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The present article studies the spray and self-oscillation characteristics of liquid sheets generated by a series of gas-centered coaxial injectors. An experimental system has been built to investigate the impacts of gaseous core size and recess length on the breakup and self-oscillation features. The results reveal that the gaseous flow shows an apparent impact on the liquid sheet breakup length with a small gaseous core size. The atomization morphology shows the different patterns under varied pressure drops, and the spray angle is increased with larger recess ratios. Besides, there is a low oscillation frequency at which the self-oscillation phenomenon is activated. The smaller gaseous core sizes and shorter recess lengths could promote self-oscillation. The required liquid flow rate for the self-oscillation phenomena could be raised by increasing the gaseous flow rate, while the self-oscillation frequency hardly varies with it.
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1 INTRODUCTION
Coaxial swirl injectors are widely used in various propulsion systems, such as liquid rocket engines, internal combustion engines, and gas turbine engines (Xue et al., 2004; Li et al., 2011; Liu et al., 2013; Liu et al., 2020; Liu et al., 2021). For instance, gas–liquid coaxial swirl injectors are commonly used in the combustion chamber of liquid rocket engines for better atomization and propellant mixing performance. The general working processes of the coaxial swirl injectors could be described as follows. The swirling effect could be induced by the liquid flowing through tangential holes. It would lead to the formation of a hollow conical liquid sheet. Then, it would expose to the high velocity airflow through the annular channel (Ding et al., 2017; Liu et al., 2018; Bai et al., 2021; Chen et al., 2021). Finally, the liquid sheet would breakup into a series of tiny droplets due to the aerodynamic force that could improve the engine performance. It is noted that the airflow velocity is much larger than the liquid velocity under the typical working conditions in the thrust engine. Therefore, this article examines the breakup processes in which the airflow velocity is much larger than that of the liquid sheet.
There exists plenty of research concentrating on the spray characteristics, such as the spray angle, breakup length, and droplet size distribution of coaxial injectors by experimental observations. For instance, Gautam and Gupta (2009) found that the introduction of a parallel gaseous flow would reduce the spray angle and its impact was more pronounced with larger gaseous velocity. Liu et al. (2006) found that the liquid channel diameter would have an apparent impact on the Sauter mean diameter (SMD) distribution, especially for the relatively large gaseous flow rate conditions. Besides, they have used the Phase Doppler Particle Analyzer to measure the droplet size distribution generated by these coaxial injectors. It was found that the spray performance improved with larger gaseous pressure drops and tangential channel diameters. Jeon et al. (2011) investigated the atomization morphology of the gas-centered coaxial injectors. It was revealed that the spray angle and droplet size would be reduced by increasing the recess ratio. Kulkarni et al. (2010) found that the interactions between the gaseous flow and liquid sheet could induce the unstable surface waves, which could be the main source to rupture the liquid sheet. Besides, Anand et al. (2017) have studied the recess ratio impacts on the atomization characteristics of the coaxial injector. It was illustrated that the variation of the recess ratio had a minor impact on the SMD value, while the spray cone angle was reduced by it.
Subsequently, it is a widely existing phenomenon that a pressure oscillation would always happen during the injector tests, which may damage the engine and reduce its performance. Therefore, the oscillation characteristics of the injector should be studied in detail. Bazarov (1996, 1998) and Bazarov and Yang (1998) have established a linear theory to describe the self-oscillation phenomena of the injector. It showed that these phenomena were determined by the liquid flow rate, gaseous flow rate, and recess length. Previous research have found that the recess ratio has a significant impact on the stability of the combustion chamber. A longer recess ratio led to a larger gas core size, which would induce self-oscillation phenomena during the atomization processes. Yang et al. (2008) revealed that there existed three flow patterns inside the coaxial injector with different recess lengths. Im et al. (2005) studied spray and acoustic signals during self-oscillation phenomena. The experimental results showed that the self-oscillation frequency could be influenced by a pressure drop and injector geometric parameters. The self-oscillation frequency could be amplified quickly with larger liquid pressure drops. They also found that larger gas–liquid momentum ratios could suppress the self-oscillation phenomena apparently (Im and Yoon, 2008). Kang et al. (2016) also investigated self-oscillation impacts on atomization features, such as spray morphology and spray angle. They found that the spray was tree shaped when the self-oscillation phenomena happened. The reasons for the distinguished difference in the spray morphology were that the self-shock oscillation phenomena influenced the breakup processes of liquid film, which induced periodic oscillation. Self-pulsation is good for the spray and could uniformize mass flux along the radius direction and increase the spray angle in the field. Besides, Eberhart et al. (2012) studied the stable boundaries of the self-oscillation phenomena of gas–liquid coaxial injectors and found that the Kelvin–Helmholtz instability could be the reason for the induction of the self-excited oscillatory waves. The abovementioned results mainly showed the impacts of flow and injector geometric parameters on the breakup and droplet size distribution features of coaxial injectors. They could provide some useful information on the physical mechanism behind these phenomena.
