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            Abstract
          
        

        
          DISI injectors are important for evaluating the spray uniformity of individual spray plumes in order to achieve spray control and fuel distribution. To measure the spray uniformity of individual spray plumes, it is essential to obtain data on the main spray characteristics of individual spray plumes. The narrow spray angle of the DISI injector makes it difficult to measure individual spray plumes; therefore, a new method using cross-sectional images is proposed. Using sheet beams and cross-sectional images of sprays, hole-to-hole spray uniformity can be analyzed via a repeatability evaluation of the acquired data. The proposed method was verified by applying it to two injectors with different hole arrangements and operating pressure ranges. A comparison of spray uniformity between the injectors was conducted. As a result, spray uniformity was investigated in terms of the correlations among individual spray center, spray area, and spray cone angle.
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      1. Introduction
      The direct-injection injector in an internal combustion engine has the advantages of easy fuel control and high injection response. Additionally, the direct-injection engine improves the torque, power, and fuel economy owing to latent heat of evaporation of the fuel, compared to the port-injection engine.1,2) Because of these advantages, the DIS Imethod is increasingly being for injection in gasoline engines, replacing the conventional port injection method.3-6) There are various types of DISI injectors, such as the pintle type, slit type, outwardly-opening type, and multi-hole type. Among them, the multi-hole type direct injection injector can easily distribute fuel and has excellent atomization characteristics; this type of injector is mainly applied to diesel engines.7-9) The spray characteristics of the injector significantly affect the quality of mixture, and precise fuel injection control is essential.10-13) Hole-to-hole analysis of multi-hole injectors is important for accurate spray targeting because the hole-to-hole characteristics vary depending on the design tolerance of the injector, behavior of the needle (or ball), hole arrangement, and deposit.14-18)

      The hole-to-hole characteristics of diesel injectors with a symmetrical spray structure installed at the center of the combustion chamber have been investigated to analyze the fuel distribution and spray uniformity.19,20) However, the DISI injector is mounted on the side of the combustion chamber owing to the spark plug. Therefore, the DISI injector has a small injection angle and a non-symmetrical structure.5,7,21) For obtaining an accurate fuel distribution, hole-to-hole analysis is more important for a DISI injector with a non-symmetrical spray structure than for other injectors. However, owing to the small spray angle, interference occurs among the spray plumes injected from different hole when the spray is injected. Thus, DISI injectors have difficulty determining the hole-to-hole spray characteristics. To overcome this problem, the spray cross-sectional image technique for checking and comparing the distribution of fuel using section image of the spray has been used in recent years.4,22-27)

      Dahlander and Lindgren23) studied how the hole arrangement of a multi-hole DISI injector affects the fuel distribution, air inflow and velocity, and turbulence formation using various methods, such as laser-induced fluorescence(LIF), Mie-scattering, phase Doppler anemometry (PDA) and computational fluid dynamics(CFD). The distance between the spray plumes has a greater effect on the mixture formation than the symmetry of the hole arrangement, and fluctuations between cycles can significantly affect the ignition stability in the combustion system. Wu et al.24) investigated the collapse process through an experimental study in which cross-sectional images of two injectors in a flash boiling condition were obtained. Wood25) confirmed that the spray collapse process occurs under the flash boiling condition by using a spray cross-sectional image. Befrui et al.26) and Das et al.27) verified the accuracy of spray targeting via CFD spray cross-sectional analysis and suggested methods for reducing the cost and time. Van Romunde et al.4) analyzed the effect of the fuel temperature by spraying various fuels of the DISI injector and conducting observations from a side view and a bottom view. When the atmospheric pressure was reduced to 0.5 bar in a non-collapsed condition, the spray tip penetration of all the fuels increased by 20-25 %, and the degree of reduction of the spray cone angle depended on the fuel temperature. As described above, various methods are applied to expand the width of spray analysis by using the spray cross-sectional images. However, unlike diesel injectors, GDI injectors lack research on hole-to-hole analysis. In addition, existing X-ray techniques capable of separating high concentrations of spray have limitations in terms of cost and time.

