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Abstract

:

Experimental investigations are conducted to determine the mechanism and characteristics of a jet in an L-shape crossflow simulating the radial swirl injector of a lean premixed-prevaporized (LPP) combustor. To simplify the radial flow of the actual injector while ignoring the centrifugal effect, the L-shaped 2D-channel is used for the crossflow, and water is used as a fuel simulant. The jet breakup is captured using a high-speed camera, and the density gradient magnitude is post-processed to clarify the spray. The Sauter mean diameter (SMD) of the spray is measured via a laser diffraction method with a helium–neon laser optical system (HELOS). The characteristics of the jet in the L-shape crossflow are compared with the characteristics of the jet in a typical crossflow through the flat channel. The results for different outlet heights of the L-shape channel (  H /  d 0   ) and different injector positions (  L /  d 0   ) are presented. A dimensionless number ( τ ) consisting of a time ratio is introduced to describe the jet characteristics. In a previous work, the spraying tendency was demonstrated for different injector positions. In addition, the effect of the recirculation area on   H /  d 0    was empirically shown.   H /  d 0    determines the size of the recirculation area, and the range of τ determines the jet breakup mechanism inside the L-shape channel. The results of this study present the breakup mechanism of the jet in the L-shape channel flow, which simulates a jet in a radial swirler injector for gas turbine engines. It is expected that these results can be used to assist in designing gas turbine engines with more combustion efficiency.
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1. Introduction


The jet-in-crossflow (JICF) method is a conventional, classical method that is mainly used in air-breathing propulsion systems. A JICF breaks the spray to mix the fuel and air using a large amount of air entering the combustor, and this method has advantages from the perspective of combustion stability, efficiency, and, in particular, emission reductions, which is a critical issue in today’s world [1,2,3,4,5,6,7,8,9,10]. In previous studies, empirical correlations have been explored and developed for typical JICF methods, which inject fuel vertically into a horizontal airflow. Ingebo and Foster used air for the crossflow and various fuel simulants, including isooctane, JP-5, water, benzene, and carbon tetrachloride [11]. They suggested that the major factors affecting droplet size were the We and Re of the liquid and air. Ingebo modified the empirical equation to include the density effect by adding a new dimensionless group, which was the molecular scale momentum transfer group [12]. Song et al., to improve upon the research from Ingebo, used Jet-A as an injection medium and conducted phase doppler interferometry to determine the effects of ambient pressure on droplet size [13]. In addition, the jet behavior and penetration length in the crossflow were expressed by dimensionless numbers [14]. Based on this study, Schetz et al. predicted not only penetration distance but also droplet size according to the injector orifice diameter [15]. Wu et al. created a regime map by classifying jet breakup mechanisms according to the We and momentum flux ratios (MFR) of water, ethyl alcohol, glycerol, and emulsion [16]. In addition, research has been conducted on engineering applications such as the jet in the supersonic crossflow [17,18,19,20,21], emulsion spraying [12,22], and twin fluid jets in a crossflow (TF-JICF) [23,24]. To apply the JICF system to the gas turbine injector, spray conditions must match the operating range of the land and take-off (LTO) cycle of the engine. In the LTO cycle, under max thrust conditions such as the conditions present at take-off, the jet collides with the wall inside the injector. This wall interaction is an important phenomenon for internal combustion engines and has also been studied [25]. For instance, Cohen et al. studied a high-shear injector using the jet wall interaction to facilitate atomization. In addition, they analyzed the change of spray pattern according to fuel nozzle types, swirler designs, and the defection occurring in the assembly process to study the main parameters to be considered when designing an injector. Based on this study, it is clear that, as with We and Re, geometry has a significant influence on determining the atomization performance of the injector. Makida et al. [26], Johnson [27], and Shin et al. [28] studied the effects of the recirculation zone or separation area formed by the venturi angle inside the air blast injector (not using the JICF method) and the dump area on the atomization characteristics and the generation rate of pollutants like NOx. The separation area causes the accumulation of droplets and increases the size. Therefore, the existence and size of the separation area according to the geometry of the injector greatly affect atomization.



The multipoint injection system for the gas turbine injector, which is an air-blast method, mainly adopts the JICF system [10,29,30,31]. Typically, the multi-point injection system uses a swirler (e.g., the axial and radial swirlers constitute the flow path into the fuel injection area), which affects the location of the injection point and the crossflow conditions near the fuel injection point [32,33,34,35]. A comparison of these two types of swirlers is shown in Figure 1. Unlike the conventional JICF, which is shown in Figure 1a, the airflow from the radial swirler bends once, as shown in Figure 1b. This bending flow generates the flow separation at the corner before the fuel injection. Choi et al. addressed the separation zone issue at the corner of the upper wall, which generates a recirculating flow when a radial swirler is employed [36,37]. The concept of a representative LPP combustor is illustrated in Figure 2. Its geometry greatly affects the fuel breakup mechanism of the JICF. The breakup mechanism consequently affects fuel evaporation, flame stability, and combustion efficiency, and it may result in incomplete combustion, which can create further emission problems. Therefore, to improve flame stability and combustion, which are important for aircraft and plants, it is necessary to understand the fuel breakup mechanism in a radial swirler.



