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There is a lack of understanding of the spray characteristics of gas-centered swirl coaxial (GCSC) injectors during self-pulsation occurs. Therefore, the self-pulsation of a GCSC injector was investigated experimentally in this study. Experiments were conducted at atmospheric pressure with filtered water and dried air supplied through a propellant feed system. A back-lighting high-speed photography technique was used to capture unsteady spray features. A laser-based particle size analyzer (LPSA) was used to measure the size of the droplets in the spray. The effects of recess and gas-liquid ratio on spray self-pulsation were analyzed. It was found that the recess of the injector strongly determines the spray pattern. When spray self-pulsation occurs without recess, both the center and periphery of the spray oscillate. With an increase in the mass flow rate of the gas, the boundary between the center and the periphery of the spray becomes more noticeable. Meanwhile, small droplets in the spray center oscillate, with the periphery of the spray being characterized by a periodic “shoulder.” Under the same operating conditions but with a small recess (2 mm), the spray adheres to the injector faceplate. With a larger recess (7 mm), when spray self-pulsation occurs, the spray periodically forms “shoulder” and “neck,” similar to the behavior of self-pulsation in a liquid-centered coaxial injector. Therefore, it can be concluded that spray self-pulsation enhances atomization at the center of the spray to a certain extent. However, atomization becomes worse in the periphery with an oscillating spray.
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INTRODUCTION
Combustion instability has permanently restricted the development of liquid rocket engines. When combustion instability occurs, the pressure in the combustion chamber oscillates periodically, and the oscillation frequency ranges from hundreds to thousands or even tens of thousands of Hz (Harrje, 1972; Yuhui, 2001; Zhenguo, 2012). Self-pulsation, accompanied by the periodic oscillation of spray flow and pressure, is an important physical phenomenon of injectors under certain operating conditions. Self-pulsation is generally believed to induce combustion instability (Im et al., 2005; Im and Yoon, 2008; Zhongtao, 2016).
Gas-liquid swirl coaxial injectors have been widely used in liquid rocket engines. The liquid enters the swirling chamber through tangential holes and forms a rotating liquid film under the action of a centrifugal force. The gas passes through the gas channel and interacts with the liquid at the injector orifice to significantly enhance atomization. According to the type and location of the swirling propellant, there are two injector types: liquid-centered swirl coaxial (LCSC) injectors and gas-centered swirl coaxial injectors (Im et al., 2015).
In recent decades, a large number of studies have been carried out on the self-pulsation of LCSC injectors. However, researchers have not reached a consistent conclusion about the effect of self-pulsation on atomization characteristics. Bazarov (Bazarov, 1995; Ismailov and Heister, 2009) believed that the droplet size of a self-pulsation spray is smaller than that of a stable spray under the same operating conditions. From the point of spatial radial distribution of droplet size, the self-pulsation spray is more uniform than the stable spray. Therefore, spray self-pulsation can improve atomization quality and propellant mixing uniformity without causing combustion instability. Zhou (Jin et al., 1996) pointed out that screaming can strengthen atomization when the gas pressure drop is low. However, Im (Im and Yoon, 2008; Im et al., 2009) reported that self-pulsation increases the droplet diameter and weakens the atomization performance of the injector. Furthermore, mass flow pulsation caused by self-pulsation might lead to heat releases and acoustics in the combustion chamber. Thus, this pulsation can amplify unsteady combustion. Kang (Zhongtao et al., 2016) compared a stable spray with a self-pulsation spray and found that the latter could reach a farther radial region. From the perspective of the spatial distribution of the spray, self-pulsation is beneficial for combustion. However, self-pulsation causes the radial distribution of SMD (Sauter mean diameter) to change from an inverted V-shape to a hollow cone, and the SMD generally increases compared with the steady spray. Therefore, self-pulsation is harmful to atomization and must be suppressed.
