
    
      Figure 2. 
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        Results of a Stiftung Warentest study [10] in comparison with the sound data in the BWP database [11].

      

    

  
    
      Figure 3. 
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        Methodical procedure for determining the relevant acoustic parameters influencing the heat pump sound of the developed demonstrator.

      

    

  
    
      Figure 5. 
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        Test setup in a hemi-anechoic chamber and the compressor test bench in an adjacent room. 

      

    

  
    
      Table 1. 

      Selected refrigerant compressors for acoustic comparison.

      
        

	Compressor
	
	A
	B
	C





	Manufacturer
	
	I
	II
	III



	Type
	
	Two-cylinder rotary
	Scroll
	Scroll



	Displacement
	cm3/rev
	55
	46
	52



	Modulation range
	rpm
	900–6600
	1100–5500
	1200–7200





      

    

  
    
      Figure 7. 
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        Factors influencing the sound power level (class 1 σ=0.5 dB [25]) of three different refrigerant compressors, based on measurements (n=288) taken under stationary operating conditions with test method one factor at a time.

      

    

  
    
      Table 2. 

      Standard deviation of measurement data (n=288) on compressor tests taken under stationary operating conditions.

      
        

	Type
	σ(dT)
	σ(te)
	σ(ncomp)
	σ(ψ)
	σ(tc)





	Compressor A
	±0.64 dB
	±1.32 dB
	±6.06 dB
	±1.22 dB
	±0.76 dB



	Compressor B
	±0.36 dB
	±0.72 dB
	±4.91 dB
	±0.77 dB
	±0.84 dB



	Compressor C
	±0.43 dB
	±1.15 dB
	±5.44 dB
	±1.23 dB
	±1.32 dB





      

    

  
    
      Figure 10. 
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        Results of the fan comparison. (a) Acoustic behavior of two different fan systems installed in the demonstrator heat pump, diameter correspond to 500 mm. (b) Pressure characteristic curves as sum of two fans, based on measurements installed in the heat pump, curves below the heat pump characteristic curve extrapolated by quadratic function, the design airflow of the heat pump qv,design is 5000 m3/h at a pressure difference of 20 Pa.

      

    

  
    
      Figure 11. 
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        Test setup for sound power calculation according to DIN EN ISO 3745, measurement position 14 is used for calculating psychoacoustic parameters.

      

    

  
    
      Figure 12. 
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        Calculated loudness for the same measurement position at free field conditions of the acoustically improved demonstrator compared to the initial heat pump and to a reference heat pump in the same capacity range, data taken from [35].

      

    

  
    
      Figure 13. 
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        Contribution of fan and compressor sound power levels to the overall sound power level of the demonstrator at steady state conditions for standard rating condition A7W55 and different compressor speeds from minimum to maximum possible speeds.

      

    

  
    
      Figure 14. 
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        Influence of the pressure difference on the sound power level of the heat pump described by a variation of the flow temperature and a constant air temperature.

      

    

  
    
      Figure 15. 
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        Spectrogram of the total sound power level of the heat pump demonstrator from a run-out measurement at A7W55 from maximum to minimum compressor speed.

      

    

  
    
      Figure 16. 
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        Procedure for creating the sound model of the acoustically improved demonstrator.

      

    

  
    
      Figure A.2. 
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        Influence on compressor sound power level at system level in the heat pump demonstrator for N=21 different compressor speeds at standard rating conditions A7W35, A7W55 and A7W65.

      

    

  
    
      Figure A.4. 
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        Spectrogram of the total sound power level of the heat pump demonstrator from a run-out measurement at A7W55 from maximum to minimum compressor speed with extended frequency range. The main noise components are in the frequency range below 5 kHz. the components at 3 kHz and 7.2 kHz can be assigned to the compressor noise mainly exhaust by pressure pulsation. The VFD sounds have a minor contribution in this case, the carrier frequency of compressor drive is 6 kHz, the expanding sidebands correspondent to the switching frequencies, the VFD sound of fan motor is at 16 kHz.

      

    

  
    
      Figure A.5. 
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        Results of a directivity analysis for a heat pump demonstrator with low noise emission, the directivity of the sum level dominates towards the rear and front. The difference is approx. 5 dB to the sides. The directivity of the level-determining component of the 3.15 kHz one third octave band is more complex with a maximum in the left-rear direction (angle of approx. −150°). (a) Test setup for directivity analysis with 24 additional microphones on a circular measuring surface (cf. Fig. 11) and an angular distance of 15°. (b) Directivity characteristic of the overall sound power level and the level-determining one third octave band 3.15 kHz on the basis of a run out measurement at condition A7W55, 1 s time blocks from maximum to minimum heating capacity. The arrow describes the direction of the air flow, the compressor symbol the position of the machine room with the refrigerant circuit.

      

    

  
    
      Table A.1. 

      Sound power levels of compressor noise LW,comp using the example of the demonstrator heat pump at standard rating condition A7W55. The overall sound power level is calculated from 50 Hz to 16 kHz.