Choi et al. qualitatively studied the penetration and characteristics of a jet according to the position of the fuel injection in the L-shape channel, simulating the radial swirler using 2D geometry without centrifugal force [36,37]. Figure 3 shows the concept of the 2D simulator or the radial swirler as the L-shape channel. This concept has also been applied in the present study to observe the effects of the bending flow on a jet breakup inside the radial swirler. This concept can be compared to cutting a donut in half and flattening it out. Although this method ignores the influence of the swirl flow, which can generate centrifugal force and a tangential flow, the more critical effects from the bending crossflow can be investigated and compared with other effects because the swirl flow does not develop further inside the swirler [32,33,34,35]. When the position of the fuel orifice changes, the exposure time of the jet in the flow inside the channel changes depending on the distance from the outlet to the injector. Therefore, the injection position can affect fuel atomization.



This study focuses on two main objectives; (1) to discuss the effects of the flow separation induced by the L-shape channel on the JICF mechanism, and (2) to evaluate the atomization characteristics with empirical correlations and non-dimensional numbers, thereby providing data that can be used in the design process of a radial swirler for gas turbine engines. The present study primarily examines the effects of the channel outlet height and the fuel orifice position on the jet breakup. To evaluate atomization performance, high-speed image capturing and droplet-size measurements from the laser diffraction analyzer are employed. The jet breakup mechanism in the L-shape cross-flow is qualitatively analyzed using the breakup images and quantitatively evaluated using the measured droplet sizes. Consequently, the characteristics of the jet breakup in the L-shape channel are driven by the Buckingham π theorem.




2. Setup and Methods


2.1. Design of L-Shape Channel


The L-shape channel flow was employed to simulate the JICF inside the radial swirler, as shown in Figure 4. Acrylic windows were installed on both sides of the experimental device to observe the jet breakup mechanism. The air was supplied by the blower, and the flow was bent twice to approximate the crossflow in a radial swirler. The height of the channel outlet (H) was varied to 5, 10, and 15 mm to investigate the effects of swirler geometry. The injector position was defined as the distance (L) from the outlet. The fuel injector was placed at 3 different positions; L varied between 10 mm, 12 mm, and 14 mm from the inside vertical wall; that is, 6, 8, and 10 mm away from the outlet. The width of the L-shape channel inlet (   D w   ) was set to 10 mm to simulate the radial swirler inlet. Generally, the size of    D w    is a primary variable affecting the swirl number. However, it is not the main variable that affects the size of the separation area. To be precise, the length ratio of the inlet and outlet affects the size of the separation area. Therefore,    D w    was fixed. The fuel injector dimensions are also shown in Figure 4. The fuel injector had a single-hole orifice with a 10 mm length and a 0.5 mm diameter at the injector–outlet interface. The water, a simulant of the fuel, entered the injector from the pressurized tank. The injector diameter    (   d 0   )    was used to nondimensionalize the x-axis and y-axis, and this was expressed as   x /  d 0    and   y /  d 0   , respectively. The heights (H) of the outlets were also nondimensionalized as   H /  d 0    = 10, 20, and 30, and the injector location (L) was expressed as   L /  d 0    = 12, 16, and 20.




2.2. Experimental Setup


The experimental setup and diagnostics system are shown in Figure 5. The L-shape channel module was connected to the wind tunnel, and the airflow in the wind tunnel was supplied by a centrifugal fan (or blower), which could rotate up to 3600 rpm and supply up to the mass flow rate of 1.2 kg/s at the maximum rotation speed. The airflow was inserted into the L-shape channel through the wind tunnel, and this generated the crossflow. The air subsequently exited the system through the outlet and dispersed into the atmosphere with sprays. The liquid jet was pressurized by the compressed air, and the flow rate of the liquid was controlled using a mass flow controller (mini CORI-FLOW M15 model from Bronkhorst). The high-speed camera (APX-RS of Photron) captured spray images at 10,000 frames per second, and the shutter speed was 1/100,000 s. Shadowgraph images were produced using a flat LED light source. The diameters of the spray droplets were measured by a helium–neon laser optical system (HELOS) from Sympatec. This system employs the laser diffraction analysis method, and it is capable of measuring particle diameters between 0.1 and 8750 μm. The HELOS system, which was used to measure the Sauter mean diameter (SMD) of the spray, is shown in Figure 6. The HELOS consisted of two parts, a transmitter and a collector, and a jet was sprayed between them. The measuring position of the sprayed jet was 100 mm away from the outlet in this study. The laser diameter was 29.5 mm, and the SMD was calculated by averaging the measured droplet diameters within the laser volume where the spray crossed.




2.3. Non-Dimensional Parameters and Experimental Conditions


The MFR, Re, and We were chosen as important dimensionless numbers. These numbers were used to explain the jet breakup mechanism. In previous studies, dimensionless numbers were used for the crossflow and fuel jet, and a dimensionless number was also used as the corresponding ratio. The MFR is defined as Equation (1), which is the ratio of the fuel jet to the crossflow. The Reynolds numbers of the jet and crossflow are defined by Equations (2) and (3). The Weber numbers of the jet and crossflow are defined as Equations (4) and (5).


   MFR    =    ρ l   V l 2     ρ a   V a 2    ,  



(1)






    Re  l  =    ρ l   V l  d    μ l    ,  



(2)






    Re  a  =    ρ a   V a  d    μ a    ,  



(3)






    We  l  =    ρ l   V l 2  d    σ l    ,  



(4)






    We  a  =    ρ a   V a 2  d    σ l    .  



