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Two-phase flow is an important and common phenomenon in reactor systems, and there are significant differences in the heat and mass transfer characteristics of two-phase flow under different flow patterns. Researchers have proposed a variety of flow pattern transition mechanisms to predict the two-phase flow. But limited by the means of measurement, the critical void fraction for flow pattern transition can’t be determined. Two types of bubbly-slug flow transition criteria in vertical circular tubes are studied in this paper and a wire mesh sensor (WMS) was manufactured to measure the critical void fraction for bubbly-slug transition. One hundred forty-seven visualization tests were carried out for validation.

Keywords: two-phase flow, bubbly-slug flow, transition mechanism, vertical tube, WMS


INTRODUCTION

In nuclear reactor system, two-phase flow is a common and important phenomenon. The structure of gas liquid interface is very complex because of the interaction between the phases and it varies as the velocity changes of the two phases. In a vertical circular tube, two phase flow is divided into four typical flow patterns including bubbly flow, slug flow, churn flow, and annular flow. The thermal hydraulic characteristics of two phase flow strongly depend on the flow pattern. Many flow pattern transition mechanisms are put forward in order to predict the two phase flow (Weisman and Kang, 1981; Barnea et al., 1982; Mcquillan and Whalley, 1985). The derivation process of flow pattern transition mechanism can be divided into two categories: the first ones are the empirical criteria based on a large number of experimental data, the second ones analyze the transition mechanism based on the physical process. Two widely used flow pattern transition mechanisms of the second category were proposed by Mishima and Ishii (1984) and Taitel et al. (1980). This paper focuses on the bubbly-slug flow transition criteria of the Mishima-Ishii and Taitel transition mechanisms. These two criteria base on different mechanism and take different critical void fraction. Electrical probes and optical probes have been widely used to measure the void fraction in two phase flow (Hibiki and Ishii, 1998; Kim et al., 2000; Euh et al., 2001) for several decades, but they can commonly only measure a spatial point at one time. Recent years’ the WMS developed by Prasser (Prasser et al., 2005; Prasser, 2007; Pietruske and Prasser, 2007; Beyer et al., 2010; Banowski et al., 2016) can measure the void fraction of the whole cross section instantaneously with a high spatial and temporal resolution. A comprehensive evaluation of WMS proposed by Tompkins et al. (2018) shows that the WMS is a good choice for this study. The authors of the present paper manufactured a WMS to measure the critical void fraction for bubbly-slug flow transition. The detailed analysis results are given and visualization experiment are carried out for the validation of the results.



BUBBLY-SLUG FLOW TRANSITION CRITERIA

For the adiabatic air water two phase flow in vertical circular tubes, the most widely used bubbly-slug flow transition criteria were proposed by Mishima and Ishii (1984) and Taitel et al. (1980). The two transition criteria are based on different physical mechanisms and take different critical void fractions for bubbly-slug transition.

Mishima-Ishii bubbly-slug flow transition mechanism is based on the drift flow model, and the superficial velocity of the two phases given by Equation (1).

[image: image]

Where J is the two phase mixture superficial velocity shown as Equation (2), C0 is the distribution parameter, C0 in Equation (3) is for circular tube.
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The key parameter to determine the transition criterion is the critical void fraction α in Equation (1). To obtain the critical void fraction, Mishima and Ishii (1984) proposed a model of the bubble distribution structure as shown in Figure 1. The effective range of the interaction between bubbles are 1.5 times the diameter of the bubble rb and the probability of bubble coalescence will sharply increase when the distance between bubbles is less than or equal to 2rb. As a result, the critical void fraction for bubbly-slug flow transition can be derived by Equation (4).


[image: image]

FIGURE 1. Bubble packing and coalescence pattern.
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The Mishima-Ishii transition criterion based on the drift flow model can be derived by combining Equations (1) and (4). It is shown in Equation (5).

