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Abstract  To identify flow patterns in horizontal gas-liquid flows, a single-wire capacitance probe was used for 

voltage output for the first time. Regardless of the measurement accuracy of water layer height, the statistic 

parameters of the voltage-time traces were compared within the same sampling time of 5 s under different flow 

patterns, including maximum, minimum, range, and average. The results show that most of flow pattens were 

accurately identified except for some transition lines. 
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1 Introduction 

Gas-liquid two-phase flows occurring in a steam 

generator are of concern in LOCA (loss of coolant 

accident) processes, and PCCS (passive containment 

cooling system) in nuclear engineering. The pattern of 

such a flow is very important for processes monitoring, 

mechanism analyzing and model building, and a quick 

on-line identification of the flow pattern is beneficial 

in terms of both the safety and economy of an NPP 

(nuclear power plant). Based on two-phase difference 

in physical properties, the flow pattern can be 

identified by methods of visual and optical observation 
[1], radiation[2], ultrasonic[3,4], and particularly electrical 

probes based on two-phase difference in conductance 

or dielectric property. This method is the most popular 
[5–11] due to its convenience, safety, and low cost.  

Two electrical probe methods can be used: 

non-intrusive[5,6], in which the electrodes are mounted 

peripherally around the flow field; and intrusive[7–11], 

with electrodes being inserted into the flow field. 

Comparatively, an inserted probe is independent of the 

ambient environments, hence an output of stable 

signals.  

A conductance probe has been widely used in 

laboratories and industries, but the output signals may 

be affected by changes in water conductance related to 

the flow structure, void fraction, water layer height, 

and interfacial area concentration. For accurate 

measurement of the water layer height, an electric 

probe namely, single-wire capacitance probe can 

reduce the disturbance of conductance variation. In 

Refs.[12,13], the water layer height was independent 

of water conductance in two-phase flows, with salinity 

of the tap water within 0–5%. In this study, the statistic 

parameters at different flow patterns were obtained by 

measuring the time traces of a single-wire capacitance 

probe to identify horizontal air-water flows. The flow 

process can be used to simulate vapor-water flow. 

2 Experimental setup and program 

The test section is shown in Fig.1. Designed similarly 

as we did in Ref.[13], it is a horizontal air-water 

two-phase flow loop, which is transparent plexiglass 

pipe in inner diameter of D=40 mm. The horizontal 

pipe of L/D=200 was long enough to ensure that the 

mixture would be fully developed before entering the 

test section. 
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Fig.1  Schematics of the test section. 

The superficial velocities of air and water were 

0–75 and 0–4 m·s–1, respectively, so as to cover all the 

typical flow patterns[14]. In this study, we were to 

observe six patterns, including stratified, stratified 

wavy, plug, slug, annular, and atomization. Also, time 

traces of static interface and full water were 

introduced. 

The data acquisition circuit is similar to that of 

Huang et al.[12,13]. It converts capacitance into voltage 

(C/V) with an integrated circuit CAV414, in an 

effective capacitance range of 50–100 pF. A static 

calibration of the C/V circuit is given in Fig.2. The 

output voltage was 0 when the input capacitance was 

less than 50 pF, where it began to increase with the 

capacitance, towards a saturation of 6.15 V at 100 pF. 

The time traces were compared among different flow 

patterns in the same sampling time of 5 s, and the 

sampled flow structure was recorded synchronously by 

a high speed camera at the stable flow process. 

The structure and working principle of the 

single-wire capacitance probe are similar to those of 

Huang et al.[12, 13]. Briefly, a wire with an insulation 

film was inserted into the flow field, and passed by the 

two-phase flow. The capacitance was proportional to 

the sum of water section lengths over the wire surface. 

The probe was only applicable for continuous water 

and disabled for discrete water. 

Flow patterns were identified by obtaining the 

output voltage with time traces under different flow 

patterns. This was done as follows: (1) record voltage 

time traces at sampling time of 5 s, (2) estimate the 

accuracy of time traces to flow structure from visual 

observation, (3) obtain statistic parameters of the time 

traces, and (4) identify the accuracy of flow patterns 

artificially from time traces. 

 

Fig.2  Calibration curve of a single-wire capacitance probe. 

3 Results and discussion 

Experiment results of the time traces, flow structures, 

and superficial velocities are listed in Table 1. 

Table 1 Statistic parameters of time traces under different flow patterns. 

 

3.1 Time traces 

Fig.3 shows some flow structures in horizontal pipes. 

In stratified wavy flow (Fig.3a), the velocity of air- 

water interface highly extruded the water layer into a 

crescent of a serious fluctuation. Fig.3(b) shows a 

typical intermittent and slug flow, including slug head 

and tail, and trailing film. Fig.3(c) is a typical annular 

Flow pattern Vsg / m·s–1 Vsl / m·s–1 Maximum / V Minimum / V Range / V Average / V 

Static 0 0 3.24 3.24 3.24 3.24 
Single-phase water 0 0.22 6.34 6.38 0.04 6.35 
SW 8.53 0.015 5.92 0.006 5.91 1.46 
Plug 0.08 0.38 6.43 3.18 3.25 5.83 
Slug 3.37 0.44 6.34 2.13 4.21 4.26 
Bubbly 0.12 3.45 6.39 5.55 0.84 6.36 
Annular 13.5 0.18 3.85 0.003 3.85 0.96 
Atomization 65.5 0.47 0.05 0.02 0.03 0.04 
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flow, where most water was adjacent to the 

circumference, and the film thickness of the pipe was a 

monotonic function from the bottom to the top due to 

gravity effect. 

 

Fig.3  Typical flow structures in different flow patterns.  
(a) stratified wavy, (b) slug head, slug tail, and trailing film, 
(c) annular. 