(5)




ρ is density, V is velocity, and d is characteristic length, and mainly diameter of injector is used. μ is viscosity, and σ is surface tension. The subscripts a and l stand for air and liquid, respectively.



The fuel used in actual gas-turbine engines is a hydrocarbon-based liquid fuel such as kerosene and jet-A. However, water is very easy to handle and very useful for observing jet characteristics at room temperature and normal pressure. In the experiment, the characteristic variables of the water jet can be known using different fluids’ densities and viscosity, which have already been verified by other researchers such as Ingebo et al. [11,12]. For these reasons, only water was used in the experiment. The experimental parameter values are presented in Table 1, where the gas and liquid are separately specified. The jet velocity was controlled from 5 to 15 m/s. The experiment was conducted at room temperature and pressure. The crossflow was air, and the flow rate was controlled from 34 to 87 g/s. The velocity of the air was calculated using Equation (6) and the measured flow rate.


   m ˙  = ρ A V .  



(6)







Accordingly, the crossflow velocity varied from 27 to 80 m/s. These values correspond to the average crossflow velocity values of the injector and combustor in a typical gas-turbine engine [1,32,34]. The variation ranges of the Re and We are also shown in Table 1. Typically, the MFR of a jet is between 3 and 45. If the MFR is between 5 and 10 in the injector, it corresponds to an idle engine condition within the land and take-off (LTO) cycle of a general gas-turbine aircraft engine. When the MFR value reaches or exceeds 25, it corresponds to the maximum thrust condition of the take-off cycle [23,24,38].





3. Results


3.1. Flow Characteristics in the L-Shape Channel


To characterize the flow field in the L-shape channel with three different channel outlet widths, a numerical simulation was conducted. In a previous study, Choi et al. [36] demonstrated the flow field characteristics inside an L-shape channel. For the numerical method in this study, a commercial program, Ansys Fluent, was used, and a standard K-epsilon model was used for the turbulent modeling. The fixed mass flow rate and constant pressure outlet were applied for boundary conditions, and air at room temperature and atmospheric pressure was used as the working fluid to observe the crossflow behavior. Figure 7 shows the velocity contours with streamlines in the L-shaped channel. Flow separations occurred at the concave and convex corners. A big recirculation zone at the top of the flow field near the jet separated from the convex corner, and it was expected that this recirculation would strongly affect the jet breakup. As shown in Figure 7, the separation area increased as   H /  d 0    increased, and the velocity decreased in the outlet, whereas the crossflow rate was constant. This suggested that the jet in the low   H /  d 0    channel, as shown in Figure 7, could be significantly affected by the strong crossflow momentum, whereas a jet in the high   H /  d 0    channel, as shown in Figure 7c, could achieve deeper penetration. Figure 8 presents the velocity profiles in the x- and y-directions in the L-shape channel according to three   H /  d 0    cases with the constant mass flow rate of 77 g/s. The velocity of the y-axis direction was negative because the momentum in the downward direction remained inside the crossflow channel due to the special characteristic of the L-shape channel, unlike with a conventional JICF. In the jet breakup mechanism, the factor determining the size of the droplet was the x-axis velocity, which was perpendicular to the liquid jet column. Because the speed in the x-axis direction peaked when   H /  d 0    = 10, it was predicted that this condition would generate the smallest droplet diameter, as noted. However, the breakup mechanism was not controlled solely by the crossflow velocity in the L-shape channel because there was a big separation area or recirculation zone at the top in the L-shape channel. Due to this zone, the x-axis velocity was not constant, and the y-axis momentum could also affect the jet breakup. Each velocity component had a local maximum point, which existed at the boundary where separation occurred. The absolute value of the velocity increased as   L /  d 0    decreased because the flow path area was reduced due to the flow separation, similar to the vena-contracta effect. In other words, if the liquid jet was injected at the highest crossflow velocity region, which was closed to the outlet of the channel, a stronger collision would occur.



Meanwhile, because the x-axis velocity was negative in the separation area, the droplet entering the area could be trapped. Even if the penetration length of the jet was within the range of   H /  d 0   , the jet could break into the separation area. Then, it would be predicted that an extraordinary jet breakup mechanism would occur, including the wall interaction. Therefore, the mechanism was experimentally investigated in this study.




3.2. Macroscopic Jet Characteristics


The high-speed images were averaged and post-processed as density gradient magnitudes, as shown in Figure 9, which showed breakup regimes according to the flow conditions and channel geometries. The density gradient magnitude was described by Davis et al. and Lee et al. [38,39,40]. The density gradient magnitude image was generated by averaging 1500 instant images, and the area with the highest intensity among consecutive density gradients appeared as a bright area in the image. The flow rate of 46 g/s for the crossflow was constantly supplied, and the water mass flow rate was controlled as 1.0, 1.5, and 2.0 g/s (from left to right), corresponding to ALR = 46.0, 30.7, and 23.0. The outlet height (  H /  d 0   ) varied between 10, 20, and 30. At the low     We  l   , the jet height was low due to the low jet momentum, and the jet remained on the bottom of the flow path after being sprayed. As the     We  l    increased, the jet collided with the upper wall of the channel, and part of the spray entered the separation area. In addition, when     We  a    increased as   H /  d 0    decreased, the crossflow momentum strengthened, resulting in low penetration. The entrainment of the jet was observed in the images as bright gradient magnitudes in the separation area. This clearly indicated that   H /  d 0    affected the jet breakup, as predicted by the simulation results presented in the previous section. As a result, not only the upper recirculation area but also the interference with the bottom wall should be considered.