Compared with the amount of research on LCSC injectors, research on GCSC injectors are few. Lightfoot (Lightfoot, 2005) analyzed the breakup of a liquid film and pointed out that the main breakup modes of liquid film are surface breakup, ribbon formation, perforation, and prompt atomization. Sivakumar (Sivakumar and Kulkarni, 2011) divided spray breakup modes into wave-assisted, perforated sheet, segmented sheet, and pulsation spray regimes. It was found that liquid film maintained an axisymmetric shape when the first two crushing modes appeared. When self-pulsation occurs, the Strouhal number of the spray is almost constant. Xu (Shun, 2016) summed up the method of liquid film breakup as segmented sheet, bubble, pure-pulsating, and perforated sheet breakups, by observing the spray image under conditions with different gas-liquid ratios. Furthermore, he found that self-pulsation led to an increase in the spray angle in the GCSC injector. Meanwhile, the size of droplets in the spray also oscillated severely, as the amount of large droplets increased. Im (Im et al., 2015) compared the GCSC injector to the LCSC injector and found that the GCSC injector spray angle decreased with an increase in the momentum ratio under a low momentum ratio. This is because the interspace gas between the liquid and gas is entrained into the high-velocity gas stream and liquid sheet. Therefore, the external ambient gas pressure was greater than the ambient gas pressure inside the space. Matas (Matas et al., 2014) found that the oscillation frequency of the surface wave of the liquid film is positively correlated with the gas velocity, but has nothing to do with the liquid velocity. Park (Gujeong et al., 2014) pointed out that at the high liquid Reynolds number, the gas Reynolds number has little effect on the spray angle. However, at a low liquid Reynolds number, the gas Reynolds number has a more significant influence on the spray angle. Li (Xuan et al., 2013) investigated that the effect of high pressure on the atomization of GCSC nozzles and found that backpressure causes the spray cone angle to decrease. Joseph (Joseph et al., 2020) conducted that the spray of the GCSC injector is comprised of two different spray patterns: a dense center spray of finer droplets and a rough outer spray. Jeon (Jeon et al., 2011) divided the liquid film breakup mode into internal mixed and external mixed modes. It is believed that when the liquid film is externally mixed, the spray cone angle decreases with an increase in the momentum ratio. However, when the liquid film is internally mixed, the spray angle increases with increasing momentum ratio. Furthermore, when the liquid film is broken inside the injector orifices, the spray angle is the smallest. Increasing the recess results in a reduction in the momentum ratio of the minimum spray angle. Park (Gujeong et al., 2014) pointed out that at a high liquid Reynolds number, the gas Reynolds number has a negligible effect on the spray angle and the thickness of the liquid film. By contrast, at a low liquid Reynolds number, the gas Reynolds number has a significant effect on the spray angle and thickness of the liquid film.
Many studies have shown that recess is an important factor in self-pulsation. A large or small recess weakens self-pulsation; therefore, there exists a specific recess length that leads to the strongest self-pulsation (Bazarov, 1995; Bazarov, 1996; Jin et al., 1996; Jin et al., 1997; Bazarov, 1998). Yang (Yang et al., 2008) proposed the theory of the recess angle, comparing the spray angle of the inner swirl port and the angle of the recess. According to the relative size of the recess angle and the spray angle, he identified three types flow patterns in the recess chamber of the LCSC injector: outer mixing flow, critical mixing flow, and inner mixing flow. Kang (Kang et al., 2016) and Bai (Bai et al., 2018; Bai et al., 2019; Bai et al., 2020) used Yang’s theory to develop the mechanism of self-pulsation for LCSC injectors. They believed that when the recess angle of the injector equals the angle of the liquid film, the spray is in a critical mixing mode. Yoon (Yoon et al., 2013) pointed out that the mechanism of self-pulsation is different under different recess lengths. In the case of a small recess ratio, the frequency of self-pulsation increases with the Reynolds number of the gas and liquid and decreases with the recess ratio. The self-pulsation frequency obtained in Yoon’s experiments was 2.6–5 kHz. However, with a high recess ratio, the gas and liquid mix might interact with each other in the recess chamber inside the injector. Furthermore, self-pulsation decreases with the liquid Reynolds number, when the characteristic frequency is 0.6–0.8 kHz.
In summary, a large number of studies have been conducted on the self-pulsation of LCSC injectors. However, studies on the self-pulsation of GCSC injectors are a few. Therefore, there is a lack of understanding of the spray characteristics of GCSC injectors when self-pulsation occurs. In this study, the effects of recess and gas-liquid ratio on the spray pattern, spray angle, and droplet size of a GCSC injector were studied experimentally using a high-speed photography system and laser particle size analyzer. Mechanisms of spray self-pulsation in a GCSC injector have also been proposed.