However, the study of gas–liquid coaxial swirl injector self-excitation oscillation phenomena mainly focused on the liquid-centered coaxial swirl injector, the experimental research about the self-oscillation phenomena of the gas-centered coaxial injectors, which are widely used in the thrust system and are relatively rare. Therefore, the present article investigates the spray and self-oscillation characteristics of a liquid sheet generated by different gas-centered coaxial injectors. The effects of the gas core size and injector geometric parameters on the abovementioned features have been investigated in detail. The whole article is organized as follows. An experimental system is built and the injector structures are introduced in Section 2. Then, the experimental observation results are discussed and the impacts of the recess ratio on the breakup features are highlighted in Section 3. Finally, the obtained main conclusions are summarized in Section 4.
2 EXPERIMENTAL SETUP
2.1 Experimental System
The experimental observation system built in this study is shown in Figure 1. Water has been used as the working fluid. The surface tension and density of this fluid are [image: image] and [image: image], respectively. The experimental environment was maintained at atmospheric pressure. The present experimental system contains a piping system, a fluid supply system, coaxial injectors of different sizes, and a measuring and data acquisition system. Each part is introduced as follows. The high pressure nitrogen gas is depressurized first, and it then pushes the working fluids into the pipes. The fluid is ejected from the injectors after going through different types of valves. It is noted that the Coriolis flow meter measures the water flow rate, which has a measurement from 0 to 50 kg/h with a ±0.2% precision. Besides, a high-speed video camera (SpeedCam MicroVis from HSVISION, Inc.) was used to observe the breakup pictures of the liquid sheets. The frame rate was 1,000 frames per second (fps) and the shutter time was [image: image]. The average droplet size and its distribution were measured by a particle size analyzer (Malvern Spraytec, with a range of 0.1–900 μm, 10 kHz). The distances between the measurement point and injector exit was about 200 mm.
[image: Figure 1]FIGURE 1 | The schematic of the present experimental atomization system.
The coaxial injector schematic models are shown in Figure 2. These coaxial injectors contain a liquid and gaseous injector. [image: image] and [image: image] are the liquid and gaseous diameters, respectively, and [image: image] is the flowing width of the liquid channel. [image: image], [image: image], and [image: image] are the liquid, gas, and recess length of the injectors, respectively. [image: image] and [image: image] are the number of tangential holes and their diameter, respectively. The geometric parameters of the different gaseous and liquid injectors (G1-1 to G3-5 and L1) are shown in Tables 1, 2.
[image: Figure 2]FIGURE 2 | Schematic of coaxial injectors.
TABLE 1 | The geometric parameters of the present gaseous injectors.
[image: Table 1]TABLE 2 | The geometric parameters of the present liquid injectors.
[image: Table 2]It is shown that the gas–liquid momentum ratio is an important parameter for evaluating the coaxial injector atomization performance, which is defined as
[image: image]
Besides, the recessed length is another important structural parameter of the gas–liquid coaxial injectors, which would influence the atomization and self-excitation oscillation phenomena. It is defined as the ratio of the recessed length to the injector diameter, i.e.,
[image: image]
where [image: image] is the air core size of the injector.
2.2 Working Condition
Different experiments have been proposed based on the gas–liquid coaxial injector cold-flow experimental platform, using water and compressed air as the working matter. In particular, the G1-1 to G3-3 gas injectors have been combined with the L1 liquid injector. The recess ratios could also be changed to investigate the impacts of these parameters on the atomization and self-oscillation performance. The detailed working conditions are shown in Table 3.
TABLE 3 | Working conditions of the liquid and gas injectors to study the gas core size impacts.