Figure 10 shows the density gradient images under the condition where   W  e a   ,   W  e l   , and   H /  d 0    were constant and the only variable was   L /  d 0   . As   L /  d 0    increased, the height of the jet penetration gradually decreased because as   L /  d 0    increased, the y-axis air momentum increased and interfered with the jet penetration. These results were identical to those in the previous study by Choi et al. [37,38]. If the momentum of the jet was sufficiently strong to enter the separation area, as   L /  d 0    increased, the possibility of the jet entering the separation area increased. Like   H /  d 0   ,   L /  d 0    was a major factor affecting the atomization mechanism in the L shape channel.



The behavior of the spray as it penetrated the recirculation area is shown in Figure 11. These instant images were obtained via high-speed imaging with 0.1-ms intervals. To investigate the jet movements, differences between instant images were post-processed by subtracting the values of each pixel, as shown in Figure 11b. The white pixel denotes the movement of the jet, and vice versa for the black pixel. Two major breakup mechanisms were observed: (1) the shear breakup mechanism in which the jet broke up because of the crossflow parallel to the jet column, and (2) the secondary breakup of the droplet lump trapped in the recirculation zone by the liquid jet collision on the upper wall and bottom of the channel flow. From the first mechanism, the jet-column surfaces fluctuated due to the Kelvin–Helmholtz instability, which is commonly observed in JICF studies [15,18,41,42,43]. From this instability, the droplets were ripped off from the jet column, which was broken by the airflow. In contrast, when small droplets entered the recirculation area, some of them collided with the ceiling and flowed backward in the opposite direction toward the outlet. Consequently, the stagnant droplets formed a huge lump or a ligament, which could be shown as a liquid film, along the boundary layer of the recirculation area. From this mechanism, the broken droplets were larger than the droplets produced by the primary shear breakup mechanism. On the other hand, if there was no interference from the droplets penetrating the recirculation area with the upper wall, these droplets moved to the outlet. These results confirmed that the We and the momentum flux ratio were not the only dependent variables in the case of a jet employing an L-shape channel. An overlap of instant images and velocity contours from Figure 7 is shown in Figure 12. The case in which the droplets collided with the upper wall due to the high     We  l    is shown according to   H /  d 0   . These overlap images from the computational analysis show that a huge lump or a ligament in the crossflow formed along the boundary of the recirculation area. In other words, weight was added to the explanation of the recirculation boundary shown in Figure 11.



Instantaneous jet breakup images at different injection conditions with different outlet heights are compared in Figure 13. For the same     We  l    value, as   H /  d 0    increased, the airflow momentum decreased. Thus, jet penetration was relatively high. For the cases at     We  l    = 179, as shown in the first row of Figure 13, jet collision with the upper wall was not observed. When   H /  d 0    = 20, it could be observed that the jet was almost horizontally broken with respect to the bottom surface of the flow path, and some droplets collided with the bottom surface, resulting in the interference breakup mechanism, but they soon escaped to the direction of the outlet because of the rapid flow. Some droplets leaving the airflow path were free-falling at a relatively slow velocity due to gravity. Even when droplets accumulated on the bottom of the jet column, a different droplet size could be observed then that observed in the shear breakup mechanism. When   H /  d 0    = 20, the column breakup mechanism could be observed. This is a typical JICF breakup mechanism, which is observed at corresponding     We  a    and MFR values [15,18]. At the bottom of the jet column, a surface breakup mechanism appeared, which then progressed to small droplets. For   H /  d 0    = 30, the breakup mechanism was similar to that observed at   H /  d 0    = 20, and shear-layer jet vortices could be observed in the instantaneous images. This is a characteristic of the typical Kelvin–Helmholtz instability, which was observed in all cases where the jet column was sufficiently developed. In addition, the jet penetration increased because the velocity of the crossflow was lower, as predicted by simulation. Therefore, the wider jet column area was affected by the crossflow. The second row of Figure 13 shows jet instantaneous images for     We  l    = 717. For   H /  d 0    = 10, shear breakup mechanisms could be observed due to the high velocity of the crossflow and the longer penetration of the jet. In contrast to the cases of     We  l    = 179, some droplets collided with the upper wall. In addition, some of the colliding droplets accumulated in the recirculation area and then exited the outlet along the upper wall in the recirculation area. For   H /  d 0    = 20, the velocity of the crossflow decreased as the outlet area increased. Thus, the jet column height increased, and the column breakup mechanism appeared. Moreover, the jet column directly hit the upper wall, and this collision resulted in the interference breakup mechanism. The droplets that collided flowed back into the recirculation area and circulated, forming the recirculation area interface and ligaments. The remaining small droplets broke up in the jet column and moved to the outlet. For   H /  d 0    = 30, the largest part of the jet column collided with the upper wall. This phenomenon was similar to that observed for   H /  d 0    = 20, but this mechanism was particularly strong for   H /  d 0    = 30. Moreover, the recirculation area boundary could be clearly identified.



