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Abstract: Based on the premise that large bubbles are removed in larger cyclones and small bubbles are removed in smaller cyclones, a combined degassing hydrocyclone with main and subsidiary chambers was designed to enhance liquid degassing. The liquid feed volume flow rate ranged from 0.377 to 1.459 m3/h, and the gas feed volume flow rate ranged from 0.197 to 1.000 m3/h. The pressure loss, liquid flow rate at the gas outlet, split ratio, gas flow rate at the liquid outlet and degassing efficiency of the degassing hydrocyclone were measured and calculated. Correlative equations for pressure loss and degassing efficiency were established. The experimental results show that the degassing hydrocyclone can remove most of the gas and has good degassing performance in a large gas-liquid flow rate range. The parameter contours provide an effective foundation for the removal of gas from industrial fluids.
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Introduction
Gas entrainment in liquids, which is a common phenomenon in nature and industry, can cause problems such as fluid foaming, pump vibration, pollution from uncontrolled gas emissions, inaccurate measurements, metal pores, and oxygen enrichment in the water environment1-8. Degassing hydrocyclones have been widely studied and applied due to their high separation accuracy, compact equipment and lack of heat loss9. According to an experimental report about degassing cyclones10, only 0.075-0.323 seconds is needed to separate 100-μm bubbles. The effects of inlet geometry, fluid physical properties and system pressure on the hydrodynamics of two-phase flow in a gas-liquid cylindrical cyclone separator were studied theoretically and experimentally11. A cylindrical cyclone separator with an inner cone was designed with a low pressure drop and wide range of applicable gas–liquid ratios12.
One of the challenges for degassing hydrocyclones is the miniaturization of bubble size. To obtain a higher gas-liquid contact area and mass transfer efficiency in the chemical reaction, smaller bubbles are preferred13-16. Smaller bubbles have a lower slip velocity in liquid, and too long a residence time is needed for separation. Another difficult issue in degassing is the multiple sizes of gas bubbles due to coalescence and fragmentation in multiphase flow17-19. In degassing hydrocyclones, the bubbles become stratified depending on their sizes, with larger bubbles entering the core region earlier than smaller bubbles20. In other words, the separation of smaller bubbles requires a longer residence time. Swirling gas-liquid flow patterns include swirling gas column flow, slug flow, swirling intermittent flow, churn flow, swirling annular flow, and swirling ribbon flow21. These flow patterns resulting from the multiple sizes of bubbles will lead to different gas phase volume fractions22. The existence of larger bubbles will lead to an insufficient separation time for smaller bubbles and fluctuations in degassing efficiency.