EXPERIMENTAL METHODS
Experimental Facilities
A schematic of the GCSC injector and a detailed view of the injector are shown in Figure 1. As shown in Figure 1, the coaxial swirl injector is composed of inner and outer injectors. Dried air is injected through an inner injector. The outer injector is a swirl injector, and the liquid (water) enters the swirl chamber through four tangential entries arranged circumferentially. Under centrifugal force, a rotating liquid film is formed, which interacts with the gas at the outlet. The key geometrical parameters of the injector are listed in Table 1.
[image: Figure 1]FIGURE 1 | Geometry of the injector.
TABLE 1 | Dimensional parameters of the injector.
[image: Table 1]The experimental apparatus used in this study is shown in Figure 2 and is composed of a propellant feed system, a GCSC injector, a measurement and control system, an image acquisition system, and a spray collector. Pressure sensors with an accuracy of 0.25% FS (the 4,730 diffused silicon pressure sensors) were used to measure the pressure in the liquid and gas manifold. The liquid mass flow rate was measured using a turbine flow meter (LWGY) with an accuracy of 1% FS. The gas mass flow rate was measured using a Coriolis flow meter (MFC608) with an accuracy of 0.5% FS.
[image: Figure 2]FIGURE 2 | Experimental system.
Operating Conditions
In this study, experiments were conducted at atmospheric pressure with filtered water and air supplied through a propellant feed system. The operating conditions of the experiments are shown in Table 2.
TABLE 2 | Operating conditions in experiments.
[image: Table 2]Experimental Technique
The spray images were collected using a high-speed camera. To obtain clear spray images, a backlighting imaging technology was employed for instantaneous spray images; LED light (Scienploer Light Tech, HLS-30, Maximum power: 250 W) was used to illuminate the spray. The resolution of the camera was 800 × 600 pixels with a frame rate of 31,784, and the exposure time was set to 1/478110 s. The droplet diameter was measured using a laser particle size analyzer (Spraylink, Linkoptik, 0.5%). The measurement plane was 130 mm downstream of the injector outlet. Inside this plane, the liquid film was observed to break into droplets. On the measurement plane (as shown in Figure 3), the measuring points were distributed along the radial direction with a distance of 10 mm from each other. The laser particle size analyzer collected 40 sets of droplet data within 20 s.
[image: Figure 3]FIGURE 3 | SMD measurement and spray angle extraction method.
Image Processing
In this study, the spray cone angle was extracted using a method proposed by Daviault (Ramadan et al., 2012). Two straight lines were taken at different distances downstream of the injector outlet to measure the spray width on the two lines (Figure 3B). Finally, the spray cone angle is calculated by Eq. 1,
[image: image]
Where L1, L2 is the width of the spray on the two lines, ΔH is the vertical distance of the two lines, β is spray cone angle. The specific method (as shown in Figure 3B) was as follows: first, raw images with and without spray were used to remove the background and then binarize the images without the background information. The threshold was determined by a threshold segmentation algorithm based on iterative computation, and then binarized images were obtained. Consequently, the spray boundary was determined. Then, 2000 images were processed using time-equalized processing. Finally, the spray angle was determined using the method described above. By applying these three steps to a series of spray images, the spray angles for all the operational conditions were obtained. In this paper, the spray angle is extracted from the spray width of four groups of different positions. The measurement results are 112°, 110°, 109°, 115°, and the relative error is about 2%. It can be seen that the spray cone angle will not vary depending on the measurement position. The upper boundary selected in this paper is the injector orifices, and the lower boundary is 30 mm downstream of the injector orifices.
RESULTS AND DISCUSSION
Spray Pattern
Figures 4A,B show the stable and self-pulsation sprays of the GCSC injector, respectively. As seen in Figure 4A, the stable spray pattern remains constant over time. However, there are apparent differences between sprays of the GCSC and LCSC injectors. Tiny droplets are found at the center of the stable spray of the GCSC injector because high-speed airflow interacts with the spray and then generates some tiny droplets, because of which the spray appears as a solid cone. The stable spray of the LCSC injector has fewer droplets at the center, and the spray is hollow and conical.