Fig.4 shows the time traces of static interface, 

full water and atomization flows. The output voltage 

for full water flow was independent of water velocity 

at the 6.15-V maximum. At 0-m·s–1 superficial velocity 

of air-water flow, the interface was a horizontal plane 

without wave, and the output voltage was constant in 

full water and static state, indicating that the probe was 

stable and reliable.  

 

Fig.5 shows time trace in bubbly flows. The 

gas was distributed over the cross section of the pipe, 

and bubbles were most located at the upper sizes. The 

water velocity increase made the bubble size become 

smaller and the distribution even. In a bubbly flow, 

where the bubbles are in small size because of the 

maximum velocity, the probe is not as capable of 

detecting the bubble as in other flow patterns. The 

time trace showed that, the voltage level with high 

frequency was near the maximal fluctuation, and only 

a small number of bubbles could be identified. At 

extremely high air velocity, the atomized water led to 

non-continuous water layer at the bottom of pipe, in 

which the probe was disabled completely and the 

output voltage was always zero. 

 

Fig.5  Time trace in bubbly flow. 

 

Fig.6  Time trace in stratified wavy (a) and annular (b) flows. 

Fig.6 shows time traces of stratified wavy and 

annular flows. In the stratified wavy flow (Fig.6, dash 

line), the velocity of air-water interface highly 

extruded the water layer into a crescent of serious 

fluctuation, and the capacitance was less than 50 pF at 

a position of the zero output voltage due to the small 

height of water layer. In the annular flow (Fig.6, gray 

solid line), the water was the most adjacent to the 

circumference, and the film thickness of the pipe 

decreased from the bottom to top. 
Fig.4  Time traces in static, atomization, and full water flows. 
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In addition, the whole periphery was covered 

by the water droplets entrained into air core, this could 

not be observed clearly for the two-phase mixture to 

traverse the wire, and caused an occasional jump of 

the time trace were. The flow process, however, can be 

deduced by the time traces. The droplets coalesced by 

continually hitting and sticking to the wire, and fell 

down the wire to the water layer at the bottom. The big 

droplets contacted with the continuous water layer 

would lead to the jump in the time trace at the 

maximum voltage of about 6 V. 

Fig.7 shows time traces in intermittent plug 

and slug flows. A slug and trailing film region passed 

alternatively the probe due to forming an intermittent 

unit, and the obvious periodicity could be observed 

from two different time traces. The fluctuation of slug 

flow was more serious than that of plug flow due to 

interfacial velocity, and it had a different time fraction 

for the probe to contact with air. So, the time traces 

can reflect all the typical features in plug and slug 

flows. 

 

Fig.7  Time trace in plug (gray dash line) and slug (solid line) 
flows. 

3.2 Identification of flow pattern 

The statistic parameters were used to identify different 

flow patterns within the same sampling time of 5 s. 

The maximum, minimum, range and average were 

considered in the experiment. 

Time-averaged voltage reflected approximately 

liquid holdup over the cross section except for 

nonlinearity of voltage to capacitance. From the 

experimental results, the dimensionless time-averaged 

height was the largest in bubbly flows, and the 

smallest in atomization flows. 

The curve maximum reflected the peak 

position of the interfacial wave. The maximum was 

near unity in bubbly and intermittent flows. 

The minimum was in atomization flow among 

all the flow patterns, which was generally larger in 

intermittent flows than in stratified flows. 

Range was the difference between maximum 

and minimum, reflecting the interfacial fluctuation. 

Table 2  Results of flow pattern identification.  

Vsg / m·s–1 Vsl / m·s–1 Visual observation Identification

5.25 0.018 SW SW

8.87 0.014 SW SW 

10.42 0.013 SW SW 

0.07 3.83 B B 

0.23 3.80 B B 

2.2 3.65 B B 

0.25 1.08 P P 

0.75 1.08 P P 

1.13 0.99 P S 

1.55 1.32 S S 

3.46 1.29 S S 

4.88 1.28 S S 

12.6 0.18 AN AN 

16.7 0.17 AN AN 

22.8 0.13 AN AT 

58.5 0.11 AT AT 

69.3 0.08 AT AT 

74.9 0.07 AT AT 

 

The statistic parameters of time traces in 

different flows (Table 1) show that flow patterns can 

be identified by the time traces, independent of the 

measurement accuracy of water layer height. Several 

flow patterns identified are given in Table 2. An 

accurate flow patterns can usually be identified by 

visual observation except for the transition lines and 

subdivided flow patterns, for which intermittent or 

stratified wavy flows can be subdivided into plug and 

slug for the former, or two-dimensional, large- 

amplitude, and atomization wave for the latter[13].  

The flow patterns were subjectively identified 

for the first time by a single-wire capacitance probe, 

and their transition lines should be objectively set up 

from the time traces. Therefore, the flow patterns need 

to be supported by a large number of experimental 
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data, and the obtained time traces may be mined by 

statistic database, power spectral density, and even 

nonlinear analysis. So, the accurate identification 

should be online time traces of flow patterns. 

4 Conclusions 

To identify flow patterns in horizontal air-water flows, 

a single-wire capacitance probe was used to export 

voltage and their time traces under different conditions.  

The output voltage was 0 V at input capacitance of 

less than 50 pF, kept the 6.15-V maximum at the 

capacitance of over 100 pF, and increased with 

capacitance monotonously at 50–100 pF. Six typical 

flow patterns, including stratified, stratified wavy, 

intermittent, bubbly, annular, and atomization were 

observed, and the time traces were consistent with the 

corresponding flow patterns under all the flow 

conditions, independent of the measured accuracy of 

water layer height. The different statistic parameters, 

including maximum, minimum, range, and average, 

reflected the flow structures, and can be used to 

accurately identify except near the transition lines. 
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