The solution for the two challenges above will depend on solving the problem of particle separation in cyclones. Cyclones in series may be an effective route to achieve adequate separation of both large and small dispersed phases. Two identical hydrocyclones can be connected in series to improve the separation efficiency of fine particles23. In one experiment, the  values decreased markedly, which verified the efficient separation of fine particles by the preseparation of coarse particles. According to the experimental results24, a single cyclone separator collects an enormous number of particles at 27 μm, and multicyclones can achieve a high collection efficiency if the particle size is 7 μm. Recently, several small subsidiary cyclones were attached to one main cyclone. The results showed that this cyclone could increase the collection efficiency while simultaneously lowering the pressure drop25.
[bookmark: _GoBack]Based on the premise that large bubbles are removed in larger cyclones and small bubbles are removed in smaller cyclones, a combined degassing hydrocyclone with main and subsidiary chambers was designed to enhance liquid degassing. The liquid feed volume flow rate ranged from 0.377 to 1.459 m3/h, and the gas feed volume flow rate ranged from 0.197 to 1.000 m3/h. The pressure loss, liquid flow rate at the gas outlet, split ratio, gas flow rate at the liquid outlet and degassing efficiency of the degassing hydrocyclone were measured and are discussed.
Experiments
Degassing hydrocyclone design
The degassing cyclone consists of a feed inlet, a liquid outlet and a gas outlet. Four subsidiary chambers are arranged around a main chamber. Under the action of the guide vane in the main chamber, the gas-liquid mixture is fed into the main chamber, and preliminary gas-liquid separation occurs. The gas is discharged from the overflow pipe of the main chamber, and the remaining fluid continuously flows into the surrounding subsidiary chamber through four tangential connections. Bubbly swirl flow with high centrifugal acceleration forms in the subsidiary chamber for secondary degassing. The gas discharged from the outlet of the subsidiary chamber and the gas separated from the main chamber are combined in a total gas outlet.
The degassing principle of the main and auxiliary swirl chambers is shown in Fig. 1. There are various bubble shapes in the feed mixture, and larger bubbles are preliminarily separated in the main chamber. The smaller bubbles have more acceleration and a higher separation efficiency in the subsidiary chambers. The schematic diagram of the cross section was made after artificial processing, while the bubble outlines came from our high-speed camera measurements.
The inner diameters of the main chamber and subsidiary chamber are 20 mm and 10 mm, respectively. An inner cone is also arranged near the tangential outlet of the subsidiary chamber to improve the gas-liquid separation efficiency26. The degassing hydrocyclone was formed and processed by the 3-D printing method. A structure diagram of the degassing cyclone is shown in Fig. 2. The feed mixture inlet, gas outlet and liquid outlet are connected to transparent plastic pipes. The pressure of the gas outlet and liquid outlet is approximately equal to one atmosphere.
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Fig. 1 Schematic representation of the degassing hydrocyclone with one main chamber and four subsidiary chambers
[image: ]
Fig. 2 Geometry of the degassing hydrocyclone
Experimental setup
Air and tap water are used as the gas phase and liquid phase, respectively. The experimental water temperature is 11 ± 1 °C, and the air temperature was 16 ± 2 °C. The air is pressurized to 0.7 MPa by an air compressor, and the volume flow of air is controlled by a regulating valve. The volume flow and pressure of the feed air are recorded. The tap water in the storage tank is pressurized to 0.3 MPa by a centrifugal pump, and the volume flow is controlled by bypass regulation. The volume flow of the feed water is recorded. The gas and liquid are mixed at the mixing tee, which has a mixture outlet and two inlets.
The gas volume flow entrained in the liquid is measured by an inverted measuring cylinder located at the bottom of the water tank. The volume of the gas entrained per second is recorded. Then, the gas flow rate of the liquid outlet is calculated. Similarly, the liquid entrained at the gas outlet is collected by another measuring cylinder open to the atmosphere, and the liquid flow rate of the gas outlet is calculated. The experimental flow chart is shown in Fig. 3. 
[image: ]
Fig. 3 Schematic of the experimental setup
A mixing tee junction is used to achieve mixing of the gas and liquid. The liquid channel, gas channel and mixture channel inside the mixing tee junction have the same inner diameter, 12 mm. According to well-known flow pattern reports27-32, bubbly flow, cap bubble flow and slug flow occurred after mixing in this work. The gas-liquid flow pattern at the mixing tee junction is shown in Fig. 4. 
[image: ]
Fig. 4. Gas-liquid flow pattern at the mixing tee
Gas and liquid volume flow rates
The liquid flow rate is measured by a Coriolis mass flow meter. The error is less than 0.5%. The pressurized air and nitrogen flow rates are measured by a rotor flow meter. The volume flow rate of the pressurized gas is corrected for the compressibility of the gas33:

  											(1)






where  and  are the actual injection gas volume flow and the gas rotor flow meter reading and  and  represent the gas pressure meter reading and the gas temperature, respectively.  and  represent the gas pressure and the gas temperature used by the manufacturers of the rotor flow meters for calibration. According to the ideal compressible gas law, the gas volume flow can be converted into atmospheric conditions as follows:

											(2)
The data points for gas flow and liquid flow obtained in the experiment are shown in Fig. 5, and the liquid flow range is 0.377 ~ 1.459 m3/h. The ordinate of Fig. 5 (a) shows the gas volume flow under the feed pressure, ranging from 0.197 to 1.000 m3/h. The ordinate of Fig. 5 (b) shows the gas volume flow under the outlet pressure of the degassing cyclone, ranging from 0.288 to 1.763 m3/h. There are 30 data points. The gas-liquid ratio is equal to the gas volume flow at the feed inlet divided by the liquid feed volume flow. The gas-liquid ratio range in this experiment is 0.135 ~ 2.653.
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Fig. 5 Range of fluid volume flow values. (a) The ordinate is the gas volume flow under the pressure at the inlet of the degassing cyclone. (b) The ordinate is the gas volume flow under the outlet pressure of the degassing cyclone.
Split ratio measurements
The split ratio is defined as the ratio of the liquid entrainment flow at the gas outlet to the feed liquid flow10. It is a key factor affecting the bubble separation efficiency and is defined as follows.