[image: Figure 4]FIGURE 4 | Spray images of the GCSC injector: (A) Stable spray of the GCSC injector; (B) Self-pulsation spray of the GCSC injector.
When self-pulsation occurs, the spray oscillates periodically with time. For the self-pulsation spray of the GCSC injector (Figure 4B), similar to that proposed by Kang (Zhongtao et al., 2016), a larger liquid film width was defined as “shoulder” in this study. When self-pulsation occurs, “shoulders” are generated periodically at the injector orifice. The film primarily breaks at the shoulder, forming large droplets. In the process of downstream movement, “shoulder” development gradually becomes more expansive. At the same time, tiny droplets are periodically generated at the center of the spray. Compared with the “shoulder” droplets, the tiny droplets at the center are smaller and move faster under the action of air flow (Figure 4B). In the LCSC injector, the liquid film first breaks up at the second neck, and then the second shoulder begins to break up into liquid filaments. It is worth mentioning that the LCSC injector in a different recess length of its self-pulsation spray will produce a significant “neck” and “shoulder.” However, in GCSC injectors, the recess can significantly affect the shape of the spray. Sprays produce distinct “neck” and “shoulder” characteristics only in specific recess, which will be discussed in Effect of Recess on Spray Pattern Section of this paper.
Effect of Recess on Spray
Effect of Recess on Spray Pattern
As a crucial geometric structure of the injector, the recess has a significant effect on the spray. Figure 5 shows a stable spray under different recess lengths with ml (liquid mass flow rate) = 20 g/s and mg (gas mass flow rate) = 12.67 g/s. Under the same operating conditions, increasing the recess length would decrease the radial distribution of the stable spray. As a result, the spray is more concentrated, and the entire spray appears as a dense column of liquid. This is because as the recess length increases, the contact area of the gas liquid increases, and the gas-liquid interacts strongly in the recess chamber. As a result, the gas momentum is transferred to the liquid, increasing the axial velocity of the liquid. Therefore, with an increase in the recess length, the droplets diffusing along the radial direction decrease, and the central spray becomes denser. By comparing the sprays with recess lengths of 3 and 7 mm, it was observed that the two sprays had the same morphology under the same operating conditions. This indicates that the momentum exchange between the gas and liquid phases is completed in the recess chamber. Under these conditions, increasing the recess length had little influence on the spray pattern.
[image: Figure 5]FIGURE 5 | Stable spray patterns with various recess length (ml = 20 g/s, mg = 12.6 g/s).
The effect of recess on the spray self-pulsation was more significant. Figure 6A shows that when recess length is 0 mm, the spray peripheral periodically produces “shoulders,” and the center periodically produces tiny droplets. Compared with the “shoulder” droplets, the tiny droplets in the center are comparatively smaller and move faster than those droplets far from the center. When the recess length increased, the droplet adhered to the wall (Figure 6B). The spray angle increased instantly, approaching 180°, and many droplets gathered on the injector faceplate. Kim (Kim et al., 2013) also observed an adherent phenomenon in a backpressure environment, but a specific reason was not given. When the recess length was 0 and 7 mm, no adherent phenomenon was observed. Therefore, an adherent phenomenon can be inhibited by increasing or decreasing the recess. This study suggests that the adhesion phenomenon is caused by self-pulsation.
[image: Figure 6]FIGURE 6 | Effect of recess on self-pulsation spray pattern (ml = 20 g/s, mg = 6.8 g/s).
When the recess length increases to 3 and 7 mm (Figures 6C,D), the self-pulsation disappears under the same operating conditions. However, this does not mean that the self-pulsation completely disappears under recess length 3 and 7 mm, but only that the operation condition range of the self-pulsation has changed. Figure 7 shows the self-pulsation spray (ml = 20 g/s, mg = 3.6 g/s) with an injector Lr (recess length) = 7 mm. As observed in the figure, the morphology of the self-pulsation changes further. Like the LCSC injector, there are apparent “neck” and “shoulder” structures appearing alternately. There are still much fewer tiny droplets at the center of the spray compared with those under the same operating conditions without recess. When spray self-pulsation occurs with a recess of Lr = 7 mm, the noise produced by the spray was more prominent than that with other recess lengths. A variation in the recess length of the injector would lead to a shift in the self-pulsation operation conditions. This indicates that the self-pulsation mechanisms of the GCSC injector with different recess lengths are entirely different. The mechanisms are discussed in detail in Mechanism of Spray Self-pulsation Section.