      The objective of the present study was to propose a hole-to-hole spray uniformity evaluation method using the characteristics of individual spray plumes obtained through spray cross-sectional images. To validate the proposed method, it was applied to two different types of DISI injectors in experiments, and the spray uniformity was analyzed. By obtaining the deviation information of the spray center, spray area, and spray cone angle of individual spray plumes from the spray cross-sectional image, the spray uniformity of the two injectors was compared, and the characteristics of each injector were investigated.

    

    

  
    
      2. Experimental Apparatus and Analysis Methods
      
        2.1 Experimental Apparatus
        Fig. 1 shows a schematic of the spray pattern measurement system. The spray cross-sectional imaging device was composed of a fuel supply unit, an image acquisition unit, and a signal control unit. To pressurize the fuel in the fuel supply unit, a pneumatic pump(Haskel, DSF-60) was used, and the fuel was stored in an accumulator to maintain the pressure. The injector was controlled using a CompactRIO controller(NI, cRIO-9030), a differential digital input(NI, 9411), and an injector controller(NI, 9751). The image acquisition unit comprised a high-speed camera(FASTCAM, Mini A X100), a l ens(SIGMA, 105 mm f / 1 : 2.8 DG MACRO HSM) and a Nd:YAG laser(Continuum, SL2-100) with a wavelength of 532 nm. Optics were combined to generate a sheet beam to obtain a spray cross-sectional image. In the signal control unit, a pulse generator(Berkeley Nucleonics Corps., Model 577) was used for signal control and synchronization of the high-speed camera, injector, and laser. The obtained spray image was processed in the order of background removal, black-and-white processing, binarization, and filtering using a MATLAB based in-house program. Quantitative data such as the spray center, spray area, and spray cone angle were extracted using the coordinates of the spray in the processed spray cross-sectional image.

        
          
          

          Fig. 1 
				
          

          
            Schematic of the spray pattern image measurement system
          
          

          

        

        To verify the spray uniformity measurement method, it was applied to two types of six-hole DISI injectors with different hole diameters and orifice arrangements. Injectors A and B could be used up to maximum injection pressure of 20 MPa and 35 MPa, respectively. The hole arrangement and an example spray cross-sectional image are shown in Fig. 2. The detailed location and diameter of a hole are shown in App. A.10) The orifice and step hole diameter for injector A was approximately 2 times larger than that for injector B. Further, injector A had a hexagonal symmetrical hole arrangement, and the average hole-to-hole distance was 960.2 μm. Injector B had a triangular symmetrical hole arrangement, and the average hole-to-hole distance was 540.5 μm. The spray uniformity was measured using two completely different DISI injectors from the allowable injection pressure to the hole structure to validate the proposed measurement method.

        
          
          

          Fig. 2 
				
          

          
            Hole arrangement and an example of a spray pattern image for injectors A and B
          
          

          

        

        Fig. 3 shows the spray cross-sectional images for injectors A and B arranged under the same injection conditions. Because the diameter and arrangement of the holes differed between the two injectors, the spray patterns differed. Additionally, even though the injection conditions were identical, the individual spray plumes exhibited different shapes. By using the characteristics of the individual spray plumes, which were different, the spray uniformity of the individual spray plumes according to various injection conditions in each injector was evaluated.

        
          
          

          Fig. 3 
				
          

          
            Spray pattern images obtained at different injection pressures for injectors A and B at Dtip=45 mm
          
          

          

        

      

      
        2.2 Experimental Conditions
        Table 1 presents the experimental conditions for measuring the spray cross-sectional images. In the experiment, the injection pressure was increased by 20 MPa for injector A and by 30 MPa for injector B. The ambient pressure was set as the atmospheric pressure, and the energizing duration was set as 1.5 ms, which was sufficient for stable injection of the fuel of the DISI injector. An example graph of the injection rate for an energizing duration of 1.5 ms is presented in App. B. As shown, there was a stable section sufficient for acquiring a spray cross-sectional image. When the distance from the injector tip to the measurement cross-section was less than 30 mm, the spray was not sufficiently developed, and the overlap of the spray was severe; thus, it was difficult to separate the individual spray plumes. When the distance exceeded 60 mm, the droplets were dispersed owing to the scattering of the spray, and the boundary of the spray was unclear; thus, it was difficult to capture the spray cross-sectional image. Therefore, the distance from the injector tip to the measurement cross-section was increased from 30 to 60 mm in 5 mm increments to obtain and spray cross-sectional images.

