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In this lecture

Lecture: 
Essentials of signal processing

Exercise
Measuring FDFs experimentally
Calculating FDFs from experimental data



Sampling theorem
How fast should you sample data?
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Sampling theorem

An analog signal should be sampled at a rate greater than twice its 
highest frequency 

<latexit sha1_base64="4H45fViGqVv52NOVRndgc7+W3qo=">AAACF3icbVDJSgNBEO2JWxy3UY9eGkPAU5gJQb0oQS+eJIJZIBOGnk5P0qRnsbtGDEP+wou/4sWDIl715t/YWQ6a+KDg8V4VVfX8RHAFtv1t5JaWV1bX8uvmxubW9o61u9dQcSopq9NYxLLlE8UEj1gdOAjWSiQjoS9Y0x9cjv3mPZOKx9EtDBPWCUkv4gGnBLTkWaVi4LnAHiC7vhvhM1zGLvCQKRx4oRkofP5HwZ5VsEv2BHiRODNSQDPUPOvL7cY0DVkEVBCl2o6dQCcjEjgVbGS6qWIJoQPSY21NI6I3dbLJXyNc1EoXB7HUFQGeqL8nMhIqNQx93RkS6Kt5byz+57VTCE47GY+SFFhEp4uCVGCI8Tgk3OWSURBDTQiVXN+KaZ9IQkFHaeoQnPmXF0mjXHKOS5WbSqF6MYsjjw7QITpCDjpBVXSFaqiOKHpEz+gVvRlPxovxbnxMW3PGbGYf/YHx+QNSAJ2E</latexit>

fs > 2⇥ fm
Sampling 
frequency Maximum 

frequency

Nyquist-Shannon criterion

<latexit sha1_base64="5Y7stjUjZ/qBmRmxgLQXnrSNhG8=">AAACGHicbVDJSgNBEO2JWxy3qEcvjSHgKc6EoF6UoBdPEsEskAlDT6cnadKz2F0jhiGf4cVf8eJBEa+5+Td2loNJfFDweK+KqnpeLLgCy/oxMiura+sb2U1za3tndy+3f1BXUSIpq9FIRLLpEcUED1kNOAjWjCUjgSdYw+vfjP3GE5OKR+EDDGLWDkg35D6nBLTk5k591wH2DOnd4xBf4hJ2gAdMYd8NzAL2Fb6a07Cby1tFawK8TOwZyaMZqm5u5HQimgQsBCqIUi3biqGdEgmcCjY0nUSxmNA+6bKWpiHRm9rp5LEhLmilg/1I6goBT9S/EykJlBoEnu4MCPTUojcW//NaCfgX7ZSHcQIspNNFfiIwRHicEu5wySiIgSaESq5vxbRHJKGgszR1CPbiy8ukXiraZ8XyfTlfuZ7FkUVH6BidIBudowq6RVVUQxS9oDf0gT6NV+Pd+DK+p60ZYzZziOZgjH4BuOedrg==</latexit>

fNq = 2⇥ fm

Nyquist frequency

How fast should you sample data?
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Sampling theorem
<latexit sha1_base64="4H45fViGqVv52NOVRndgc7+W3qo=">AAACF3icbVDJSgNBEO2JWxy3UY9eGkPAU5gJQb0oQS+eJIJZIBOGnk5P0qRnsbtGDEP+wou/4sWDIl715t/YWQ6a+KDg8V4VVfX8RHAFtv1t5JaWV1bX8uvmxubW9o61u9dQcSopq9NYxLLlE8UEj1gdOAjWSiQjoS9Y0x9cjv3mPZOKx9EtDBPWCUkv4gGnBLTkWaVi4LnAHiC7vhvhM1zGLvCQKRx4oRkofP5HwZ5VsEv2BHiRODNSQDPUPOvL7cY0DVkEVBCl2o6dQCcjEjgVbGS6qWIJoQPSY21NI6I3dbLJXyNc1EoXB7HUFQGeqL8nMhIqNQx93RkS6Kt5byz+57VTCE47GY+SFFhEp4uCVGCI8Tgk3OWSURBDTQiVXN+KaZ9IQkFHaeoQnPmXF0mjXHKOS5WbSqF6MYsjjw7QITpCDjpBVXSFaqiOKHpEz+gVvRlPxovxbnxMW3PGbGYf/YHx+QNSAJ2E</latexit>

fs > 2⇥ fmNyquist-Shannon criterion:

