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Abstract: The hydrodynamic behavior of the air-acetic acid system in a bubble column is studied using 

a differential pressure transmitter, double probe optical fiber probe, and the electrical resistance 

tomography (ERT) technique. The superficial gas velocity ranges from 0.016 to 0.094 m/s under 

ambient temperature and pressure. The influences of viscosity and surface tension on gas holdup, 

bubble rising velocity, and bubble chord distribution in the column are discussed with different mass 

fractions of an acetic acid solution. The results show that as the mass fraction of acetic acid increases, 

the surface tension of the liquid phase decreases, and the viscosity first increases and then decreases. 

This causes the gas holdup in the column to first increase and then decrease, and reaches the maximum 

value at an acetic acid mass fraction of 55% to 60%. The rising velocity of the bubbles in the column is 

high in the central region and has a low-value distribution near the wall. The bubble chord length 

distribution is concentrated, and the distribution of the bubble chord length in the column becomes 

narrow with any decrease in surface tension. Studying the hydrodynamic behavior of a bubble column 

with the air-acid system is of great significance considering the absence of data on air-organic acid 

systems. 
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1. Introduction 

Bubble column reactors have been widely used in petrochemical, chemical, biochemical, and 

pharmaceutical industries [1-3], with the advantages of a simple construction, no mechanically moving 

parts, good mass transfer properties, high thermal stability, low energy supply, and low operation costs 

[4-6]. The characteristics of the bubble are the most important parameters in the bubble column; they can 

be used to estimate the average residence time of bubbles and the contact area of the gas and liquid 

phases to determine the mass transfer intensity and the reaction rate of the column. The factors that 

affect the gas holdup in the bubble column reactor are temperature, pressure, liquid properties (density, 

viscosity, and surface tension), and the distributor and size of the bubble column. The influence of 

liquid viscosity and surface tension on gas holdup is highly complex, affecting any change in 

hydrodynamic behavior in the column. Therefore, it is necessary to fully understand the effects of 

changes in the physical properties of liquids in the column. 

Liquid properties such as liquid viscosity and surface tension play important roles in 

hydrodynamics and bubble coalescence and breakup. The effects of liquid viscosity have been studied 

and it has been found that an increase in liquid viscosity significantly inhibits bubble breakup at higher 

liquid viscosities and enhances bubble coalescence at low levels of viscosity [7-9]. Xing et al. [10] studied 

the effect of the viscosity of a glycerin solution on hydrodynamic behavior through experimental 

research and numerical simulation and found that the effect of liquid viscosity on bubble coalescence is 

less significant than its effect on bubble breakup. Besagni et al. [11] studied air-glycol systems with 

viscosities between 0.9 mPa·s and 7.97 mPa·s and found that liquid viscosity has a dual effect. With 

increases in viscosity, the gas holdup first increases and then decreases, and there is a maximum. 

Ruzicka et al. [12] found that the gas holdup increased with an increase in viscosity at 0–3 mPa·s, but 

the gas holdup began to decrease at a range of 3–22 mPa·s. Olivieri et al. [13] used a sodium alginate 

aqueous solution at a viscosity range of 1–117 mPa·s to study the influence of liquid viscosity and their 

results show that the gas holdup is largest when μl = 4.25 mPa·s, and then, as the viscosity increased, 

the gas holdup began to decrease. The relevant properties of the surface tension also significantly affect 

bubble behavior. In the liquid phase, the total gas holdup increases with a decrease in surface tension. 

The reason for this is that in the liquid phase, the change in surface tension affects the coalescence and 

breakup behavior. With decreasing surface tension, the bubble breakup is enhanced and the bubble 

coalescence is inhibited, which in turn reduces bubble size and increases gas holdup.  

The oxidation reaction process of p-xylene uses acetic acid as the solvent in the bubble column 

reactor. Changes in the physical properties of the acetic acid system have a significant influence on the 

gas holdup in the column; therefore, the study of hydrodynamic behavior in an air-acetic acid system 

has a certain significance in the design and enlargement of a bubble column. In addition, the p-xylene 

oxidation reactor is the key equipment that affects the production of terephthalic acid in industrial 

processes. There are few studies on oxidation bubble columns with an organic solution. Therefore,  

Based on the background of p-xylene oxidation reactors in terephthalic acid production, this work 

aims to systematically study the effects of viscosity and surface tension on the holdup of gas. At a 

superficial gas velocity range of 0.016 to 0.094 m/s, the gas holdup, bubble rising velocity, and bubble 

chord length distribution in the column are measured using differential pressure transmitters, fiber optic 

probes, electrical resistance tomography (ERT), and other technologies. The drift flux method is used 

to further study the influence of a different mass fraction of acetic acid on the flow regime transition 

point. This paper focuses on the behavior of the bubble column at different acetic acid concentrations, 

and provides the basis for the selection and optimization of industrial operation parameters.  
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2. Experimental procedure 