[image: Table 3]It is observed that the liquid flow rates and pressure drops are fixed (45.1 g/s and 0.8 MPa) to study the impacts of different gaseous flow rates on the spray characteristics of the coaxial injectors. The gaseous flow rate varies from 0 to 300 L/min, and the corresponding gas–liquid momentum ratio varies from 0 to 9.158, correspondingly. In particular, W-1, W-2, and W-3 experiments are recorded by the high-speed camera to capture the spray morphology, breakup length, and spray angle, respectively. W-4, W-5, and W-6 experiments use the particle size analyzer to obtain the impacts of air core size on the average droplet size in the spray field.
It is indicated that various experiments have been taken to study the impacts of recess ratios on the atomization performance as well. The working conditions are shown in Table 4. The present gaseous flow rate for all injectors in Table 4’s conditions are all set as zero to eliminate the impacts of gaseous contraction impact that a liquid injector (L1) has been used. The recess ratios are from 0 to 2 and the corresponded liquid pressure drop could be varied from 0 to 1 MPa, which refers to the liquid flow rate from 0 to 48 g/s.
TABLE 4 | Working conditions of the liquid injectors to study recess ratio impacts.
[image: Table 4]Besides, in order to study the self-oscillation characteristics of the present coaxial injectors, the following experimental conditions are given, which are shown in Table 5.
TABLE 5 | Working conditions for the different self-oscillation characteristics of the coaxial injectors.
[image: Table 5]It is revealed from Table 5 that the oscillation characteristics would be measured under different gas flow rates and channel diameters. Subsequently, the injectors with no recess length are further studied to investigate the impacts of the propellant flow rate on the self-excited oscillatory properties. The oscillation characteristics of each injector are measured and analyzed as well. In particular, the experiments are performed using Z-1, Z-2, and Z-3 injector combinations with specific parameters as shown in Table 6. It should be noted that the gaseous flow rate could be changed step by step to adjust the liquid flow rate during the self-excitation oscillations under each gas flow rate.
TABLE 6 | The working conditions of Z-1, Z-2, and Z-3 injectors.
[image: Table 6]The atomization processes in the Z-1, Z-2, and Z-3 experiments could be captured by the high speed camera to analyze their spray features like the spray angle and breakup length. The dominant frequency of the self-oscillation phenomena could be determined by the proper orthogonal decomposition (POD) decomposition method.
3 RESULTS AND DISCUSSION
In this section, the atomization features of the coaxial injectors like the average droplet size, breakup length, and spray angle and the effects of gaseous core size and recess length on them would be studied comprehensively. Besides, as for the self-oscillation characteristics, it includes the dominant frequency and gaseous core size. The impacts of the liquid flow rate and injector geometric parameters on the abovementioned features have been measured and analyzed in detail.
3.1 Atomization Features of Gas-Centered Coaxial Injectors
3.1.1 Impacts of the Gaseous Core Size
The spray morphology under the different gaseous core sizes are shown in Figure 3.
[image: Figure 3]FIGURE 3 | (A) Impacts of the gaseous flow rate on the atomization morphology, W-1 injector. (B) Impacts of the gaseous flow rate on the atomization morphology, W-2 injector. (C) Impacts of the gaseous flow rate on the atomization morphology, W-3 injector.
From Figure 3, it is evident that the spray morphology is quite similar for the different coaxial injectors under certain liquid flow rates. The liquid sheet shows a hollow cone shape when the gaseous flow rate is relatively low. The breakup length reduces with larger aerodynamic force. The liquid sheet then breaks up into small droplets due to the developing unstable surface waves generated by the gas–liquid shear flow.
The spray features of the different injectors have been studied quantitatively. The impacts of the gaseous flow rate on the spray cone angle are shown in Figure 4A. It is shown that the spray cone angle decreases first and then increases with larger gaseous flow rates when the liquid sheet is fully atomized. This is due to the fact that the gas flow rate from the internal gas injector is relatively fast, so the related pressure is less than the atmospheric pressure when the spray is not completely atomized. The pressure difference between the liquid sheet lets it contract inward. It is promoted with the larger gaseous flow that the spray cone angle gradually decreases. The strong air–liquid interaction completely atomizes the liquid sheet at the injector exit when the gaseous flow rate is sufficiently large, and the spray cone angle increases as well. It is revealed from the previous atomization morphology that the critical gaseous flow rate for the full atomization state is smaller with smaller gaseous core size. It could be because the gaseous flow rate is larger with smaller air core size, which leads to larger gas–liquid momentum. This ratio determines the spray pattern during the atomization processes.