[image: Figure 7]FIGURE 7 | Self-pulsation spray at the recess length of 7 mm (ml = 20 g/s, mg = 3.6 g/s).
Effect of Recess on Spray Angle
Recess can improve the mixing efficiency of an injector. Figures 8A,B show the variation law of the spray angle of the stable and self-pulsation sprays with the recess lengths. For a stable spray, increasing the recess length leads to a decrease in the spray angle. Because the increase in recess changes the spray morphology (Figure 5), the radial distribution of the spray decreases. However, the self-pulsation spray can reach a farther radial region, and thus the spray angle increases. When the recess length was 2 mm, self-pulsation led to the wall adherent phenomenon, and the spray angle was as high as 180°. Therefore, the spray angle first increases and then decreases with an increase in recess length. This is because the self-pulsation mechanism of the spray is different under different recesses, which leads to different radial diffusion capacities of the spray.
[image: Figure 8]FIGURE 8 | Influence of recess on spray angle. (A) Stable spray angle (ml=30 g/s). (B) Self-pulsation spray angle (ml=20 g/s).
Effect of Recess on Spray SMD
As shown in Figure 9, for both the stable spray (mg = 0 g/s and mg = 5.16 g/s) and self-pulsation spray (mg = 10.3 g/s), increasing the recess is beneficial for improving the atomization characteristics of the injector and reducing the spray particle size. When Lr = 0 mm, self-pulsation causes the SMD distribution to show a single peak distribution. This is because when self-pulsation occurs, a large number of small droplet groups are generated in the spray center, while a large number of large droplet groups are generated on the periphery. Therefore, the SMD increases sharply in the radial direction, the SMD distribution heterogeneity increases rapidly, and the spray quality deteriorates sharply. When the recess length was 2 mm, self-pulsation had little effect on the radial distribution of the SMD. Therefore, under the same operating conditions, increasing the recess length weakens the influence of self-pulsation on the SMD radial distribution of the spray.
[image: Figure 9]FIGURE 9 | Radial distribution of SMD with different recess lengths.
Effect of Gas-Liquid Ratio on Spray
Effect of Gas-Liquid Ratio on Spray Pattern
The gas-liquid ratio is an important parameter of operating conditions. When the gas mass flow rate was 0 g/s, the liquid film sheet breakup mode was characterized by a wave-assisted sheet breakup (Figure 10A). With an increase in gas flow, gas promotes the development of surface waves. The liquid film breaks at a significant wave amplitude on the surface to create holes. Subsequently, the hole gradually developed, causing the liquid film to break, forming a perforated broken hole (Figure 10B). The gas flow continued to increase, and the number of holes increased because the hole distribution was extremely uneven, resulting in a sizeable lumpy liquid film. The large lumpy liquid film gradually broke into liquid wire and developed into droplets downstream, forming a segmented sheet breakup (Figure 10C). When the gas flow rate continues to increase, the spray will cause violent pulsations. At the same time, there will be screaming, forming a self-pulsation breakup (Figures 10D–H). When the gas flow is sufficiently large, the gas has a powerful shearing effect on the liquid film. The liquid film was quickly cut into tiny droplets by airflow at the injector outlet. The spray formed a liquid column consisting of tiny droplets in the center, producing small droplets around it, forming an air-blasted breakup (Figure 10 (i)).
[image: Figure 10]FIGURE 10 | Effect of gas-liquid ratio on spray.
As shown in Figure 10, with the increase in the gas mass flow rate (mg = 6.8 g/s ∼ mg = 11.5 g/s), the tiny droplets in the center of the self-pulsation spray become dense gradually. This is because with the increase in the gas mass flow rate, the ejection and entrainment ability of the central gas to the droplet is enhanced. However, as the gas mass flow continued to increase, the self-pulsation phenomenon gradually disappeared. Because the gas-liquid interaction is powerful and the liquid film is quickly broken into tiny droplets, liquid drops are ejected from the injectors, making the formation of bubbles difficult. Thus, it can be seen that the gas flow rate has an essential effect on the self-pulsation of the spray.