                                		   		  (3)
The gas outlet is connected to a measuring cylinder to collect the liquid carried by the gas outlet. The liquid flow rate of the gas outlet is calculated. The outer diameter of the liquid outlet pipeline is 21 mm, and the inner diameter is 15 mm. The measuring range of the measuring cylinder is 1000 ml, and the minimum unit scale is 10 ml. Manual timing is used to monitor the sampling time, and the sampling time is 9 ~ 90 seconds (a minimum of 9 seconds is used to reduce measurement error). When the entrained liquid flow rate is 350 L/h, the measurement error reaches the maximum due to the short sampling time; the sampling volume is 900 ml, and the time is approximately 9 seconds. For example, when the manual timing deviation is 1 second and the liquid volume reading deviation is 10 ml, the measured entrained liquid flow deviation is approximately 50 L/h, less than 14% of the measured value. When the entrained liquid flow is very small, the sampling time needs to be very long to obtain the minimum measurable liquid volume of 100 ml. In this experiment, the longest sampling time is 90 seconds, and the minimum entrained liquid flow in the outlet gas is 4 L/h. The entrained liquid flow rate is greater than 4 L/h in all working conditions to minimize the measurement errors.
Degassing efficiency measurements
The liquid outlet from the degassing cyclone enters the bottom of the water tank. There is an inverted measuring cylinder filled with water in the water tank. When the liquid outlet pipeline is inserted into the inverted measuring cylinder, the entrained gas will accumulate in the measuring cylinder. The gas accumulation volume within a certain time can be measured. The outer diameter of the liquid outlet pipeline is 21 mm, and the inner diameter is 15 mm. The measuring range of the inverted measuring cylinder is 500 ml, and the minimum unit scale is 5 ml. Manual timing is used to measure the sampling time, and the sampling time is 10 ~ 1000 seconds (a minimum of 10 seconds is used to reduce the measurement error). When the entrained gas flow reaches the maximum value of 110 L/h, the measurement error reaches the maximum due to the short sampling time; the sampling volume is 400 ml, and the time is approximately 13 seconds. For example, when the manual timing deviation is 1 second and the gas volume reading deviation is 5 ml, the measured entrained gas flow deviation is approximately 10 L/h, which is less than 10% of the measured value. When the entrained gas flow is very small, the sampling time needs to be very long to obtain the minimum measurable gas volume of 50 ml. In this experiment, the longest sampling time is 1000 seconds, corresponding to the minimum entrained gas flow rate of 0.18 L/h. Entrained gas flow rates below 0.18 L/h are regarded as zero. The degassing efficiency is calculated as follows:

                 		                 (4)
Results and discussion
Performance identification by observation
Some pictures were recorded at the transparent hoses connected to the feed mixture inlet, liquid outlet and gas outlet of the degassing cyclone. The gas-liquid flow patterns before and after the degassing cyclone were obtained as shown in Fig. 6. There is very little gas at the liquid outlet; most of the gas is discharged from the gas outlet. There is always some liquid flowing out at the gas outlet. This degassing hydrocyclone shows reasonable performance.

[image: ]
Fig. 6 Gas liquid flow pattern at the inlet and outlet of the degassing hydrocyclone. The liquid feed volume flow rate is 0.8 m3/h, and the gas feed volume flow rate is 0.3 m3/h.
Pressure loss
The smaller the pressure loss is, the lower the energy consumption and the better the efficiency of the degassing cyclone. The pressure loss of the degassing cyclone is shown in Fig. 7 under different gas and liquid flow rates. With increasing liquid flow, the pressure drop of the degassing hydrocyclone increases; when the liquid flow rate is approximately 1.2 m3/h, the pressure drop reaches 0.12 MPa. With increasing gas flow rate, the pressure loss of the degassing cyclone also increases, but the influence of gas flow on pressure drop is far less than that of liquid flow. The pressure loss reaches 0.16 MPa at the maximum handling capacity.