Figure 14 demonstrates how the jet characteristics changed with the increase of   H /  d 0    when other conditions were the same. When   H /  d 0    = 10, the jets that caused the upper wall collision could be observed, but as   H /  d 0    increased to 20 and 30, no interaction occurred with the upper wall. Instead, the general JICF mechanism could be seen. It could also be observed that the inclination of the jet column approached vertical as   H /  d 0    increased to 20 and 30. The behavior of the droplets disintegrated from the jet was also observed to move toward the bottom surface of the channel with the increase of   H /  d 0   . This result occurred as the variables determining the behavior of the jet were constant except for the change of   H /  d 0   .



Based on an analysis of the shadowgraph images, a schematic diagram of spray formation in the L-shape crossflow is summarized in Figure 15. When the crossflow bent and met the jet column, the jet breakup occurred according to the   We   and   Re   of the crossflow, as well as the MFR. Depending on the outlet height, the size of the recirculation area changed, and thus, it also affected the breakup. When the jet collided with the upper wall, it split into droplets. Where some droplets flowed to the outlet and formed a film, others accumulated along the recirculation area boundary. The accumulated droplet lump moved toward the circulation corner and flowed in the opposite direction toward the crossflow. Subsequently, a film or a ligament along the interface formed, and it flowed toward the outlet. The escaping liquid film or ligament was broken up by the crossflow. In addition, the large droplets, which penetrated the recirculation area, fell due to gravity. When they re-penetrated the interface, they broke up again along the film. The Kelvin–Helmholtz instability could be observed because of the velocity difference between the lower and upper interface surfaces. The image analysis showed that the breakup of this film or ligament resulted in very rough and large-sized droplets. For a uniform jet breakup in a typical radial swirler, it is necessary to design the swirler so that it minimizes the recirculation area or its droplet accumulation effect.




3.3. Effects of Jet Breakup Mechanism on Droplet Sizes


The droplet diameter measurement was conducted to quantitatively analyze the jet breakup mechanisms. Measurements were performed at a 100-mm distance from the outlet. As shown in Figure 6b, droplet measurement was performed for 1 min at the location and the average value was used. Uncertainty analysis was omitted because it showed an error of up to 0.5 μm (less than 0.5%) when re-measured 10 times.



The droplet size distributions of the cases in Figure 13 are compared in Figure 16 and Figure 17. The black dotted line represents the density distribution, which is expressed as a probability density function of a lognormal distribution. The blue dotted line represents the cumulative distribution.



As shown in Figure 16a, two peaks were observed in the density distribution. This is described as a bimodal distribution, which usually appears when the droplets are not sufficiently broken up. This normally means that the liquid jet at the measurement point is in the process of a secondary breakup. However, compared with the single-mode distribution shown in Figure 16b, the major peak of Case (a) had a smaller diameter than that of Case (b). This indicated that the bimodal distribution did not cause the insufficient breakup, whereas the secondary peak reflected the existence of the second breakup mechanisms due to the collision of the jet with the bottom wall [44,45,46]. Similar to Figure 16b, Figure 16c shows only a single mode, and it was observed that jet breakup due to crossflow was dominant. In Figure 16b,c, only one difference in the     We  a    value is visible. It was observed that the difference in he     We  a    value did not significantly affect the jet breakup when compared to the occurrence of the secondary breakup mechanism, as shown in Figure 16a.



Compared with the cases at     We  l    = 179 shown in Figure 16, the jet height increased owing to the     We  l    increase, as shown in Figure 17. Therefore, the number of droplets interacting with the upper wall also increased. For the case in Figure 17a, the size of the recirculation area generated in the upper wall was relatively small, and the accumulated droplets were rapidly broken because of the high     We  a    value due to the outlet height. The droplet size distribution was bimodal, indicating two breakup mechanisms. As demonstrated in Figure 17b, as   H /  d 0    increased and     We  a    in the crossflow decreased, the jet penetration length increased. This caused the jet to directly contact the upper wall. Some droplets exited the outlet, and other droplets rotated along the recirculation area boundary, forming a thick ligament that exited the outlet. The particle size distribution seemed to almost form a single-mode distribution. However, two distributions were superimposed. That is, the large droplet-size formation from the interaction with the upper wall and the recirculation had a greater effect on fuel atomization than the crossflow jet breakup mechanism. In the cases with   H /  d 0    = 30, as shown in Figure 17c, the     We  a    value was the lowest, and interference with the upper wall still existed. In this case, the droplet size distribution once again indicated the bimodal shape. Compared with the case in Figure 17b, the major peak appeared at around 100     μ m   , which is similar to the case in Figure 17a. This case showed better atomization than in Figure 17b, but the secondary peak with the larger droplet size had a higher distribution proportion than the case in Figure 17a. As a result, as   H /  d 0    increased, the size of the recirculation area also increased, which increased the possibility of a jet entering the recirculation area.



In summary, at the same air mass flow rate, changes in   H /  d 0    affected the air velocity, and this consequently influenced     We  a   . This phenomenon was expected, and it was obvious that the average droplet size would decrease as     We  a    increased, and vice versa. However, as   H /  d 0    increased, the size of the recirculation area increased, and the droplets caused by the jet collision with the upper wall accumulated inside the recirculation area. This meant that two different atomization mechanisms, similar to the breakup of a film or ligament and jet collision, were generated. As a result of these phenomena, droplets with a size of 500    μ m    or more were formed, and they not only negatively affected atomization, they also greatly contributed to the formation of large amounts of pollutants due to incomplete combustion.