Effect of Gas-Liquid Ratio on Spray Angle
Moreover, under the condition of self-pulsation (Figure 8B), the spray cone angle first decreased and then increased and then decreased with the increase in gas flow. This is because the periodic oscillation of the spray will make the radial distribution of the liquid film more expansive. Under the condition of no self-pulsation (Figure 8A), the spray cone angle generally decreases with an increase in gas flow.
Effect of Gas-Liquid Ratio on Spray SMD
The gas-liquid ratio also had an essential effect on the SMD. As shown in Figure 11, increasing the gas mass flow rate worsened the uniformity of the spray particle size distribution. With the increase in the gas mass flow rate (mg from 0 g/s to 8 g/s), the overall SMD showed an increasing trend caused by the droplet aggregation due to the ejection of the gas. As a result, the overall distribution gradually changed from the inclined “N" shape distribution to the hollow cone distribution in the radial direction. This is because a large number of tiny droplets were entrained to the center of the spray. When the gas mass flow rate is increased to 10.3 g/s, self-pulsation is generated. The overall SMD of the spray is decreased, and the reduction is more obvious in the spray center. It can be seen that the self-pulsation has a strengthening effect on atomization.
[image: Figure 11]FIGURE 11 | Radial distribution of SMD under conditions with different gas-liquid ratios.
Mechanism of Spray Self-Pulsation
Xu (Shun, 2016) found that the self-pulsation of the injector without recess was mainly caused by the attraction and polymerization of gas to the liquid film (Figure 12). When the momentum of gas reached a specific operating condition, the pressure inside the liquid film Pin decreased as the gas was entrained. In this case, the pressure of the outer gas was greater than that of the inside gas. The entrainment ability of the gas in the liquid film was greater than the inertial force of the liquid film. At this moment, the liquid film contracted and produced a bubble-like structure, resulting in an increase in pressure inside the bubble. When the internal pressure of the bubble was greater than its surface tension, the bubble broke, resulting in self-pulsation. Santanu (Sahoo and Gadgil, 2021)classified self-pulsation without recess into two types: large-amplitude pulsation (LAP) and small-amplitude pulsation (SAP).
[image: Figure 12]FIGURE 12 | Spray self-pulsation mechanism without recess.
In this study, the adherent phenomenon was considered to be caused by self-pulsation. Figure 13A shows a cycle of the adherent phenomenon. As can be seen from Figure 13A, the liquid film contracted and then expanded in one cycle, and the liquid film touched the injector faceplate during expansion. Figure 13B shows the formation mechanism of the adherent phenomenon. Compared with no recess, when self-pulsation occurred under a small recess length, the position of the gas-liquid action moved upstream of the spray due to recess. Under the action of the airflow, the amplitude of the dominant surface wave increased. When the entrainment capacity of the gas was greater than the inertial force of the liquid, the liquid film contracted. When the internal pressure of the bubble was greater than its surface tension, the bubble broke at the trough of the dominant surface wave. Moreover, the pressure inside the bubble caused the crest of the liquid film near the injector orifices to impact the injector faceplate, forming adhesion. At Lr = 2 mm, when the gas mass flow rate or liquid mass flow rate was increased, the adhesion phenomenon weakened, which is due to the suppression of self-pulsation.
[image: Figure 13]FIGURE 13 | Mechanism of adherent phenomena with small recess. (A) The adherent phenomena in one cycle. (B) Schematic diagram of adherent phenomena in one cycle.
