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Figure 5.10: Scatterplot for three di↵erent amplitudes (pointsize) and 10� phase steps

Several things are remarkable:

• There is a gap between 0� and 180�. The waves partially cancel or sum up, depending

on the spin direction.

• 0�/180�/360� are not perfect standing waves but slightly o↵ the A=B line. B is smaller

than A even though they should be identical due to symmetry. That might indicate

geometric inaccuracies.

• The shape of the curve does not vary a lot with forcing amplitude. It is mainly a

repositioning of the half-moon shaped curve towards higher or lower amplitudes.

The similarity of the three curves shows that an increase in amplitude leads to quite pre-
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5.8 Influence of speaker position and phase angle

Figure 5.13: Speaker positioning for current setup

For these measurements one signal is sent to a fixed speaker. The second signal is sent to the

speakers in positions 45�, 90�, 135� and 180� spacial angle, one after another, as displayed

in figure 5.14. The speaker is a di↵erent one for each series of measurements. In the same

way as in section 5.6, the phase between the signals was varied in steps of 10� for each

position. The 763 Hz sine voltage signal was checked with a multimeter’s RMS function to

be identical. Each measurement of phase and position lasts ten seconds.

The purpose of this setup is to understand the influence of phase and relative speaker

position onto the amplitudes A and B as well as onto the spin ratio.
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Figure 5.14: Scatterplot for di↵erent speaker positions and phases between signals

As can be seen in figure 5.14 there is a trend towards asymmetry just as already observed in

section 5.6. Amplitude A tends to be bigger than B. The spinning ratio’s values are thereby

not covering the same interval in positive as in negative values (fig. 5.15).

The speaker position of 135� in figure 5.14 shows the most clean results. The amplitudes

are quite predictable as the curve seems to be close to quarter a circle. If the amplitudes

of both speakers are to be increased or decreased, most of the surface in figure 5.14 could

be covered. Ideally, this would mean that any combination of A and B could be achieved,

implying a perfect control of the sound field.

The shape of the curves indicates that, depending on the phase di↵erence, there is partial

cancelation or summation of the waves travelling around the combustion chamber.
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The fact that the scatterplot curves are not symmetric might be a result of the rig’s man-

ufacturing tolerances. The gap between 0� an 180� is a result of the superposition of the

phase shifted waves and might be influenced by the travelling distances of the waves. As the

acoustic loss is expected to be dependent on the path in the annulus, the loss will probably

a↵ect the result. In the case of opposite speakers (180� angle) e.g., complete cancellation

would be expected for a phase of 0�, but is not observed (fig. 5.16) [20].

Figure 5.16: Scatterplot for di↵erent speaker positions and phases between signals (same

speakers)

As in the previous setup the 135� curve seems to be the most interesting possibility to

control the spin ratio in the combustor as it is most predictable. The di↵erence in travelling

distance between the two paths connecting the speakers (3/8 and 5/8 of circumference) is

lower than for 45� and 90�, but the setup is still asymmetric. Asymmetry might be required
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Figure 5.18: Di↵erent 90� speaker positions

For constellation A and C speaker 2 (no phase variation) was “leading”, while for constel-

lation B and D speaker 1 (phase being varied) was “leading” . This di↵erence in relative

positions of the speakers one to another leads to a rotation of all the points around the

half-moon center (fig. 5.19). The result is that the maximum amplitudes for measurement

B and D do not occur at 0� phase shift but 180�. The reason for this could be the cancella-

tion or summation of amplitudes travelling di↵erent paths. The role played by the acoustic

loss in the shapes is unclear, but as the curves 135� earlier indicated, the gap between 0�

and 180� phase angle grows with path (45�gap>90�gap>135�gap). Only as long as there is

asymmetry (180� speaker angle means symmetry) this e↵ect is observed (5.19).

67



Results and discussion Influence of geometry

Figure 5.19: Scatterplot for di↵erent 90� positions and phases (same speakers)

Most importantly, the four curves are expected to look identical. As the input and the

speakers are the same, the shape can only be caused by either the microphone positions or

the rig’s geometry. The microphones were not repositioned in this setup. Even though the

two microphone method should help reconstruct the sound field no matter the speaker and

microphone positions, an influence cannot be excluded.

The di↵erences in shape and position between the curves could indicate that the tolerances

of the rig might not be precise enough.

Finally, the spin ratio plotted over the phase shift once more illustrates the importance of

the leading speaker and the di↵erences between the four measurements:
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Figure 5.20: Spin ratio for di↵erent 90� positions and phases (same speakers)
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Conclusion What could be done next?

If we look at the setup with four di↵erent 90� positions, it seems that some positions are

preferable to others.

The author would therefor suggest investigations regarding:

• speaker influence: consider speaker calibration

• manufacturing tolerance: is the rig close enough to an ideal rig with 45� tubes, normal

to the cylindric surface?

• acoustic loss influence: how does the path ACW/CW spinning waves have to travel

around the annulus, to reach the other speaker, influences their amplitude?