2.1 Experimental apparatus 

The experimental equipment consists of a cylindrical bubble column with a diameter of D = 150 

mm and a height of H = 2300 mm, and the initial static liquid level H0 = 1150 mm, as shown in Figure 

1. There are a total of ϕ 2 mm × 19 on the gas distributor, and the opening rate is approximately 

0.338%. Two holes are opened at the column heights H1 = 0.76 m and H2 = 0.86 m to collect 

experimental data using differential pressure transmitters [14, 15], optical fiber probes [16], and ERT [17-19]. 
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Figure 1 Experimental device diagram of a 150 mm bubble column. 

1 Glass bubble column; 2 Differential pressure transmitter; 3 Optical fiber probe measurement position; 

4 Rotameter; 5 Valve; 6 Gas storage tank; 7 Fan; 8 Gas chamber; 9 Porous plate gas distributor. 

2.2 The properties of acetic acid 

In the experiment, acetic acid solutions of different concentrations from industrial acetic acid (100% 

acetic acid) were prepared. The density, surface tension, and viscosity of the solution were measured, 

and the physical properties are shown in Table 1. 

Table 1 Physical properties of acetic acid with different mass fractions. 

Concentration 

(wt. %)   

 Density/ρ  

(kg·m-3) 

Viscosity/µ  

(mPa·s) 

Surface Tension/σ 

 (×10-3N·m-1) 

   0      998 1.00 72.0 

   1      1000 1.08 68.0 
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 2      1001 1.09 64.5 

   3      1003 1.10 63.2 

   4      1004 1.12 62.3 

   5      1006 1.13 60.1 

   10      1013 1.22 54.5 

   15      1020 1.34 51.2 

   20      1026 1.45 47.7 

   25      1033 1.58 45.7 

   30      1038 1.70 43.6 

   35      1044 1.83 42.2 

   40      1049 1.96 40.7 

   45      1053 2.08 39.6 

   50      1058 2.21 38.4 

   55      1061 2.32 37.4 

   60      1064 2.43 36.3 

   65      1067 2.54 35.2 

   70      1069 2.66 34.2 

   75      1070 2.69 33.0 

   80      1070 2.75 31.9 

   85      1069 2.57 30.6 

   90      1066 2.43 29.4 

   95      1061 1.81 28.0 

   100      1050 1.22 26.6 

In Table 1, the surface tension of the liquid gradually decreases with the increase in the acetic acid 

mass fraction. The viscosity of the liquid gradually increases with the increase in the acetic acid mass 

fraction. When the mass fraction reaches 80%, the viscosity is at its highest, before rapidly declining. 

Understanding the characteristics of acetic acid solutions with different mass fractions can help to 

accurately understand the reasons behind changes in hydrodynamic parameters in the bubble column. 

2.2 Measurement method 

2.2.1 Differential Pressure Transmitter 

The average gas holdup between the two sections is obtained through a differential pressure 

transmitter. The measurement principle is shown in the following formula： 
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where ∆P is the differential pressure between the two sections, ρl is the liquid density, ρg is the gas 

density, g is the acceleration of gravity, and ∆H is the vertical distance between the two measurement 

sections. 

2.2.2 Fiber Optic Probe 

The dual fiber probe is an invasive measurement device that can measure a series of data, 

including gas holdup, bubble chord length, and bubble rising velocity. The typical measurement signal 

is shown in Figure 2. During the measurement process, when the fiber tip position is in the gas phase, 

the light is reflected completely. When it is in the liquid phase, the emitted laser light is partially 

absorbed by the liquid phase, which causes the intensity of the received laser light to be different. A 

series of photoelectric conversions is carried out by the collection device, the measured signal is 

amplified, and, finally, A/D conversion is performed to complete the data collection and to obtain the 

time series of the optical fiber signal changes [20, 21]. 

   

Figure 2 Typical signals during fiber probe measurement. 

The average gas holdup in a column can be obtained by dividing the gas holdup measured at 

different radial positions by the cross-sectional area of the column. The specific expression is shown in 

Equation (2): 

0
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2
R
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                            (2) 

As shown in Figure 2, the measurement of bubble rising velocity is mainly based on the time 

difference between the two sensors' output signals. The specific expression is shown in Equation (3): 
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where L is the distance between the two probes, and t is the time it takes for the bubble to pass through 

the probe. 