        
          Table 1 
				
          

          
            Experimental conditions
          
          

        

        
          
            
              	Conditions
              	Value
            

          
          
            	Injector
            	A, B
(six-hole DISI injector)
          

          
            	Injection pressure [MPa]
            	Injector A: 10, 20
Injector B: 10, 20, 30
          

          
            	Ambient pressure
            	Atmospheric
          

          
            	Energizing duration [ms]
            	1.5
          

          
            	Measurement distance [mm]
            	30-60 (increments of 5)
          

        

        

      

      
        2.3 Spray Uniformity Evaluation Method Using Spray Center, Spray Area and Spray Cone Angle
        The spray center, spray area, and spray cone angle of the individual spray plumes of the spray cross-sectional image obtained using the MATLAB based in-house program were determined. Schematics of the spray center, spray area, and spray cone angle of individual spray plumes and the definition of the offset spray angle are shown in Fig. 4. The spray center and spray area of the individual spray plumes were calculated by separating the area where the spray existed. The method for measuring the spray angle was presented in a previous report.22) App. C shows a schematic of the method used for measuring the spray cone angle of individual spray plumes. End points 1 and 2 were created using a straight line connecting the center of the individual spray plume with point 1 projecting the injector tip onto the spray cross-sectional plane.

        
          
          

          Fig. 4 
				
          

          
            Schematic showing (a) definitions of individual spray plume characteristics and (b) definition of the offset spray angle
          
          

          

        

        The spray cone angle of the individual spray plumes was then obtained using the coordinates of the injector tips and end points 1 and 2. Using the data obtained by repeating the injection 100 or more times under the same conditions, it was possible to evaluate the uniformity of individual spray plumes according to the average and deviation data. The offset spray angle was the angle between the axis of the nozzle tip and the central axis of the spray plume, and Dtip (distance from nozzle tip) was the straight distance from the injector nozzle tip to the spray cross-section measurement area. An example of two spray plumes with different offset spray angles is shown in Fig. 4(b). Spray A exhibited a smaller offset spray angle than Spray B. As in most DISI injectors, the spray was asymmetric; thus, each spray plume had various offset spray angles, as in the example. Therefore, spray A with a small offset spray angle had a relatively short Dtip,A(distance from the nozzle tip to the measurement cross-section of injector A). Spray B with a large offset spray angle had a relatively long Dtip,B(distance from the nozzle tip to the measurement cross-section). Therefore, because spray B with more developed than spray A is measured, even if the injection is performed under the same conditions in the same injector, a large spray offset angle may reduce the spray uniformity.

        By comparing the variation of the spray area and the spray angle, the uniformity of the spray plume of each injector was evaluated. However, because the hole diameter and offset spray angle differed between the injectors, it was impossible to objectively compare the uniformity of different holes or injectors. Therefore, the final Uarea(spray uniformity based on spray area) and Uang(spray uniformity based on spray cone angle) values were obtained through normalization, by dividing the deviation of the data by the average value. By applying normalization, the unique deviations of each injector are divided by the average value to make the result values of different injectors into a comparable index.
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      3. Results and Discussion
      