3.4. Generalization of Effects of Breakup Mechanisms on Atomization


There are various methods for analyzing spray atomization. Among them, the SMD is important for combustion and chemical reactions [11,46,47,48,49,50,51,52,53]. When describing various droplet size distributions, the SMD can characterize the overall atomization very efficiently. In this experiment, the SMD was introduced to describe the spraying of the jet within a specific shape and to identify the spray pattern. The relations between the SMD and spray characteristics have been investigated for a long time. In recent studies, the correlations have been empirically modified according to various spray media and environments surrounding the sprays [11,15,18]. Equation (7) was derived by Ingebo et al., and it represents the relationship between the SMD and the major dimensionless numbers [11]. In this equation, the SMD is proportional to   W e   and   R e  . In the later research, the more sophisticated SMD correlation was suggested, which is the product of the   We   and   Re   with the exponent, as shown in Equation (8). Based on these correlations, many empirical equations related to the SMD have been intended for the jet breakup, and they have been mainly used to describe jet breakup mechanisms with a low injection pressure drop.


  SMD ∝ WeRe ,  



(7)






     d 0    SMD   = 5.0    (  WeRe  )    0.25   .  



(8)







However, as shown in Figure 16 and Figure 17, it is hard to agree that flow conditions such as   We   and   Re   only control the atomization characteristics in the L-shape crossflow. Therefore, the correlation between the JICF in the L-shape crossflow should be defined, including the geometric shape information of the L-Shape channel. The Buckingham  π  theorem is used to find the appropriate correlation for the effects of crossflow conditions, injection conditions, and geometric parameters of the L-shape channel on the SMD, which is representative of atomization characteristics. Basically, because the effects of the crossflow and injection conditions on the SMD follow the conventional JICF, the following relationship can be assumed.


  SMD = f  (   d 0  L , H ,  V a  ,  V l  ,  μ a  ,  μ l  , σ ,  ρ a  ,  ρ l   )  ,  



(9)







We can rewrite Equation (9) as,


  SMD = α    (   d 0   )   a     ( L )   b     ( H )   c     (   V a   )   d     (   V l   )   e     (   μ a   )   f     (   μ l   )   g     ( σ )   h     (   ρ a   )   i     (   ρ l   )   j  ,  



(10)




where 𝛼 is a correction constant. Rearranging Equation (10) with the dimensional analysis, the following Equation (11) is obtained.


    SMD    d 0    = α    (   L   d 0     )   b     (   H   d 0     )   c     (     V a     V l     )   e     (     μ l     ρ l   V a   d 0     )    f + g      (   σ   ρ l   V a    2   d 0     )   h     (     ρ a     ρ l     )   i     (     μ a     μ l     )   f   



(11)







Equation (11) suggests that there are seven dimensionless groups that can affect the SMD. The subscripts of each component can then be rearranged to be equal. Therefore, it becomes Equation (12).


    SMD    d 0    = α    (   L   d 0     )   b     (   H   d 0     )   c     (     V l     V a     )    e + f + g      (     μ l     ρ l   V l   d 0     )    f + g      (   σ   ρ a   V a    2   d 0     )   h     (     ρ a     ρ l     )    i + h      (     μ a     μ l     )   f   



(12)







Because the last two terms, which are the density ratio and the viscosity ratio, are assumed as constants in this study, they are neglected. Then, Equation (13) is obtained.


    SMD    d 0    = α    (   L   d 0     )   b     (   H   d 0     )   c     (     V l     V a     )    e + f + g      (     μ l     ρ l   V l   d 0     )    f + g      (   σ   ρ a   V a    2   d 0     )   h   



(13)







The fourth and fifth groups in Equation (13) are similar to   Re   and   We  , respectively, meaning that Equation (13) can be expressed as:


    SMD    d 0    = α    (   L H   )   b     (     V l     V a     )    e + f + g     Re  l     −  (  f + g  )      We  a     − h      (   H   d 0     )    b + c   .  



(14)







Equation (14) shows that SMD is related to   Re   and   We  , as mentioned. In addition, the first group contains the geometric shapes, which is a ratio of the liquid injection position, L, to the height of the L-shape channel outlet, H. The second group represents the velocity ratio of the liquid jet injection and the crossflow, whereas the last group is the ratio of the height of the channel outlet to the liquid injector diameter,    d 0   . Consequently, Equation (14) considers not only the flow condition, but also the geometric parameters. Whether or not the collision phenomenon occurs depends on the relative velocity or momentum of the liquid jet into the L-shape crossflow. For example, if the jet momentum is relatively larger than a certain critical value, it collides with the upper wall, whereas the jet lays on the bottom wall if the jet momentum is too low. Between both conditions, the jet is broken up as per the typical JICF mechanism. In other words, the breakup process changes depending on the time the jet or droplet stays in the crossflow. Therefore, if we assume that exponent b equals (e + f + g), then the first length ratio and the second velocity ratio in Equation (14) can be combined, and the non-dimensional timescale,  τ , can be derived as:


  τ =    t l     t a    ,   w h e r e    t l  =  H   V l        a n d    t a  =  L   V a    .  