      
        

	nc
	LW
	LWA
	LW−LWA
	TAir
	Tc



	rpm
	dB
	dB(A)
	dB
	°C
	°C





	5500
	57.8
	52.4
	5.4
	6.5
	55.2



	5400
	56.3
	51.4
	4.9
	7.5
	55.6



	5100
	55.1
	50.3
	4.8
	7.4
	55.4



	5000
	54.7
	50.2
	4.5
	7.4
	55.2



	4800
	53.6
	49.7
	3.9
	7.0
	54.7



	4500
	55.0
	51.2
	3.8
	6.5
	55.2



	4200
	54.3
	48.4
	5.9
	6.8
	55.0



	4000
	57.3
	48.8
	8.5
	6.6
	54.9



	3900
	55.5
	48.5
	7.0
	6.6
	55.0



	3600
	53.4
	48.4
	5.0
	7.5
	54.7



	3500
	53.8
	47.3
	6.5
	7.5
	55.2



	3300
	55.5
	48.1
	7.4
	6.9
	54.8



	3000
	54.4
	47.7
	6.7
	6.7
	54.7



	2700
	52.0
	47.0
	5.0
	6.9
	55.3



	2500
	51.3
	45.8
	5.5
	6.9
	54.8



	2400
	50.4
	46.0
	4.4
	6.9
	54.5



	2100
	51.3
	45.6
	5.7
	6.7
	54.5



	2000
	51.5
	45.1
	6.4
	6.7
	54.2



	1800
	49.7
	44.6
	5.1
	6.6
	55.4



	1500
	48.7
	43.1
	5.6
	6.6
	54.3



	1200
	49.1
	42.5
	6.6
	6.6
	54.1





      

    

  
    
      Table A.2. 

      Calculated psychoacoustic characteristic values for 32 time sections with a duration of 3 s based on a run-out measurement over a period of 10 min under controlled operating condition A7W55. The calculations are based on the recorded sound pressure levels Leq at measurement position 14, Qh is the part load heating capacity at A7W55 in %, nc is the speed of the compressor in rpm, LWA is the sound power level of the heat pump demonstrator in dB(A), N is the loudness in sone, S is the sharpness in acum, T is the tonality in tuHMS, R is the roughness in asper, and F is the fluctuation strength in vacil.

      
        

	No.
	Qh
	nc
	LWA
	Leq
	N
	S
	T
	R
	F



	rpm
	dB(A)
	dB(A)
	sone
	acum
	tuHMS
	asper
	vacil





	1
	100%
	5500
	55.2
	39.0
	2.98
	1.38
	0.16
	0.33
	0.06



	2
	99%
	5424
	55.6
	39.4
	3.14
	1.38
	0.22
	0.30
	0.05



	3
	96%
	5281
	55.0
	38.9
	3.01
	1.42
	0.16
	0.38
	0.04



	4
	93%
	5138
	54.9
	38.5
	2.83
	1.40
	0.09
	0.34
	0.06



	5
	91%
	4994
	55.1
	38.2
	2.79
	1.35
	0.11
	0.37
	0.05



	6
	88%
	4850
	54.7
	38.3
	2.85
	1.34
	0.10
	0.35
	0.06



	7
	86%
	4706
	54.8
	38.1
	2.86
	1.29
	0.11
	0.35
	0.05



	8
	83%
	4563
	54.7
	38.2
	2.86
	1.29
	0.15
	0.36
	0.06



	9
	80%
	4419
	54.8
	38.8
	2.87
	1.26
	0.19
	0.35
	0.05



	10
	78%
	4276
	53.6
	37.5
	2.66
	1.26
	0.14
	0.37
	0.06



	11
	75%
	4133
	53.8
	37.1
	2.52
	1.26
	0.19
	0.32
	0.05



	12
	73%
	3989
	52.9
	36.5
	2.42
	1.29
	0.12
	0.37
	0.04



	13
	70%
	3846
	52.5
	35.7
	2.27
	1.33
	0.17
	0.38
	0.07



	14
	67%
	3702
	52.4
	36.0
	2.25
	1.30
	0.13
	0.41
	0.05



	15
	65%
	3559
	51.8
	35.2
	2.12
	1.33
	0.13
	0.46
	0.04



	16
	62%
	3415
	51.3
	34.6
	1.97
	1.30
	0.15
	0.42
	0.06



	17
	59%
	3271
	50.6
	33.9
	1.88
	1.33
	0.11
	0.41
	0.06



	18
	57%
	3128
	50.1
	33.3
	1.71
	1.28
	0.12
	0.43
	0.06



	19
	54%
	2984
	49.1
	32.2
	1.57
	1.36
	0.10
	0.34
	0.05



	20
	52%
	2841
	48.9
	31.7
	1.47
	1.41
	0.13
	0.30
	0.07



	21
	49%
	2697
	48.5
	32.1
	1.47
	1.36
	0.17
	0.22
	0.07



	22
	46%
	2554
	47.8
	31.0
	1.32
	1.39
	0.16
	0.21
	0.04



	23
	44%
	2410
	47.4
	31.8
	1.41
	1.36
	0.18
	0.28
	0.05



	24
	41%
	2267
	47.2
	30.7
	1.25
	1.39
	0.12
	0.21
	0.04



	25
	39%
	2123
	46.9
	29.9
	1.17
	1.47
	0.11
	0.22
	0.04



	26
	36%
	1980
	46.8
	30.0
	1.16
	1.48
	0.22
	0.17
	0.05



	27
	33%
	1836
	45.1
	29.1
	1.04
	1.34
	0.13
	0.17
	0.06



	28
	31%
	1693
	45.3
	29.1
	1.02
	1.47
	0.15
	0.16
	0.06



	29
	28%
	1549
	45.3
	29.0
	1.00
	1.43
	0.22
	0.14
	0.07



	30
	26%
	1406
	45.6
	28.6
	0.97
	1.54
	0.20
	0.17
	0.10



	31
	23%
	1262
	45.0
	28.3
	0.91
	1.55
	0.15
	0.13
	0.08



	32
	22%
	1204
	44.1
	27.8
	0.85
	1.56
	0.11
	0.14
	0.08
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