The bubble chord length is mainly determined based on the bubble rising velocity, and the bubble 

is recorded by the probe. The expression is as follows: 

                        3 4 )
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2.2.3 Electrical Resistance Tomography 

The measurement principle of electrical resistance tomography (ERT) is to inject current between 

adjacent electrode pairs, stimulate the current, and measure the voltage generated on the remaining 

adjacent electrode pairs. After the voltage measurement value is obtained from the sensor, the image 

reconstruction algorithm can use to process the data.  

ERT can convert conductivity data into gas holdup using Maxwell's equation. The specific 

conversion method is shown in Equation (5): 

( )

2
1 2

1

2
1 2

1

2 2

2
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mc mc

 
  





   



+ − −

=

− + −

                    (5) 

where λ1 is the conductivity of the continuous phase (mS/cm), λ2 is the conductivity of the dispersed 

phase (mS/cm), and λmc is the conductivity value measured during the experiment. 

In the gas-liquid two-phase experimental system, the dispersed phase is air, and the conductivity 

value is 0; that is, λ2 = 0. Therefore, the equation of gas holdup is as shown in Equation (6): 
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3. Results and Discussion 

3.1 Gas Holdup 

3.1.1 Average Gas Holdup 
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Figure 3 Effect of different concentrations of acetic acid on the gas holdup in the column. 

The relationship between the average gas holdup measured by a differential pressure transmitter 

and the superficial gas velocity under different acetic acid concentrations is as shown in Figure 3. With 
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an increase in superficial gas velocity, the gas holdup in the column gradually increases. Furthermore, 

when the acetic acid concentration gradually changes from a low concentration to a high concentration, 

the gas holdup in the column gradually increases. When the concentration of acetic acid reaches 55% 

or 60%, the gas holdup in the column is at its highest level. However, when the concentration of acetic 

acid is further increased, the gas holdup begins to decline slowly, which shows the dual influence of the 

concentration on gas holdup. The main reason for this is that with the increasing concentration of the 

acetic acid solution, the physical properties of the acetic acid solution change. From Table 1, when the 

concentration of acetic acid changes from a low concentration to a high concentration, the density of 

the solution gradually increases and the viscosity gradually increases. However, when the concentration 

reaches 80%, the viscosity drops sharply and the surface tension gradually decreases. Among the 

general influence characteristics from these three physical properties, the density of the liquid increases, 

the gas holdup increases；the viscosity increases, the gas holdup first increases and then decreases; the 

surface tension decreases, the gas holdup increases. They have a comprehensive effect on the gas 

holdup. 
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 Figure 4 Effect of 0–3% concentrations of acetic acid on the gas holdup in the column. 

Figure 4 shows the influence of 0, 1%, 2%, and 3% mass fractions of acetic acid on gas holdup. 

As the concentration of acetic acid increases, the gas holdup in the column gradually increases. The 

main reason for this is the decrease in the surface tension and the increase in the viscosity of the 

solution. The decrease in surface tension increases the instability of the bubbles in the column, which 

cause the large bubbles to break into small bubbles, and the gas holdup increases. Besagni et al. [14] 

suggested that in a low-viscosity solution, an increase in viscosity leads to an increase in drag force, 

which further reduces the rising velocity of bubbles and increases the gas holdup in the column. 

Therefore, the gas holdup gradually increases with the increase in solution concentration in the range of 

low acetic acid concentrations. 
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3.1.2 Images of cross-section gas holdup using ERT 
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Figure 5 Gas holdup distribution diagram measured by ERT. 

Figure 5 shows a gas holdup cross-section distribution diagram of 50%-80% concentrations of 

acetic acid using the ERT technique. To visualize the influence of different acetic acid concentrations 

and different superficial gas velocities on the gas holdup, a unified legend is used to illustrate changes 

in gas holdup. It can be seen that the gas holdup varies from 0.02 to 0.40, in which red represents a low 

gas holdup value and blue represents a high gas holdup value. It is observed that with the increase in 

the superficial gas velocity, the red area in the image gradually decreases, and the blue area gradually 

expands. This further indicates that with an increase in the superficial gas velocity, the gas holdup 

increases gradually at a certain concentration, and the gas holdup in the column increases gradually. 

At the same time, by observing the color difference in the same superficial gas velocity at 

different concentrations, the influence of acetic acid at different concentrations on the gas holdup in the 

column can be obtained. It can be seen from Figure 5 that when the acetic acid concentration is 60%, 

the central gas holdup in the column is relatively large. 

3.1.3 Radial gas holdup distribution 
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Figure 6 Effect of acetic acid concentration on radial gas holdup. 