[image: Figure 4]FIGURE 4 | Impacts of the (A) gaseous flow rate and (B) gas-to-liquid momentum ratio on the spray cone angle for different coaxial injectors.
The impacts of the gas–liquid momentum ratio on the spray cone angle is shown in Figure 4B. It is found that the spray cone angle decreases first and then increases with a larger momentum ratio. The spray pattern changes when this ratio is about 2 and the spray is completely atomized.
The impacts of the gaseous flow rate on the breakup length have been measured as shown in Figure 5. It is illustrated that the breakup length is reduced by a larger gaseous flow rate. Since the external liquid injector structure is the same for these three experiments, the breakup length is decreased faster with smaller gas core sizes. This means that the injector with a smaller gaseous core size will have a more apparent impact on the liquid sheet breakup length, which is consistent with the measured results of the spray angle.
[image: Figure 5]FIGURE 5 | Impacts of the gaseous flow rate on the breakup length for different coaxial injectors.
Subsequently, the average droplet sizes generated by the different coaxial injectors in the spray field is measured as well. The radius distribution of the SMD for the different coaxial injectors are shown in Figure 6. The experimental measurement point is at 18 cm below the injector exit.
[image: Figure 6]FIGURE 6 | The SMD distribution along the radius distance for the different coaxial injectors: (A) W-4 experiment, (B) W-5 experiment, and (C) W-6 experiment.
As shown in Figure 6, the SMD values obtained by these three injectors vary along the radial distribution curves, and all of them show a bimodal shape. In particular, these three curves start falling when the SMD reaches the first high point when the radial distance is about 1–2 cm, then it would be raised again to the second high point at about 5 cm. Finally, the SMD is reduced by the larger radius distances. Besides, it can be seen that the bimodal tendency is suppressed by the smaller gaseous core size. It means that under a certain gaseous flow rate, the gaseous flow shows a more apparent impact on the breakup of the liquid film when the gaseous core size is smaller.
3.1.2 Impacts of the Recess Length
It is noted that the recess length also has a pronounced impact on the atomization characteristics. The geometric coefficients of the injector in experiments W-7, W-8, and W-9 are the same, and the flow rates of these three experiments are shown in Figure 7.
[image: Figure 7]FIGURE 7 | The flow characteristics of the three coaxial injectors.
The atomization processes of the W-7 experiment under the different pressure drops are shown in Figure 8A. It is found that the injected liquid cannot expand in total to form a liquid film when the pressure drop is lower than 0.1 MPa. It would form both small droplet and twisted ligaments. The rotating liquid column shape is hollow, twisted, and pencil shaped when the injector pressure drop further increases to 0.2 MPa. The liquid film is then divided into two parts. The upper half of the liquid film is expressed as onion shaped, while the liquid film is contracted due to the surface tension; it is then expanded again to a conical liquid film morphology. The lower part of the spray then disappears and the liquid film begins to break when the injector pressure drop reaches about 0.5 MPa. The spray is tulip shaped before a stable conical liquid film, when the pressure drop is further increased (Surya Prakash et al., 2014).
[image: Figure 8]FIGURE 8 | Atomization morphology generated by the (A) W-7 experiment, (B) W-8 experiment, and (C) W-9 experiment.
The subsequent atomization processes of the W-8 injector under the different pressure drops are shown in Figure 8B. It is shown that the spray in the W-8 experiment has a stronger angular momentum than the spray in the W-7 experiment due to the introduced recess length and shows a higher liquid film rotation and a larger spray cone angle under the same pressure drop.
The atomization performance of the W-9 experiment is shown in Figure 8C. The liquid film also shows a droplet-dripping, twisted-ribbon, twisted-pencil, onion-shaped, and stable-conical liquid film as the pressure drop is further increased. It reveals that the critical injector pressure drop is different for each experimental condition. The atomization features are also different for these injectors. Overall, the spray morphology in W-9 experiment is more extended and the angular momentum and spray cone angle are larger than in the W-7 and W-8 experiments.
The impacts of the recess length on the spray angle are measured and analyzed in Figure 9. It is shown that the spray angle is increased with a larger pressure drop, while the main difference is that the larger the recess length for the corresponding spray angle the larger it is for the same injector pressure drop. Therefore, different spray patterns reveal that the injector recess length has an impact on the spray characteristics of these coaxial injectors.