• more than two forcing speakers to find out if the response is smoothened

Lessons learned

The challenges of experimental work have been experienced during the preparation of this

work. Time pressure, familiarizing with and limited availability of equipment are probably

more common challenges and could not have been avoided.

However, making further measurements before the previous ones were fully evaluated and

understood could have been avoided. Some experiment setups could have been designed

better if the results of previous experiments would have been known at that time.

Likewise the importance of not varying too many parameters between measurements is now

clearer to the author. The interpretation of the results would be easier and more informative

if only one parameter (speaker, speaker position, microphone position) was varied at a time.
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Numerical model of the two microphone method

1 close all % close all figure windows that are open

2 clear all % clear all the variables currently stored in memory

3 clc % clear the commands in the command window

4 format short g %makes decimals visible as such

5 %------------------------------------------------------------------------

6 %FREQ, SPEED OF SOUND AND WAVENUMBER

7 f=765; %frequency

8 c=343; %speed of sound

9 k=2*pi*f/c; %wave number

10 %------------------------------------------------------------------------

11 %AMPLITUDES AND MEASURMENT POINTS

12 A=25; %amplitude A

13 B=15; %amplitude B

14

15 x2=0.15; %measuring distances

16 x3=0;

17

18 fs=51200; %sampling frequency

19 time=10; %time of sampling

20

21 t=0:1/fs:time-1/fs; %time vector

22 %----------get pressure values at mic locations and add noise------------

23 mic2=pressurefunction_x_t_k_f_A_B(x2,t,k,f,A,B)+randn(1,fs.*time);

24 mic3=pressurefunction_x_t_k_f_A_B(x3,t,k,f,A,B)+randn(1,fs.*time);

25 %-------------------%real part microphones---------------------------

26 %real part microphones

27 mic2_real=real(mic2);

28 mic3_real=real(mic3);

29 %---------------------plots pressure time series--------------------------

30 subplot(2,1,1)

31 plot(t,mic2_real)

32 grid on

33 grid minor

79



34 title('Mic 2')

35 xlabel('Time (s)');

36 ylabel('Pressure (Pa)');

37 %--

38 subplot(2,1,2)

39 plot(t,mic3_real)

40 grid on

41 grid minor

42 title('Mic 3')

43 xlabel('Time (s)');

44 ylabel('Pressure (Pa)');

45 %--------------------FFT -----------------------------------------------

46 N = length(mic2);

47 N_2 = ceil(N/2);

48

49 mic2_fft=fft(mic2)/N; %FFT and scaling

50 mic3_fft=fft(mic3)/N;

51

52 mic2_fft_max=max(mic2_fft);

53 mic3_fft_max=max(mic3_fft);

54

55 [amplitudeA,amplitudeB]=calculate_back(mic3_fft_max,mic2_fft_max,x3,x2,k)

56 amplitudeA_abs=abs(amplitudeA)

57 amplitudeB_abs=abs(amplitudeB)

58 %-----------------------plots FFT------------------------------------------

59 figure

60 subplot(2,1,1)

61 bin_vals = [0 : N-1]; %adapt to frequency instead of bins

62 fax_Hz = bin_vals*fs/N; %adapt to frequency instead of bins

63 N_2 = ceil(N/2); %ceil rounds to next integer

64 plot(fax_Hz(1:N_2), abs(mic2_fft(1:N_2)))

65 xlabel('Frequency (Hz)')

66 ylabel('Magnitude (Pa)');

67 title('Magnitude spectrum (Hertz) Mic 2 FFT');

68 grid on

69 grid minor

70 %--
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71 subplot(2,1,2)

72 bin_vals = [0 : N-1];

73 fax_Hz = bin_vals*fs/N;

74 N_2 = ceil(N/2);

75 plot(fax_Hz(1:N_2), abs(mic3_fft(1:N_2)))

76 xlabel('Frequency (Hz)')

77 ylabel('Magnitude (Pa)');

78 title('Magnitude spectrum (Hertz) Mic 3 FFT');

79 grid on

80 grid minor

This is how the “calculate back” function is defined:

1 function [amplitudeA,amplitudeB]=calculate_back(mic1,mic2,x1,x2,k)

2

3 amplitudeA=(mic2-mic1*exp(1i*k*(abs(x2-x1))))/(exp(-1i*k*(abs(x2-x1)))

4 -exp(1i*k*(abs(x2-x1))));

5 amplitudeB=-(mic2-mic1*exp(-1i*k*abs(x2-x1)))/(exp(-1i*k*(abs(x2-x1)))

6 -exp(1i*k*(abs(x2-x1))));

7 end

And this is what the “pressurefunction” function looks like:

1 function pressure=pressurefunction_x_t_k_f_A_B(x,t,k,f,A,B)

2 pressure=(A*exp(-1i*k*x)+B*exp(1i*k*x))*exp(1i*2*pi*f*t);

3 end
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