The radial gas holdup can reflect the uniformity of gas-liquid mixing in the bubble column, which 

is of great significance to understanding the reaction of mass transfer and heat transfer. Figure 6 shows 

variations of gas holdup at different radial positions with a superficial gas velocity on a 1%, 40%, 70%, 

and 90% air-acetic acid solution system. It is generally believed that the radial gas holdup of the 

gas-liquid bubble column is symmetrically distributed. Through comparison, it can be found that at a 

low superficial gas velocity, the radial gas holdup distribution is relatively uniform, the force between 

the bubbles in the column is small, and the column is in the homogeneous regime. With a gradual 

increase in the superficial gas velocity, the flow regime changes, and the bubbles in the column 

coalesce and breakup so that the gas holdup is at its highest in the center of the column and gradually 

decreases toward the wall. This distribution law is consistent with records in the literature [22]. In terms 

of the gas holdup at the same radial position, the gas holdup gradually increases with an increase in the 

superficial gas velocity. The influence of the change in viscosity caused by the change in acetic acid 

concentration on radial gas retention is also twofold. At concentrations of 1%, 40%, 70%, and 90%, as 

the concentration of acetic acid increases, the radial gas holdup gradually increases. When the acetic 

acid concentration is 40%, the measured radial gas holdup value is at its largest. As the acetic acid 

concentration further increases, the radial gas holdup gradually decreases, mainly due to the increase in 

viscosity, which causes bubbles to coalesce and form larger bubbles, thereby accelerating the bubble 

rising velocity. 
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3.2 Bubble rising velocity 
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Figure 7 Effects of different concentrations of acetic acid on bubble rising velocity. 

The bubble rising velocity measured at 1%, 3%, 50%, and 100% acetic acid concentrations is 

shown in Figure 7. It can be seen that the rising velocity of bubbles increases with an increase in 

superficial gas velocity at different acetic acid concentrations. The rising velocity is highest near the 

center of the column. In addition, the change in acetic acid concentration can cause a significant change 

in bubble rising velocity. It is generally believed that the higher the rising velocity of bubbles, the 

shorter the time the bubbles reside in the column and the lower the gas holdup in the column. It can 

also be seen from Figure 7 that when the concentration is 3%, the bubble rising velocity is relatively 

small, but the bubble rising velocity is large at a lower concentration of 1% and at other 

high-concentration solutions. This result further illustrates the relationship between gas holdup and 

bubble rising velocity. 

3.3 The distribution of the bubble chord length  

The size of the bubble and the gas holdup determine the area of the gas-liquid interface, which is 

essential for the correct design and optimization of the bubble column. In the experiment, the fiber 

probe is used to measure the bubble chord length at different radial positions under different acetic acid 
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concentrations, and the measured results are arranged into a relative frequency distribution diagram of 

the bubble chord length to further understand the variation of bubble chord lengths at different 

superficial gas velocities and different radial positions in the column. 
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Figure 8 Relative frequency distribution diagrams of the bubble chord length in different acetic acid 

solutions. 

Figure 8 shows the probability distribution of a bubble chord length at different radial positions of 

acetic acid solutions with mass fractions of 50% and 80% when the apparent gas velocities are 0.016 

m/s, 0.039 m/s, 0.063 m/s, and 0.086 m/s, respectively. It can be seen that at a certain concentration of 

acetic acid, the probability distribution of bubble chord lengths is mostly concentrated in the same area, 

and gradually decreases with the increase in the radial position parameter r/R. Most of the bubbles in 

the bubble column are concentrated in the central regime; the closer to the wall they are, the fewer 

bubbles exist and the smaller the probability distribution of chord length. Most researchers [23-25] 

believe that lift force may be pushing "small" bubbles away from the center of the column. At the same 

concentration, as the superficial gas velocity increases, the probability distribution of the bubble chord 

length also gradually increases. It can also be observed in Figure 8 that different concentrations of 

acetic acid will also affect the probability distribution of the chord length in the column, which in turn 

causes the chord length size and main distribution area to change. The main reason for this 

phenomenon is the change in the liquid properties, which in turn affects the coalescence and breakup of 

bubbles, and finally leads to the change in bubble chord length. 

3.4 The flow regime 

The flow regime in the bubble column is generally divided into a homogeneous regime, transition 

regime, and heterogeneous regime. The transition of the flow regime depends on many factors 

including gas distributor type, gas density, liquid viscosity, and surface tension. Krishna et al. [26] 

pointed out that understanding the definition of the approximate transition point of the flow regime 

helps to understand and establish the hydrodynamic behavior in the bubble column. 