[image: Figure 9]FIGURE 9 | Impacts of recess length on the spray angle under different pressure drops.
The maximum width of the liquid sheet in the spray field is measured and shown in Figure 10. It is revealed that the maximum width and vertical distance is increased with a larger pressure drop. Besides, the initial maximum width increases with a longer recess length when the pressure drop is relatively low, which means that the swirl intensity is increased by the larger recess length. The balance point of the liquid sheet contraction moves downward due to the surface tension effect. The distance between the injector exit and the maximum width of the liquid sheet is shorter when the recess length is further increased.
[image: Figure 10]FIGURE 10 | Impacts of recess length on the (A) maximum width of the liquid sheet and (B) vertical distance with the injector exit under the different pressure drops.
3.2 Self-Oscillation Features of Gas-Centered Coaxial Injectors
The self-oscillation phenomena occur for coaxial injectors under certain geometric parameters and working conditions. In the following section, the spray photographs recorded by the high speed camera and the impacts of the gaseous core size on the self-oscillation features are studied comprehensively.
3.2.1 Impacts of the Gaseous Core Size
It is noted that the self-oscillation phenomena are observed in the present experiments. The detailed processes are described as follows. First, the liquid sheet shows a conical shape when it leaves the injector exit. The stable maximum length is defined as the critical length. The liquid film breaks up into small droplets by the strong gas–liquid interaction, which happens near the central axis of the injector. The obtained spray is further expanded when the space range reaches the maximum length. The complete liquid film is thereby injected from the exit and shows a conical shape again. The abovementioned phenomena are more apparent for small liquid flow rates. The detailed processes of the different injectors are shown in Figure 11.
[image: Figure 11]FIGURE 11 | Periodic pictures of the self-oscillation injector when (A) the gaseous core size is 7 mm, the gaseous flow rate is 250 L/min, time intervals are about 9/2078 s, and the shutter time is 20 [image: image]; (B) the gaseous core size is 6 mm, the gaseous flow rate is 184 L/min, time intervals are about 1/400 s, and the shutter time is 20 [image: image]; and (C) the gaseous core size is 5 mm, the gaseous flow rate is 127 L/min, time intervals are about 1/400 s, and the shutter time is 20 [image: image].
The impacts of the gaseous core size on the self-oscillation features like the critical breakup length and the oscillation frequency are analyzed. The POD is an effective way to extract information of each mode from the experimental data. It decomposes the system into several simple orthogonal modes. The modes containing a large energy are the main features of the original system, and the main features are extracted to obtain the relevant information. It should be noted that the spray density in the field is directly related to the gray value of the spray images. In particular, the gray value is increased with a larger spray density. Therefore, the oscillatory mode and its spectrum could be determined by using the POD method. According to the mode spectrum, the energy spectrum distribution (PSD) of each mode is obtained after the Fourier transform and the frequency characteristics are found from it. The obtained results are shown in Figure 12.
[image: Figure 12]FIGURE 12 | The self-oscillation characteristics (oscillatory mode spectrum and oscillatory mode) of different injectors when the air core size is (A) 7 mm, (B) 6 mm, and (C) 5 mm.
As shown in Figures 12A,B, there exist a series of low-frequency oscillations that are different from the commonly observed high-frequency oscillations in jet engines. In particular, the self-oscillation frequency is about 29 Hz when the gaseous core size is about 7 mm, and the frequency increases to 36 Hz when the gaseous core size reduces to about 6 mm. The self-oscillation intensity is amplified as its frequency is nearly the same as to when the gaseous core size further shrinks to 5 mm. Besides, as shown in Figure 12C, the spray shows more distinguished different modes, which generates various unstable surface waves along the liquid sheet surface. Therefore, the different parts of the liquid sheet lets the liquid sheet be evidently stratified when compared with the other air core size conditions.
The impacts of self-oscillation on the breakup features have been measured as well. The self-oscillation frequency is relatively low during the self-oscillation phenomena. It leads to the liquid sheet extending in a conical shape when leaving the injector exit. The maximum length at which the liquid sheet stably unfolds in the conical shape is defined as the critical breakup length. As shown in Figure 13A, the critical breakup length and spray angle increase with larger gaseous core sizes. It is revealed that the gas–liquid interaction promotes the self-oscillation intensity.