[image: image]

Taitel bubbly-slug flow transition mechanism is based on the raising velocity of big bubbles in two phase flow. Harmathy (1960) proposed the raising velocity of big bubbles relative to the liquid phase flow field. The velocity is shown in Equation (6) which is independent of bubble size.
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The relationships between real velocity and superficial velocity of the two phases are shown in Equations (7) and (8).
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And different from Mishima-Ishii criterion, Taitel chose 0.25 to be the bubbly-slug transition critical void fraction. The Taitel bubbly-slug transition criterion as shown in Equation (9) can be obtained by combining Equations (6)–(8).
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EXPERIMENT SET UP

According to the analysis in the previous section, the critical void fraction for flow pattern transition is the key parameter for deriving the transition criterion. But it was difficult to measure the void fraction accurately limited by the measurements when Mishima and Ishii (1984) and Taitel et al. (1980). put forward the flow pattern transition mechanisms. Benefitting from the advance in measurement, the void fraction of two phase flow can be measured accurately. Different from traditional single point measurement (conductivity/optical probe) (Hibiki and Ishii, 1998; Kim et al., 2000; Euh et al., 2001), The WMS can measure the void fraction of the whole cross section instantaneously (Prasser et al., 2005; Pietruske and Prasser, 2007; Prasser, 2007; Beyer et al., 2010; Banowski et al., 2016). The authors of this paper built an experimental loop and manufactured a WMS to obtain the critical void fraction for bubbly-slug transition.


Experiment Loop

The experiment loop consists of a water loop part and an air loop part as shown in Figure 2. A by-pass loop is applied for smoothly adjusting the flow rate of water flowing through the test section. The experiment was carried out at the room temperature (∼20°C), and a heat exchanger was used in the water tank to take the heat generated by the pump for stabilizing the temperature. The water tank is 1.5 m high and 0.8 m in diameter, and it is opening to the atmosphere, so the system pressure is around 1 atm except the outlet of the pump which is a little higher than the atmosphere pressure. The compressed air is generated by the air compressor and stabilized by the 1 m3 air storage tank. The maximum water mass flow rate is 40 t/h and the maximum air volume flow rate is 2,400 NL/min. The Coriolis/Thermal mass flow meter and Venturi flow meter were used to measure the flow rate of water and air as shown in Table 1.


[image: image]

FIGURE 2. Scheme of the experiment set-up. (1) test section, (2) water tank, (3) heat exchanger, (4) pump, (5) air compressor, (6) air storage tank, (7) Coriolis meter, (8) Venturi meter, (9) Thermal meter, (10) check valve.



TABLE 1. Specifications of the flow meters applied in this study.
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Test Section

The test section is a transparent plexiglass round tube with 3 m height and 50 mm inner diameter as shown in Figure 3A. The test section is placed vertically. Water and air mix at the bottom of the test section and flow out from the top of the test section. The WMS is placed on the top of test section to ensure that the two phase flow is fully developed. The water/air mixture is separated in the water tank. Referring to Prasser’s (2007) work on TOPFLOW facility, the air injector applies a uniform injecting structure consisting of 24 orifices of 1 mm diameter drilled around the tube wall as shown in Figure 3B.
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FIGURE 3. (A) Scheme of the experiment set-up, (B) air injector.




Wire Mesh Sensor

The WMS contains three layers of electrode wires as shown in Figure 4. Each layer is made up of 16 parallel wires and the distance between the wires is 3 mm. The axial distance between two adjacent layers is 2.5 mm. The middle layer is the transmitter electrode and the up and down layers are the receiver electrodes as shown in Figure 4B. The three layers structure forms two effective two layers WMS located up and down which can measure the bubble velocity. Actually, the bubble velocity isn’t studied in this paper, so just one effective two layers WMS is applied to measure the void fraction.
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FIGURE 4. (A) The picture of WMS. (B) The detail of the three layers structure.


