the original data and the linear fitting is 

very small, namely, the volume fraction of the liquid increases with time almost linearly. 

Furthermore, Figure 16 shows the relation between the slope of the line and the initial 

volume fraction of the liquid, where the initial volume fractions of the liquid are different. 

From αl0 = 0.2 to 0.5, it is observed that the volume fraction of the liquid depends on the 

initial volume fraction of the liquid non-monotonically. To be precise, when αl0 is small, 

with an increase of αl0 = 0.2, the liquid is easier to be separated from the mixture; however, 

when αl0 is over a critical value, the separation process is decelerated. By comparison, 

when αl0 is around 0.4—i.e., the initial volume fraction is 0.4 initially—the separation 

process is the fastest. In practice, to improve the stability of the mixture, the 0.4 initial 

liquid volume fraction should be avoided. 

 

(a) (b) 

Figure 14. Time history of the volume fraction of the liquid, where the initial volume fractions of 

the liquid are different, namely, αl0 = 0.2, 0.3, 0.4, and 0.5. (a) Volume fraction of the liquid. (b) Initial 

volume fraction is subtracted. 
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(c) (d) 

Figure 15. Curves of the liquid volume fraction with the time, together with the linear fitting results. 

(a) αl0 = 0.2. (b) αl0 = 0.3. (c) αl0 = 0.4. (d) αl0 = 0.5. 
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Figure 16. Relation between the slope of the line and the initial volume fraction of the liquid, where 

the initial volume fractions of the liquid are different. 

4. Conclusions 

In the present study, the effects of the surface tension and initial liquid volume 

fraction on the gas-liquid-foam separation process are investigated numerically. The 

results show that during the separation process, after a short period of increase, the 

volume fraction of the small foam decreases monotonically while the volume fraction of 

the medium and large foam increases weakly. The volume fraction of the small foam is 

much greater than that of the medium and large foam. Due to the bursting of the small 
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foam, the liquid separates from the gas-liquid-foam mixture and the liquid volume 

fraction increases monotonically. One interesting behavior is that the separation process 

of the gas-liquid-foam mixture is insensitive to surface tension; namely, the drainage time 

is almost the same at different surface tensions. With the increase in the initial liquid 

volume fraction, the rate of the separation process first increases and then decreases. In 

the range of numerical conditions, when the initial volume fraction of the liquid reaches 

the critical value of 0.4, the separation process is the fastest, which should be avoided to 

improve stability. In actual firefighting, from the stability of compressed air foam and the 

actual application, it is recommended to use a high gas–liquid ratio to improve the 

stability of the foam. Considering the foam equivalent diameter, foam shape and foam 

cracking (or coalescence) are the important factors affecting the liquid separation process, 

and related research work will be carried out in the future. 
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