
    
      Figure 1 
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        CAA simulation workflow applied in the hybrid approach.

      

    

  
    
      Figure 2 
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        (a) Front and side views of the orifice obstructing the upper half of the cross section, (b) full CFD domain and (c) CA domain with indicated sensor positions K1–K6.

      

    

  
    
      Table 1 

      Overview of investigated cases and CFD and CA setup details.

      
        
          
            
              	Case
              	C1
              	C2
              	C3
            

          
          
            
              	U [image: equation]
              	3.87
              	8.16
              	20.79
            

            
              	Ma
              	0.0112
              	0.0236
              	0.0602
            

            
              	ReB
              	12,000
              	26,000
              	66,000
            

            
              	Reτ
              	750
              	1430
              	3100
            

            
              	Δr+
              	0.077
              	0.145
              	0.312
            

            
              	tFT (s)
              	0.33
              	0.16
              	0.06
            

            
              	tCFD=tCA (s)
              	0.2
              	0.2
              	0.1
            

            
              	ΔtCFD (μs)
              	10
              	5
              	2
            

            
              	
                N
                CFD
              
              	20,000
              	40,000
              	50,000
            

            
              	
                N
                CA
              
              	20,000
              	20,000
              	10,000
            

          
        

      

    

  
    
      Table 2 

      Axial positions of the evaluation points (positions of pressure transducer) relative to the pipe diameter D with respect to the leading edge of the orifice.

      
        
          
            
              	Pos.
              	K1
              	K2
              	K3
              	K4
              	K5
              	K6
            

          
          
            
              	z/D
              	−2.7
              	−1.0
              	1.3
              	3.1
              	7.0
              	17.0
            

          
        

      

    

  
    
      Figure 3 
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        CFD mesh: (a) longitudinal view, (b) detail near the orifice, (c) cross-sectional view of the in- and outflow section and (d) cross-sectional view of the refined mesh near the orifice.

      

    

  
    
      Figure 4 
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        Contours of the (a) instantaneous axial velocity [image: equation] and its mean value (b) [image: equation], the (c) instantaneous turbulent kinetic energy [image: equation], and its mean value (d) [image: equation], (e) the instantaneous pressure fluctuations [image: equation] and its mean value and (f) [image: equation] for case C1.

      

    

  
    
      Figure 5 
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        Pressure loss coefficients [image: equation] over the entire domain and between individual axial positions K2, K3, and K4.

      

    

  
    
      Figure 6 
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        Rms of the near-wall pressure [image: equation] over z/LRP from LES and from measurements at positions K3, K4 and K5.

      

    

  
    
      Figure 7 
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        Contours of the (a) resolved Lighthill source term [image: equation] and (b) the SGS contribution [image: equation] for case C1. Different ranges are used for the color bars for better visualization.

      

    

  
    
      Figure 8 
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        Spectra of the resolved, SGS contribution and full Lighthill source term for (a) C1, (b) C2 and (c) C3, inside the high turbulent region marked in (d).

      

    

  
    
      Figure 10 

      
        [image: thumbnail]
      

      
        Spectra of the PCWE source term and its components within the high turbulent region (P1) and the high-velocity region (P1) marked in the bottom subfigure, for (a) and (b) C1, (c) and (d) C2, (e) and (f) C3, respectively. Additional spectra for C2 inside the (g) recirculation zone and (h) further downstream of the high turbulent region (P4).

      

    

  
    
      Figure 11 
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        Cross-correlation profiles of the PCWE source terms and its components along the y-axis for case C1 at positions (a) z = 1.27D, (b) 3.27D and (c) 6.27D.

      

    

  
    
      Figure 12 
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        CA mesh with consisting of a fluid region (grey) and adjacent PML regions (yellow).

      

    

  
    
      Figure 13 
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        PSDs of the wall pressures of C1, C2, and C3 at positions upstream (K2) and downstream (K4) of the orifice.

      

    

  
    
      Figure 14 
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        Real part of the Fourier transform of the acoustic pressure obtained by the PCWE for C1 at f10 = 4044.7 Hz (left) and f20 = 6709.6 Hz (right).

      

    

  
    
      Figure 15 
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        Instantaneous field of pressure fluctuation of C1 of (a) the propagation simulation and of (b) the incompressible CFD simulation at t = 0.03 s.

      

    

  
    
      Figure 16 
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        Instantaneous field of the acoustic pressure of C1 obtained by (a) the PCWE-based propagation simulation and (b) by the RIB-based propagation simulation at t = 0.03 s.

      

    

  
    
      Figure 17 
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        PSDs of the wall pressures for case C2 at positions K4 and K6 downstream of the orifice.

      

    

  
    
      Table 4 

      Overview of deviation of simulations from measurement (26) (averaged over sensor positions K1–K6), and SPL (28) predicted by PCWE and RIB at K6 for the three cases and the average of the cases.

      
        
          
            
              	Case
              	
                
                  [image: equation]
                
              
              	
                
                  [image: equation]
                
              
              	
                
                  [image: equation]
                
              
              	
                
                  [image: equation]
                
              
              	
                
                  [image: equation]
                
              
              	
                
                  [image: equation]
                
              
            

          
          
            
              	C1
              	2.91
              	1.98
              	1.77
              	4.09
              	82.3
              	80.2
            

            
              	C2
              	4.31
              	2.26
              	2.14
              	3.37
              	94.6
              	94.7
            

            
              	C3
              	3.88
              	2.53
              	2.48
              	3.18
              	121.4
              	119.2
            

            
              	Avg.
              	3.70
              	2.26
              	2.13
              	3.55
              	99.4
              	98.0
            

          
        

      

    

  
    
      Table 5 

      Overview of computational resources required for the steps in the simulation workflow.

      
        
          
            
              	Step
              	Mem. (GB)
              	No. CPUs
              	tsol (s/TS)
              	texp (s/TS)
              	Data size (MB/TS)
            

          
          
            
              	CFD
              	515.0
              	128
              	28.0
              	6
              	91
            

            
              	CA
              	1.5
              	4
              	0.8
              	–
              	1
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