When the WMS is working, ±5 V pulsed square waves generated by the transmitter circuit pass through each transmitter electrode in turn, then pass through the fluid and received by the receiver electrode. The received original signal is filtered and amplified by the receiver circuit, and it is converted into digital signal by a 16 bits ADC. The conductivity of the fluid is between 420 and 450 μS/cm which is adjusted by salt. The scan frequency is 6,500 Hz. A three-dimensional voltage matrix V(i,j,k) can be obtained in each measurement. The void fraction can be calculated by Equation (10). The (i,j)in Equation (10) is the space coordinate and k is the time coordinate. The local reference voltage Vl(i,j) and Vg(i,j) for liquid phase and gas phase is measured in every test.
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In every test, sampling begins after the experimental state is stable and lasts for 10 s. So a 16 × 16 × 65,000 void fraction matrix will be obtained in every test. Then the average void fraction of the cross section is calculated by Equation (11).
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CALIBRATION EXPERIMENT

Before the critical void fraction experiment, calibration experiment including single bubble and multi bubbles tests is carried out to evaluate the measuring error of the WMS. For single bubble tests (Yu et al., 2018), 95% of the bubble velocity data’s relative error is in ±15 and 93% of the bubble volume data’s relative error is in ±15%, Yu et al. (2018) gives the analysis process and detailed results of the single bubble test.

In this paper, the multi bubbles measuring error is more concerned because the critical void fraction is a macro parameter for multiple bubbles two phase flow. The available data shows that the WMS has a uncertainty of ±10.5% for void fraction measurement, but the accuracy is largely based on the practical application (Tompkins et al., 2018). So a calibration experiment is needed for this study. This paper uses the differential pressure method to evaluate the measuring error of the WMS. The pressure measuring points are located near the WMS as shown in Figure 5. The distance between the two measuring points is 265 mm. A Honeywell ST3000 differential pressure gauge whose precision is 0.1% is applied to measure the differential pressure. And the average void fraction is calculated by Equation (12) which is derived by the conservation of momentum. The term on the left hand side of Equation (12) is the differential pressure per meter which is calculated by the differential pressure data. The first term in the right hand side of Equation (12) is the friction pressure drop which is calculated by Lockhart-Matinelli separated flow model (Lockhart and Martinelli, 1949) in this paper. The second term on the right hand side is the gravity differential pressure, and sin⁡θ = 1 for the vertical tube.


[image: image]

FIGURE 5. Differential pressure measuring.


In the multiple bubbles calibration tests, the superficial liquid velocity varies from 0.040 to 0.160 m/s and the superficial gas liquid varies from 0.014 to 0.530 m/s. the average void fraction of the cross section measured by WMS varies from 0.034 to 0.611 while the average void fraction calculated by Equation (12) varies from 0.041 to 0.583. The comparison result of void fraction obtained by WMS and differential pressure is shown in Figure 6. Ninety-four percentage of the data’s relative error is in ±15%.


[image: image]

FIGURE 6. Comparison result of void fraction calculation.
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EXPERIMENTAL STUDY OF THE CRITICAL VOID FRACTION

After calibration experiment, 48 tests with different velocity combination of the two phases are carried out. The superficial liquid velocity varies from 0.040 to 3.272 m/s and the superficial gas liquid varies from 0.011 to 0.960 m/s. The flow patterns include bubbly flow, slug flow, and churn flow. To study the critical void fraction for bubbly-slug flow transition, 10 tests before and after the flow pattern transition are chosen which are shown in Table 2. The pictures of these 10 tests are shown in Figure 7. The slug flow is defined as having stable gas slugs that occupy almost all of the cross section of the tube. The void fraction of each test is measured by WMS. Figure 8 shows the instantaneous void fraction of the cross section in test E5. The time average void fraction is calculated by Equation (11) where the time coordinate k varies from 0 to 64,999. The experimental result of these 10 tests shown in Table 2 indicates that the critical void fraction of bubbly-slug transition is between 0.237 and 0.245 which is closer to the Taitel model.


TABLE 2. Void fraction experimental results.
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FIGURE 7. Pictures of 10 tests before and after bubbly-slug flow transition.
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FIGURE 8. The instantaneous void fraction of the cross section in test E5.