[image: Figure 13]FIGURE 13 | (A) The breakup features of spray under various air core sizes. (B) Parameter boundaries of self-excited oscillatory phenomena.
Besides, previous experiments have shown that the injector geometric parameters influence the self-oscillation phenomena as well. The criteria determining whether the self-oscillation phenomena would happen are shown in Figure 13B. The larger gaseous core sizes suppress the self-oscillation phenomena, while the recess length shows an opposite impact on the activation of the self-oscillation phenomena as the other parameters are kept the same.
3.2.2 Impacts of the Airflow Rate
In the following subsection, the impacts of the airflow rate and air core size on the self-oscillation phenomena are studied under different working conditions. The experimental results reveal that these phenomena are suppressed by changing the flow rate. The variations of the liquid pressure drop and flow rate for the different gaseous flow rates are measured as shown in Figure 14 when the self-oscillation phenomena are activated.
[image: Figure 14]FIGURE 14 | Impacts of the gaseous core size on the (A) liquid pressure drop and (B) liquid flow rate under the different gaseous flow rates.
The critical liquid flow rate increases with larger gaseous flow rates. There exist two spray patterns, i.e., a steady state spray and conical liquid film when the gas–liquid momentum ratio is relatively large. Therefore, the activation of the self-oscillation phenomena should satisfy a certain momentum ratio. Besides, the injector shows the self-oscillation phenomena when the gaseous core sizes and flow rates are relatively small. The required gaseous flow rate is larger with a larger gaseous core size for the possible self-oscillation phenomenon. Furthermore, the self-oscillation intensity is larger with a greater liquid flow rate and pressure drop.
The impacts of the gaseous core size on the parametric range for activating self-oscillation phenomena under the different gas–liquid momentum ratios are shown in Figure 15A.
[image: Figure 15]FIGURE 15 | Impacts of the gaseous core size on (A) the activation of self-oscillation phenomena under the different gas–liquid momentum ratios under the different gaseous flow rates and (B) the self-oscillation frequency under the different gaseous flow rates.
The smaller gaseous core sizes widen the momentum ratio range to activate the self-oscillation phenomena. The impacts of the gaseous core sizes on the self-oscillation frequencies under the different gaseous flow rates is obtained by analyzing the spray photographs with the eigenorthogonal decomposition method.
As shown in Figure 15B, the self-oscillation frequency nearly does not change with the larger gaseous flow rates. In particular, it shows a maximum oscillation frequency when the gaseous core size is 6 mm, and the oscillation frequency is further reduced when the gaseous core sizes are about 5 and 7 mm. The physical mechanism behind the present tendency could be investigated in further research.
4 CONCLUSION
The present article investigates the spray and self-oscillation characteristics of a liquid sheet generated by a series of gas-centered coaxial injectors. An experimental observation system has been established to study the impacts of the gaseous core size and recess lengths on the breakup features like the breakup length, spray angle, and the corresponding self-oscillation characteristics. The main conclusions are as follows.
As for the spray characteristics of the liquid sheets generated by coaxial injectors, the gaseous flow shows a more apparent impact on the liquid sheet breakup when the gaseous core size is relatively small. This shows various SMD radius distributions with the different gaseous core sizes. Besides, the atomization morphology shows different patterns for the different injector pressure drops. There exists the drop-dripping, twisted-sheet, twisted-pencil, onion-shaped, and stable conical liquid sheet when the pressure drop is further increased and the spray angle becomes larger in addition to increases in the recess length.
As for the self-oscillation features of these coaxial injectors, the injector geometric parameters and the airflow rate impacts have been investigated. It is illustrated that there exists a relatively low-frequency oscillation for the coaxial injectors when the self-oscillation phenomena are activated. The parametric ranges between the gas–liquid momentum ratio and gaseous core size for the stable self-oscillation was obtained as well. The smaller gaseous core size and shorter recess length promoted the self-oscillation phenomena. The required liquid flow rate for activating the self-oscillation was raised by increasing the gaseous flow rate, while the self-oscillation frequency hardly varied with it.
The spray and self-oscillation characteristics of liquid sheets from the various gas-centered coaxial injectors have been obtained based on the abovementioned conclusions, which provide some useful information in making clear the detailed physical processes and improvements to the atomization quality in many industrial aspects.
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