(15)







   t l    is the timescale for the jet to reach the upper wall, whereas    t a    is the timescale related to how long the crossflow will affect the jet column in the channel. If τ is relatively large, the droplet quickly escapes from the inside of the channel, and if τ is small, it is likely that the droplet will collide with the upper wall. As shown in Figure 9, the column breakup point was selected using a pixel analysis at the location where the jet column bent rapidly. This location is seen in the density gradient image where the dark pixel boundary becomes bright. And    V a    is the x-axis velocity expressed in Figure 8. Figure 18 shows the correlation between the column breakup point of each case and τ at   H /  d 0    = 20. When   10 ≤ τ  , the column breakup point occurs at a low position, which shows that it collides with the bottom. When   6 ≤ τ < 10  , it has the characteristics of a general JICF in which no collision occurs. When   τ < 6  , most of the jets collide with the upper wall. These analyses show that the crossflow can be divided into a dominant atomization region and a region in which jet impingement mechanisms exist. Also, these results suggest that the first and second groups in Equation (14) can be expressed as τ.



Therefore, Equation (14) can be rewritten with the newly defined τ as Equation (16).


    SMD    d 0    = α  τ β    Re  l     −  (  f + g  )      We  a     − h      (   H   d 0     )    b + c   .  



(16)







As shown in Figure 19, τ has a strong relation to the breakup. The new exponent (β) is adopted by combining the exponents of the first and second groups into one exponent, as we assumed. After cleaning up the exponents in Equation (16), Equation (17) is derived as the correlation for the SMD from the present results.


    SMD    d 0    = α  τ β    Re  l    γ    We  a    δ     (   H   d 0     )   ε  ,  



(17)







According to three different breakup mechanisms, we can derive three empirical correlations as Equations (18)–(20) based on the range of τ.



	(1)

	
Mechanism 1: Collision with the upper wall,   τ < 6  


    SMD    d 0    = 0.25  τ  0.85     Re  l     − 1.00     We  a     − 1.13      (   H   d 0     )    − 1.24   ,  



(18)








	(2)

	
Mechanism 2: JICF without collision,   6 ≤ τ < 10  


    SMD    d 0    = 0.48  τ  − 0.07     Re  l     − 0.35     We  a     − 0.52      (   H   d 0     )    − 0.36   ,  



(19)








	(3)

	
Mechanism 3: Collision with the bottom wall,   10 ≤ τ  


    SMD    d 0    = 2.85  τ  0.54     Re  l     − 0.78     We  a     − 1.38      (   H   d 0     )    − 1.05   .  



(20)











The correlations for the three mechanisms show good agreement with the measurement data, as shown in Figure 20. From the correlations, the effect of each term on the SMD can be deduced. First, the effects of   R  e l    and   W  e a    on the SMD can be easily understood; increases in the jet and crossflow momentum result in better atomization.  τ  proportionally affects the SMD and, in addition,  τ  controls the breakup mechanism. If the jet velocity in mechanism 1 decreases, the jet can avoid the collision with the upper wall. This can be proved with Equation (18);  τ  increases due to the decrease of the jet velocity, and the breakup mechanism can then change to mechanism 2 or 3. A decrease in the crossflow velocity (   V a   ) elicits the same effect as an increase in the jet velocity (   V l   ). The effects of the liquid injection position (L) are hidden in  τ ; an increase in L allows the longer exposure of the jet in the crossflow, i.e., an increase in    t a   . The jet can achieve better atomization performance, whereas a decrease in  τ  can increase the chance of the collision of the jet with the upper wall. Meanwhile, the channel height has more complicated effects on the SMD and the breakup mechanism. When H increases at the constant    V a   , it causes an increase in  τ  and a decrease in the last term; the increase in  τ  allows the jet to avoid the collision with the upper wall, whereas an increase in the SMD occurs because the H in the last term has a larger exponent than the H in  τ . When the mass flow rate of the crossflow is fixed with an increase in H, the SMD increases more rapidly because the effects of decreasing    V a    in     We  a    also contribute. Depending on the exponents of the non-dimensional number in the correlation equations, an effect of the  τ  term on the SMD can also be compared across the three mechanisms. Compared to mechanisms 1 and 3, the exponent of  τ  is relatively small at 0.07. This indicates that the effect of  τ  in mechanism 2 is negligible. If we ignore  τ  in Equation (19), the correlation is close to the results from Ingebo [12,13]. In other words, the geometrical influences can be neglected.



In summary, the jet breakup mechanisms in the L-shape channel mainly depend on not only   H /  d 0   , but also the dimensionless number, τ. In addition, the geometric changes, which can affect the separation zone, and the flow conditions can indirectly affect τ, and the mechanism can shift accordingly. In particular, in the range of   6 ≤ τ < 10  , the effects of τ are insignificant, and the general JICF spray characteristics are shown.





4. Discussion and Conclusions


In this work, the breakup mechanism characteristics of a jet in a crossflow in an L-shape channel were investigated by analyzing the jet characteristics with consideration given to geometrical factors and by using a high-speed camera and the HELOS. The results of this study can be summarized as follows.



	(1)

	
An L-shape channel was manufactured to simulate a JICF inside a radial swirler.




	(2)

	
In the L-shape channel, the jet characteristics were determined by the dimensionless numbers We and Re, but in addition, the atomization characteristics changed via the geometric dimensionless variables   H /  d 0    and   L /  d 0   , and this affected the size of the separation area.




	(3)

	
There were three types of jet breakup mechanisms inside the L-shape channel: (1) a general JICF mechanism, (2) jet collision via   W  e l    and   H /  d 0   , and (3) the formation of ligaments or a film via the jet collision, recirculation, and accumulation of droplets.