VISUALIZATION VALIDATION EXPERIMENT

The experimental study of the critical void fraction shows that shows that the critical void fraction of bubbly-slug flow transition is closer to the Taitel model. For further validation, an visualization validation experiment with 147 tests was carried out. The PCO dimax high speed camera was applied. The superficial velocity of the liquid phase is between 0.02 and 3.55 m/s and the superficial velocity of the gas phase is between 0.0075 and 1.92 m/s. The superficial velocity interval between adjacent tests is smaller. The flow pattern of the visualization validation experiment includes bubbly flow, slug flow, churn flow, and dispersed bubbly flow.

The Taitel bubbly-slug transition formula as shown in Equation (13) is obtained by substituting the parameters ρg = 1.18kg/m3, ρl = 997.05kg/m3, σ = 0.072N/mwhich are under the experimental condition into Equation (9). Figure 9 shows the comparison between Taitel criterion and experimental results. From the figure, it can be seen that the criterion agrees well with the experimental results at both low and high liquid velocity.


[image: image]

FIGURE 9. Comparison between Taitel criterion and experimental results.
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In the same way, the Mishima-Ishii bubbly-slug transition formula as shown in Equation (14) can be obtained by substituting the physical parameters and the circular tube distribution parameter. Figure 10 shows the comparison between Mishima-Ishii criterion and experimental results. In the low superficial liquid velocity region (0.02–0.08 m/s), Mishima-Ishii criterion agrees well with the experimental results, while in the high superficial liquid velocity region (0.16–2.56 m/s), the superficial gas velocity given by Mishima-Ishii criterion is higher than the experimental results.


[image: image]

FIGURE 10. Comparison between Mishima-Ishii criterion and experimental results.
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For the deviation of the Mishima-Ishii criterion, this paper considers whether it is caused by the inappropriate critical void fraction. So a modified Mishima-Ishii criterion is given by choosing 0.25 as the bubbly-slug transition critical void fraction. The formula is shown in Equation (15). Figure 11 shows the comparison between modified Mishima-Ishii criterion and experimental results. In the high superficial liquid velocity region (0.16–2.56 m/s), the modified Mishima-Ishii criterion is more accurate than the original Mishima-Ishii criterion. But the deviation becomes greater in the low superficial liquid velocity region (0.02–0.08 m/s), the superficial gas velocity given by modified Mishima-Ishii criterion is lower than the experimental results.


[image: image]

FIGURE 11. Comparison between modified Mishima-Ishii criterion and experimental results.
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CONCLUSION

Two bubbly-slug flow transition criteria in vertical circular tubes proposed by Mishima and Ishii (1984) and Taitel et al. (1980). are studied in this paper. They are basing on different transition mechanism and apply different critical void fraction. A WMS was manufactured to measure the critical void fraction for bubbly-slug transition. Experimental result shows that the critical void fraction is closer to 0.25. For further validation, an visualization validation experiment including 147 tests were carried out. The validation experimental result shows that the Taitel bubbly-slug transition criterion basing on big bubble raising velocity model is more suitable for bubbly-slug flow transition in a vertical circular tube with 50 mm diameter.
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TABLE 1 | Specifications of the flow meters applied in this study.

Phase

Water

Air

Meter type

Coriolis meter
Venturi meter
Venturi meter
Thermal meter
Coriolis meter
Coriolis meter

Range

0.1-2 t/h
0.75-15th
7-50 t/h
2-80 NL/min
80-800 NL/min
800-2,400 NL/min

Precision

+0.25%
+1.00%
+1.00%
+2.00%
+0.25%
+0.25%
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Test No. Jym/s Jg m/s o Flow pattern

B3 0.040 0.047 0177 Bubbly
B4 0.041 0.096 0.245 Slug
C3 0.082 0.047 0.130 Bubbly
C4 0.082 0.097 0.286 Slug
D3 0.161 0.066 0.156 Bubbly
D4 0.161 0.132 0.309 Slug
E4 0.361 0.126 0.202 Bubbly
E5 0.364 0.250 0.333 Slug
F5 0.634 0.264 0.237 Bubbly
F6 0.636 0.529 0.335 Slug
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