        3.1 Spray Uniformity Analysis Using Spray Center Deviation
        Fig. 5 shows the deviation of the individual spray plume center for injector A. The deviations at each measurement position are indicated by symbols, and the deviation of the spray center according to the offset spray angle was linearly fitting and shown as a blue solid line. The deviation of each spray center under spray pressures of 10 and 20 MPa and Dtip values of 30, 45, and 60 mm was expressed by dividing by the θoffset of each spray plume. As Dtip increases at the injection pressure of 10 and 20 MPa, the spray develops and scatters in several directions, so most spray plumes increase the deviation of the spray centers in the X and Y directions. As the Dtip increased from 30 mm to 60 mm, the deviation of spray center increased 189.8 % on average at Pinj=10 MPa and 189.3 % on average at Pinj=20 MPa. As the offset spray angle increased at the injection pressure of 10 MPa, the spray distance from the injector tip to the measured cross section increased by ∼ 9 %; thus, the spray droplets lost straightness and the spray center deviation increased. The spray center deviation for holes 4 and 5 with a large offset spray angle also decreased, because the spray droplets at an injection pressure of 20 MPa were developed with greater momentum than 10 MPa. Therefore, for injector A, as the injection pressure increased, the spray center deviation of the spray plums with a large offset spray angle decreased. The hole-to-hole variation of the spray center deviation was reduced. Consequently, injector A increased the uniformity between the spray plumes at the injection pressure of 20 MPa. Although there is a target injection pressure designed for each injector, it is judged that optimum injection conditions exist for uniformity in each injector.

        
          
          

          Fig. 5 
				
          

          
            Spray center deviation of individual spray plumes for injector A
          
          

          

        

        The spray center deviation of injector B is shown in Fig. 6. Injector B was also a six-hole injector, with different orifice design angles. Therefore, the spray center deviation was investigated according to the offset spray angle. As with injector A, the deviation of the spray center increased as the offset spray angle increased. However, for injector B, when the injection pressure increased from 10 MPa to 30 MPa, the spray center deviation increased, and the spray uniformity decreased for all holes. In particular, the deviation increased rapidly at Dtip=60 mm. This is because the spray droplets of injector B having a small orifice diameter encountered a large air resistance owing to atomization at a high injection pressure and were scattered in various directions. However, near the injector tip(e.g., Dtip=30 mm), the spray droplet still had a large amount of momentum; thus, even if the injection pressure increased, this did not significantly affect the spray uniformity. To analyze the characteristics of injector B in more detail, it was necessary to examine the normalized spray area deviation and spray cone angle deviation.

        
          
          

          Fig. 6 
				
          

          
            Spray center deviation of individual spray plumes for injector B
          
          

          

        

      

      
        3.2 Spray Uniformity Analysis Using Spray Area Deviation
        Before evaluating the spray uniformity using the spray area deviation of the individual spray plumes, the area of the individual spray plumes of injector A under each spray condition were examined, as shown in Fig. 7. When Dtip increased at injection pressures of 10 and 20 MPa, the spray area increased. When Dtip was 45 mm, the spray area decreased as the injection pressure increased. A spray plume with a large offset spray angle is observed with a less developed spray cross-section because the distance from the nozzle tip to the measuring cross-section is far.

        
          
          

          Fig. 7 
				
          

          
            Average spray area of an individual spray plume for injector A
          
          

          

        

        Accordingly, as the offset spray angle increased, the spray area tended to decrease. Because the spray area was affected by the offset spray angle, Dtip and the injection pressure, the spray area deviation was normalized to evaluate the sprayuniformity.

        Fig. 8 shows the normalized deviation of the spray area. Dtip was increased from 30 to 60 mm in increments of 5 mm, and the deviation was grouped according to the offset spray angle. As Dtip increased, the deviation of the spray area tended to increase. As the offset spray angle increased at the injection pressure of 10 MPa, the spray area decreased, but the normalized spray area deviation increased. At a spray pressure of 20 MPa, the shot-to-shot variation of the spray plume with a large offset spray angle(e.g., holes 4 and 5) was reduced. Consequently, the overall hole-to-hole variation was reduced. The results of the spray uniformity analysis based on the spray area agreed well with those of the spray uniformity analysis based on the spray center.