To accurately design the bubble column and predict the flow regime in the column, it is often 

necessary to pay attention to the information related to the flow pattern transition parameters. Reilly et 

al. [27] proposed a correlation that can be used to estimate the gas holdup corresponding to the flow 

regime transition:                      

1.5 0.96 0.12

g0.59 /trans lB   =                           （7） 

where the parameter B = 3.9. Although the correlation has a certain applicability, it does not consider 

the influence of liquid viscosity on the flow regime in the column. Wilkinson et al. [28] proposed a new 

correlation to identify the gas holdup in the process of flow regime transition. The specific expression 

is shown in Equation (8):                        
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( )0.61 0.5 0.11

g0.5exp -6.1trans l l   −=                      （8） 

The correlation also considers the influence of liquid surface tension and liquid viscosity on the 

flow regime transition, but its value is still very low in this experiment. The flow regime is not only 

determined by the physical properties of the fluid but is also closely related to the superficial gas 

velocity and the type of distributor. Wallis [29] proposed a drift flux theory to judge the flow regime, and 

modified the drift flux model to Equation (9): 

1(1 )n

w g g l gU U U −= −                           （9） 

where Uw is defined as the drift flux velocity, and n is the Richardson–Zaki index. In the low viscosity 

system, n = 2.39, and the value of n – 1 is close to 1. In the batch operation, U1 is 0. Therefore, the 

simplified equation is:   

(1 )w g gU U = −                           （10） 

The size and velocity of the bubbles in the column of the acetic acid solution with different mass 

fractions are changed due to the physical properties, and it can then cause the flow regime to change in 

the bubble column. Figure 9 is the drift flux profile at 55–100% different acetic acid concentrations, 

drawn according to the drift flux velocity with the change in gas holdup. With the continuous increase 

in the acetic acid concentration in the bubble column, the flow regime transition point gradually moves 

forward, which indicates that with the increase in acetic acid concentration in the bubble column, the 

instability in the bubble column increases, leading to the advance of the transition point of the flow 

regime. 
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Figure 9 Flow characteristics analysis of the air-acetic acid system using drift flux analysis. 

4. Conclusion 

The experimental studies of air-acetic acid systems with different mass fractions are 

discussed in this article, and the following specific conclusions can be drawn. 

（1）The physical properties of acetic acid solutions with different mass fractions are different, 
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which changes the gas holdup in the column. The average gas holdup first increases and then decreases. 

When the mass fraction of acetic acid is between 55% and 60%, the gas holdup value is at its largest. 

The radial gas holdup distribution is more uniform. With an increase in the superficial gas velocity, the 

radial gas holdup appears to be high in the central regime and low in the wall. The radial gas holdup of 

different acetic acid concentrations has little difference at a low superficial gas velocity.  

（2）The rising velocity of bubbles increases gradually with an increase in the superficial gas 

velocity, and the rising velocity of the bubbles in the column also shows the distribution pattern of a 

higher value in the central region and a lower value near the wall. The maximum rising velocity of 

bubbles is inversely proportional to the gas holdup in the column. Therefore, the higher the rising 

velocity of bubbles, the lower the gas holdup. 

（3）In an air-acetic acid system with different mass fractions, the chord length distribution of the 

bubbles is relatively concentrated. In different radial positions, most bubbles are of a small size, which 

also shows that a decrease in the surface tension makes the chord length distribution of the bubbles in 

the column narrow. 
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Nomenclature 

1    [mS cm-1]      Conductivity of the continuous phase (acetic acid), mS cm-1 

2    [mS cm-1]      Conductivity of the dispersed phase (air), mS cm-1 

mc   [mS cm-1]      Conductivity value measured during the experiment, mS cm-1 

ɛg     [–]            Gas holdup 

ɛ     [–]            Average gas holdup 

ρ     [kg·m-3]        Density, kg·m-3 

μ     [mPa·s]        Viscosity, mPa·s 

σ     [N·m−1]        Surface tension, N·m−1 

D     [mm]          The inner diameter of the bubble column, mm 

g      [mּ·s-2]        Gravitational acceleration, mּ·s-2 

H     [mm]          The height of the bubble column, mm 

∆H    [m]            Vertical distance between the two measurement sections, m 

∆P    [Pa]            Pressure difference measured between the two sections, Pa 

L      [m]            Distance between the two probes, m 

t0      [s]             Time for the bubble to pass through the probe, s 

r/R    [–]             Radial location 

Ug     [mּ·s-1]          Superficial gas velocity of air, mּ·s-1 

ub      [mּ·s-1]         Bubble rising velocity, mּ·s-1 
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Lower Subscript  

g                      gas phase  

l                       liquid phase  

i                       referring to the gas phase or the liquid phase 
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