	(4)

	
The new dimensionless number τ was introduced through experiment data correlation, and the jet breakup mechanisms presented in (3) were described in three ranges of τ:




	
τ < 6, When the jet collides with the upper wall, the colliding droplet inevitably forms a ligament or film due to the recirculation area. The droplet size distribution creates a bimodal distribution.



	
6 ≤ τ < 10, The general JICF mechanism is dominant, and no jet collision occurs.



	
10 ≤ τ, Droplets collide with the bottom of the channel. According to the wall interaction of the droplets, it is possible for the droplet size distribution to create a bimodal distribution.












The experimental data and empirical correlations from this study can be used to predict the atomization characteristics of a jet in an L-shape channel flow that models the radial swirler of gas turbine engines, which can reduce NOx emissions.
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Figure 1. Comparison of the jet in crossflow with two types of swirlers: (a) cross-section of jet in axial swirler; (b) radial swirler. 
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Figure 2. Schematic of a lean, premixed, prevaporized combustor employing a radial swirler [2]. 
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Figure 3. Concept of a radial swirler channel simulation to an L-shape channel. 
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Figure 4. Cross-section schematics of the L-shape channel and the fuel injector. 
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Figure 5. Schematic diagram of the experimental setup. 
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Figure 6. (a) Photograph of the helium–neon laser optical system (HELOS); (b) Schematic diagram of the HELOS and the measuring point and method. 
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Figure 7. Velocity contours and streamlines with the fixed mass flow rate of 77g/s and three different channel heights: (a)   H /  d 0    = 10; (b) is   H /  d 0    = 20; and (c)   H /  d 0    = 30. 






Figure 7. Velocity contours and streamlines with the fixed mass flow rate of 77g/s and three different channel heights: (a)   H /  d 0    = 10; (b) is   H /  d 0    = 20; and (c)   H /  d 0    = 30.



[image: Energies 15 03360 g007]







[image: Energies 15 03360 g008 550] 





Figure 8. Crossflow x and y velocity by   H /  d 0    at an air mass flow rate of 77g/s: (a)   H /  d 0    = 10; (b)   H /  d 0    = 20; and (c)   H /  d 0    = 30. 
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Figure 9. Density gradient magnitude images at various flow conditions in three types of geometries. 
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Figure 10. Density gradient magnitude images at various   L /  d 0    values for     We  a  = 25  ,     We  l  = 179  , and   H /  d 0    = 10. 
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Figure 11. (a) Instantaneous jet images for   H /  d 0    = 30,     We  a  = 6.32  , and     We  l  = 717   at 0.1-ms intervals. (b) Differences between the 0.1-ms interval instantaneous images of (a). 
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Figure 12. Velocity contours and streamlines with the fixed mass flow rate of 77 g/s and three different outlet heights: (a)   H /  d 0    = 10, (b)   H /  d 0      = 20, and (c)   H /  d 0    = 30. 
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Figure 13. Instantaneous jet images for different parameter values; the mass flow rate of air is 46 g/s, (a,d) for   H /  d 0    = 10,     We  a  = 45  ; (b,e) for   H /  d 0    = 20,     We  a  = 28  ; and (c,f) for   H /  d 0    = 30,     We  a  = 5  . 
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Figure 14. Instantaneous jet images for three different outlet heights: (a)   H /  d 0    = 10; (b)   H /  d 0    = 20; and (c)   H /  d 0    = 30. 






Figure 14. Instantaneous jet images for three different outlet heights: (a)   H /  d 0    = 10; (b)   H /  d 0    = 20; and (c)   H /  d 0    = 30.



[image: Energies 15 03360 g014]







[image: Energies 15 03360 g015 550] 





Figure 15. Schematic diagram of the jet breakup mechanism in the L-shape channel, which simulates a radial swirler. 
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Figure 16. Instantaneous images and particle diameter distribution for   H /  d 0    = 10, 20, and 30,     We  l    = 179 and air mass flow of 46 g/s: (a)   H /  d 0    = 10,     We  a    = 45; (b)   H /  d 0    = 20,     We  a    = 28; and (c)   H /  d 0    = 10,     We  a    = 5. 
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Figure 17. Instantaneous images and particle diameter distribution for   H /  d 0    = 10, 20, and 30,   W  e l    = 717, and air mass flow of 46 g/s: (a)   H /  d 0    = 10,     We  a    = 45; (b)   H /  d 0    = 20,     We  a    = 28; and (c)   H /  d 0    = 10,     We  a    = 5. 
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Figure 18. (a) Schematic of a typical JICF breakup process [15], and (b) definition of the column breakup point. 
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Figure 19. Relationship between τ and breakup point when   H /  d 0    = 20. 
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Figure 20. Comparison between the measured and predicted SMDs at three types of mechanisms. 
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Table 1. Test parameter values.
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	Parameter
	Crossflow (Air)
	Fuel (Liquid)





	ρ (kg/   m 3  )  
	1.21
	1006



	σ (  N / m )  
	-
	7.28   ×   10   − 2    



	μ   ( kg / m · s  )
	1.85   ×   10   − 5    
	8.90   ×   10   − 4    



	P (atm)
	1
	



	T (  ℃ )  
	20
	



	V   ( m / s  )
	27–80
	5–15



	Re
	1100–2700
	2800–5700



	We
	6–55
	180–720



	MFR
	3–192
	



	ALR (air/liquid ratio)
	20–51
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