The liquid superficial velocity in the main chamber, , and the gas-liquid ratio, , were selected to predict the pressure loss of the degassing hydrocyclone. The equation for pressure loss can be expressed by the following:

		 (5)

															 (6)



where  represents the friction coefficient and  is the inner diameter of the main chamber. The gas-liquid ratio is calculated as .
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Fig. 7 Pressure loss contours
The pressure loss experimental data were processed by correlation regression analysis using least square method. The friction coefficient and standard deviation of the correlation equation are approximately 164 and 1.216, respectively. The predicted and experimental pressure loss data are compared in Fig. 8. The deviation between the predicted and measured values is not more than 0.01 MPa. 
[image: ]
Fig. 8 Comparison of experimental and predicted pressure drop values
Split ratio
It is desired that only separated gas should escape from the gas outlet because liquid will always be entrained through the gas outlet. This entrained liquid is commonly treated as non-degassed liquid. Therefore, the liquid flow rate at the gas outlet should be determined for a certain degassing hydrocyclone. The entrained liquid flow rate at the gas outlet at different gas and liquid flow rates is shown in Fig. 9. The split ratio is shown in Fig. 10. At a high liquid flow rate, the fraction of liquid at the gas outlet is more than that of the gas, and the gas is dispersed. Therefore, with an increase in liquid flow rate and decrease in gas flow rate, the entrained liquid flow rate and split ratio of the gas outlet will increase. Under the conditions of a low liquid flow rate and a high gas flow rate, the gas at the gas outlet will eventually occupy a greater fraction. The entrained liquid flow rate and split ratio decrease first and then increase with increasing gas flow rate due to the effect of high gas velocity on churn flow. 
[image: ]
Fig. 9 Liquid flow rate at the gas outlet
[image: ]
Fig. 10 Split ratio contours
Degassing efficiency
A higher degassing efficiency means that there is less residual gas in the liquid. The entrained gas flow rate at the liquid outlet is shown in Fig. 11. With an increase in the liquid flow rate and decrease in the gas flow rate, the entrained gas flow rate at the liquid outlet decreases. The degassing efficiency of the degassing cyclone is shown in Fig. 12. The separation efficiency ranges from 0.87 to 0.998 when the liquid flow rate is less than 1 m3/h. Most cases exhibit a degassing efficiency greater than 0.998 when the liquid flow rate is more than 0.7 m3/h.

The Reynolds number of the liquid in the main chamber, , and gas-liquid ratio were selected to predict the degassing efficiency of the degassing hydrocyclone. The equation for the degassing efficiency can be expressed by the following:

     										(7)

										(8)
The degassing efficiency experimental data were processed by correlation regression analysis using Origin software. The final equation for the separation efficiency is as follows:

							（9）
The predicted and experimental data for the degassing efficiency may be compared in Fig. 13. The deviation between the predicted and measured values is not more than 3%. For the larger degassing coefficient more than 99.5%, the degassing coefficient was slightly underestimated. 
[image: ]
Fig. 11Gas flow rate at the liquid outlet
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Fig. 12 Degassing efficiency of the degassing hydrocyclone
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Fig. 13 Comparison of experimental and predicted degassing efficiencies
Conclusions
A combined hydrocyclone with main and subsidiary chambers has been designed for liquid degassing. The liquid feed volume flow rate ranges from 0.377 to 1.459 m3/h, and the gas feed volume flow rate ranges from 0.197 to 1.000 m3/h. The experimental results show that the degassing hydrocyclone can remove most of the gas and has good degassing performance in a large gas-liquid flow rate range. The pressure drop of the degassing hydrocyclone increases with increasing fluid flow and reaches 0.16 MPa at the maximum handling capacity. The flow resistance coefficient of the degassing hydrocyclone is approximately 164. Predictions of the pressure drop and separation efficiency are given. The deviation in the predicted pressure drop values is less than 0.01 MPa. The deviation in the predicted separation efficiency values is less than 3%. Experimental improvements based on varied liquid properties, which could be used for model validation11, will be developed in future work.
Nomenclature
a, b, c	Constant parameters
D1		Inner diameter of the main chamber, m
P		Gas pressure meter reading, MPa
P0		Gas pressure used by the manufacturers of the rotor flow meters for calibration, MPa
QG		Actual injection gas volume flow, m3/h
QG,std 	Gas volume flow converted into atmospheres, m3/h
QL, QL,in	Liquid feeding volume flow, m3/h
QL,o		Liquid volume flow rate at the gas outlet, m3/h
QL,u		Gas volume flow rate at the liquid outlet, m3/h
Qread	Reading value of the gas rotor flow meter, m3/h
ReL		Liquid Reynolds number
T		Gas temperature, °C
T0		Gas temperature used by the manufacturers of the rotor flow meters for calibration, °C
uL,in		Liquid superficial velocity in the main chamber, m/s
φ		Gas-liquid ratio
λ		Split ratio
η		Degassing efficiency
ξ		Friction coefficient
μL		Viscosity of liquid, Pa·s
ρL		Density of liquid, kg/m3
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