        
          
          

          Fig. 8 
				
          

          
            Normalized deviation of the spray area of an individual spray plume for injector A
          
          

          

        

        The spray area and normalized spray area deviation of injector B are shown in Figs. 9 and 10, respectively. Injector B had a triangular hole arrangement. The offset spray angle of injector B ranged from 7.37° to 35.68°. The distribution of the offset spray angle was wider for injector B than injector A. Therefore, as shown in Fig. 9, the spray area decreased rapidly as the offset spray angle increased. When the injection pressure increased from 10 to 20 MPa, the average spray area decreased slightly for all holes. However, when the injection pressure increased from 20 to 30 MPa, the spray area for the holes with a small offset spray angle at Dtip=60 mm was significantly reduced. This is because atomization of the spray droplets caused them to evaporate or scatter, and the area of the spray droplets decreased rapidly. However, as shown Fig. 10, despite the small spray area the deviation of the normalized spray area was significant. The average absolute value of the spray area did not significantly affect the spray uniformity. Unlike injection pressure 10, 20 MPa, injector B shows a sharp decrease in spray uniformity at Dtip=60 mm for injection pressure of 30 MPa. Since the injector B has a small nozzle hole, the diameter of the spray droplet decreases as the injection pressure increases. Therefore, in the areas where Dtip and Pinj are large, the spray droplets are scattered in all directions, and the spray uniformity obtained using the spray area is rapidly reduced.

        
          
          

          Fig. 9 
				
          

          
            Average spray area of an individual spray plume for injector B
          
          

          

        

        
          
          

          Fig. 10 
				
          

          
            Normalized deviation of the spray area of an individual spray plume for injector B
          
          

          

        

      

      
        3.3 Spray Uniformity Analysis Using Spray Cone Angle Deviation
        Fig. 11 shows the average spray angle of each individual spray plume of injector A. With the increasing offset spray angle, because the distance from the injector tip to the measuring cross-section increased, the spray cone angle and spray area tended to decrease. However, when the injection pressure increased to 20 MPa, the effect of the offset spray angle became meaningless, because the straightness increased owing to the large momentum of the spray droplet.28) For a more objective comparison, the normalized spray angle deviation of each individual spray plume was examined, as shown in Fig. 12. The spray cone angle deviation was large for the spray plumes with a large offset spray angle. When the injection pressure was increased to 20 MPa, the deviation of the spray cone angle with a large offset spray angle was slightly reduced. Therefore, for injector A, the spray droplet had a large amount of momentum when the injection pressure increased from 10 to 20 MPa; thus, the spray had high linearity in the axial direction and the spray uniformity increased. Additionally, the spray uniformity evaluated using the spray cone angle exhibited the same trends as that measured using the spray center and spray area.

        
          
          

          Fig. 11 
				
          

          
            Average spray cone angle of an individual spray plume for injector A
          
          

          

        

        
          
          

          Fig. 12 
				
          

          
            Normalized deviation of the spray cone angle of an individual spray plume for injector A
          
          

          

        

        The results of the spray uniformity evaluation using the spray cone angle of injector B are shown in Figs. 13 and 14. Fig. 13 shows the individual spray cone angle for injector B. At all injection pressures, the spray cone angle decreases as Dtip increased. However, when the injection pressure increased, the dependence of the spray cone angle on Dtip increased, and the spray cone angle at an injection pressure of 30 MPa was relatively unstable. The deviation of the spray angle was also normalized for injector B. As shown in Fig. 14, the spray uniformity was confirmed using the spray cone angle. As shown in Figs. 6 and 10, when the injection pressure increased to 30 MPa, the deviation significantly increased, particularly at Dtip=60 mm. This was confirmed by the spray cone angle deviation. Injector B was stably injected up to an injection pressure of 20 MPa, and the spray uniformity decreased owing to the atomization of the spray droplets at an injection pressure of 30 MPa. The spray uniformity characteristics evaluated using the spray cone angle agreed well with those based on the spray center and spray area.