Lightfoot (Lightfoot et al., 2006) detected the gas-liquid shearing of the liquid film in the recess chamber, and shearing occurred in two forms. At a low momentum ratio, the surface waves appeared to grow uniformly. With an increase in the momentum ratio, the gas-liquid shearing effect became stronger. As a result, the thickness of the liquid film was unevenly distributed. The peaks of the surface waves increased and were stripped by the gas. This study considered that uneven surface waves under the injector in a long recess cause spray self-pulsation (Figure 14A). Moreover, this surface wave is formed by a strong gas-liquid shearing effect. Therefore, K-H instability is the root cause of spray self-pulsation under a long recess. As the liquid film flows in the recess chamber, the unstable shearing effect of K-H increases as the gas flow increases. This causes the surface wave of the liquid film to gradually change from a uniformly growing form to a form of gas stripping. When surface waves develop to a specific thickness (a more prominent peak is formed), they block the gas passageway. This causes the pressure of the gas passage to increase, pushing the liquid membrane rapidly downstream. When the gas and liquid move to the injector outlet, the liquid film loses wall constraints. Under the action of the central high-pressure gas, radial expansion occurs and breaks in the thinner part of the liquid film, and the thicker liquid film forms the “shoulder”. At the same time, the central high-pressure gas pressure is released and rapidly reduced. The thinner liquid film is squeezed to the center less than the external ambient gas pressure, forming a “neck.” Figure 14B is the image taken in the experiment, It can be seen from figure that the “shoulder” has been formed after the liquid film flows out injector orifice. This is consistent with the self-pulsation mechanism proposed in this study. In the experiment (Figure 7), it was found that the “shoulder” liquid flow of the spray was larger and the “neck” liquid flow was small. This is due to the thicker liquid film forming the “shoulder” and the thinner liquid film forming the “neck."
[image: Figure 14]FIGURE 14 | Self-pulsation mechanism with long recess.
Figure 15 shows the relationship between the operating condition range of the injector self-pulsation and the recess. It can be seen from the figure that when the recess length Lr = 0 mm, the spray produces self-pulsation. Under the same gas-liquid ratio, the recess length increases to 2 mm, and the spray adhesion phenomenon occurs. It is further confirmed that the adhesion phenomenon is caused by self-pulsation. When the recess length Lr = 7 mm, the self-pulsation operating condition range is very different from the range under the small recess length.
[image: Figure 15]FIGURE 15 | Self-pulsation operating condition range (ml = 20 g/s).
CONCLUSION
In the present study, the self-pulsation of a gas-centered swirl coaxial injector was investigated experimentally. The effects of recess and gas-liquid ratio on the spray pattern, spray angle, and droplet size of a GCSC injector were analyzed. The following conclusions can be drawn from this study:
1. Recess has a significant influence on the shape of self-pulsation. Without recess, when spray self-pulsation occurs, both the center and the outside of the spray oscillate. The tiny droplets at the spray center oscillate, with the periphery of the spray being characterized by periodic “shoulder.” The spray adheres to the panel plane under the same operating conditions but with a small recess (2 mm). With a long recess (7 mm), when spray self-pulsation occurs, the spray periodically forms “shoulder” and “neck."
2. The gas-liquid ratio is an important parameter of the injection conditions. With an increase in the gas-liquid ratio, the breaking modes of the liquid film are wave-assisted sheet breakup, perforated broken, segmented sheet breakup, self-pulsation breakup, and air-blasted breakup. In particular, with the increase in the gas mass flow rate, the tiny droplets at the center of the self-pulsation spray become dense gradually.
3. During self-pulsation, the spray particle size also oscillates. This will lead to a wider distribution of spray in the radial direction, which enhances the atomization effect of the central spray to a certain extent. The radial distribution of SMD is small at the center, but it increases sharply outward. With an increase in the spray particle size outside, the non-uniformity of the SMD distribution is rapidly increased, and the spray quality deteriorates sharply.
4. Recess determines the injector’s self-pulsation mechanism. The mechanism of self-pulsation of the injector without recess is the leading action of the central gas, and the mechanism of self-pulsation of the injector under large recess is the shearing action of the K-H instability on the liquid film.
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NOMENCLATURE
n Number of tangential holes of external injector
Do diameter of liquid orifice (mm)
Dg diameter of gas orifice (unit:mm)
hgap gap thickness (unit: mm)
dt diameter oftangential inlet (unit: mm)
Lr recess length (unit:mm)
Di droplet diameter(unit:mm)
Ni the number of droplets with a diameter of Di.
m mass flow rate
Subscripts
g gas
l liquid
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