        
          
          

          Fig. 13 
				
          

          
            Average spray cone angle of an individual spray plume for injector B
          
          

          

        

        
          
          

          Fig. 14 
				
          

          
            Normalized deviation of the spray cone angle of an individual spray plume for injector B
          
          

          

        

      

      
        3.4 Evaluation of Spray Uniformity Measurement Method
        To evaluate the uniformity measurement method for the individual spray plumes of the DISI injector, the spray uniformity was analyzed for two different injectors. The tendencies of the spray uniformity identified by using three characteristics(the spray center, spray area and spray cone angle) a greed well. Injectors A and B both performed injection stably when the injection pressure was 20 MPa or less. However, the spray uniformity of injector B decreased slightly owing to the atomization and scattering of the spray droplets at the injection pressure of 30 MPa. As the injection pressure increased from 10 MPa to 30 MPa, the results calculated using the spray center, spray area and spray cone angle showed that the average deviations increased by 103.1 %, 125 %, and 99.6 %, respectively. As mentioned previously, the uniformity of the individual spray plumes differed between the DISI injectors, and it was possible to understand the injector uniformity characteristics according to the injection conditions.

        Additionally, the normalized data obtained by applying this research method to DISI injectors with various L/D values, step hole shapes, hole arrangements or structures, and injection pressures, can be analyzed to obtain the absolute index of the uniformity of individual spray plumes for DISI injectors.

      

    

    

  
    
      4. Conclusion
      The spray center, spray area, and spray cone angle of individual spray plumes were analyzed using spray cross-sectional images to overcome the difficulty of analyzing individual spray plumes due to the small injection angle of the DISI injector. Through a shot-to-shot analysis of these features(spray center, spray area, and spray cone angles), the spray uniformity of the injector was analyzed, and the following results were obtained.

      
        	1) The spray uniformity was evaluated using the characteristics of the individual spray plumes(spray center, spray area and spray cone angle) acquired from spray cross-sectional images. The method for evaluating the spray uniformity was validated using two injectors with different hole structures and arrangements. For both injectors A and B, the spray uniformity was accurately measured under the conditions in which the spray images were acquired.


        	2) Even though each injector was injected under the same injection conditions, there was a difference in spray uniformity between spray plumes with different spray offset angles. Injector A became more stable as the injection pressure increased, because the difference in uniformity between individual spray plumes decreased. However, injector B exhibited different characteristic, as the diameter of the spray droplets was significantly reduced owing to the very small hole diameter. The spray uniformity decreased when the injection pressure increased because the spray droplets were scattered in various directions without encountering the resistance of the surrounding air. Thus, it was possible to analyze the unique spray characteristics according to the hole arrangement and structure of each injector.


        	3) The spray uniformity was evaluated using the deviation of the spray center, spray area, and spray cone angle for the individual spray plumes. The normalized data can be used to objectively compare the spray uniformity regardless of the type of injector and the injection conditions. The spray uniformity values measured using the three methods agreed well. By performing further studies in which spray uniformity evaluation methods are applied to DISI injectors with different L/D values, step hole shapes, and hole arrangements, an absolute index for evaluating the spray uniformity under various conditions can be obtained.


      

    

    

  
    
      Nomenclature
      
        
          	
          	
        

        
          	
            L : 
          
          	
            length
          
        

        
          	
            Dtip : 
          
          	
            measuring distance from injector tip
          
        

        
          	
            θoffset : 
          
          	
            offset spray angle
          
        

        
          	
            teng : 
          
          	
            time after start of energizing
          
        

        
          	
            Uarea : 
          
          	
            spray uniformity using spray area
          
        

        
          	
            Uang : 
          
          	
            spray uniformity using spray cone angle
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          Appendix Figures
          
            
            

            App. A 
				
            

            
              Distance between holes and diameter of holes for injectors A and B
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              Example of injection rate graph with teng=1.5 ms for the DISI injector
            
            

            

          

        

        
          
          
            
            

            App. C 
				
            

            
              Spray cone angle measurement method for an individual spray plume
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