<latexit sha1_base64="qrsediRq7XjERNe94gcNUyS5+cQ=">AAACLHicbVDLSgMxFM3UVx1foy7dBEvBVZkpRd0oxW5cSQX7gLYMmTTThmYeJnfEMvSD3PgrgriwiFu/w/SxsK0HAodzzuXmHi8WXIFtj43M2vrG5lZ229zZ3ds/sA6P6ipKJGU1GolINj2imOAhqwEHwZqxZCTwBGt4g8rEbzwxqXgUPsAwZp2A9ELuc0pAS65VyftuG9gzpHePI3yFi7gNPGAK+25g5rGv8PWChk3fVUs518rZBXsKvEqcOcmhOaqu9d7uRjQJWAhUEKVajh1DJyUSOBVsZLYTxWJCB6THWpqGRC/qpNNjRzivlS72I6lfCHiq/p1ISaDUMPB0MiDQV8veRPzPayXgX3ZSHsYJsJDOFvmJwBDhSXO4yyWjIIaaECq5/iumfSIJBd2vqUtwlk9eJfViwTkvlO5LufLNvI4sOkGn6Aw56AKV0S2qohqi6AW9oU80Nl6ND+PL+J5FM8Z85hgtwPj5BSBupHw=</latexit>

fs = 2⇥ fm

<latexit sha1_base64="5/ptoPjfkoLAmOnkJmvLL8JulkM=">AAACLHicbZDLSgMxFIYzXut4G3XpJlgKrspMKepCpdiNK6lgL9CWIZNm2tDMxeSMWIY+kBtfRRAXFnHrc5heFrb1h8DPd87h5PxeLLgC2x4ZK6tr6xubmS1ze2d3b986OKypKJGUVWkkItnwiGKCh6wKHARrxJKRwBOs7vXL43r9iUnFo/ABBjFrB6Qbcp9TAhq5Vjnnuy1gz5DePQ7xFS7gFvCAKey7gZnDvsLXcwybvqvw5RxzraydtyfCy8aZmSyaqeJa761ORJOAhUAFUarp2DG0UyKBU8GGZitRLCa0T7qsqW1I9KJ2Ojl2iHOadLAfSf1CwBP6dyIlgVKDwNOdAYGeWqyN4X+1ZgL+RTvlYZwAC+l0kZ8IDBEeJ4c7XDIKYqANoZLrv2LaI5JQ0PmaOgRn8eRlUyvknbN88b6YLd3M4sigY3SCTpGDzlEJ3aIKqiKKXtAb+kQj49X4ML6M72nrijGbOUJzMn5+AR7dpHs=</latexit>

fs < 2⇥ fm
<latexit sha1_base64="RXtHCqRykfa4ijM1dKmp0mOGhMk="></latexit>

fm = 500Hz
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Sampling theorem
<latexit sha1_base64="4H45fViGqVv52NOVRndgc7+W3qo=">AAACF3icbVDJSgNBEO2JWxy3UY9eGkPAU5gJQb0oQS+eJIJZIBOGnk5P0qRnsbtGDEP+wou/4sWDIl715t/YWQ6a+KDg8V4VVfX8RHAFtv1t5JaWV1bX8uvmxubW9o61u9dQcSopq9NYxLLlE8UEj1gdOAjWSiQjoS9Y0x9cjv3mPZOKx9EtDBPWCUkv4gGnBLTkWaVi4LnAHiC7vhvhM1zGLvCQKRx4oRkofP5HwZ5VsEv2BHiRODNSQDPUPOvL7cY0DVkEVBCl2o6dQCcjEjgVbGS6qWIJoQPSY21NI6I3dbLJXyNc1EoXB7HUFQGeqL8nMhIqNQx93RkS6Kt5byz+57VTCE47GY+SFFhEp4uCVGCI8Tgk3OWSURBDTQiVXN+KaZ9IQkFHaeoQnPmXF0mjXHKOS5WbSqF6MYsjjw7QITpCDjpBVXSFaqiOKHpEz+gVvRlPxovxbnxMW3PGbGYf/YHx+QNSAJ2E</latexit>

fs > 2⇥ fmNyquist-Shannon criterion:

<latexit sha1_base64="RXtHCqRykfa4ijM1dKmp0mOGhMk="></latexit>

fm = 500Hz
<latexit sha1_base64="79pIU8ZzTxhSCKeQS5zrYYh/0Zs="></latexit>

fs > 2⇥ fm

We got the frequency correct, but the 
amplitude?

In practice, because of noise etc., a sampling 
frequency larger than ten times is better 
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Spectral analysis

Fourier transform
Time domain à Frequency domain

<latexit sha1_base64="IGv23KSIFnH1DXFLpEM0z/iZyc8="></latexit>

Xc(f) =

Z +1

�1
xc(t)e

�i2⇡ftdt

Frequency 
domain

Time 
domain

Fast Fourier transform algorithm

For numerical efficiency, no. of samples is a power of 2

For discrete signals

Discrete Fourier transform

Joseph Fourier

<latexit sha1_base64="Dzt6E/Bu5UtQU7vxRDYSeikncWU="></latexit>

X(!) =
N�1X

n=0

x(t)e�i!t

<latexit sha1_base64="KynIDxMN3i8FDfNUlFzO+BJFu5E="></latexit>

t = n⇥ 1

fs

N – No. of points

Cooley – Tukey algorithm
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Spectral analysis – FFT dependance on sampling rate

Amplitude depends on N
number of points in DFT 

<latexit sha1_base64="Dzt6E/Bu5UtQU7vxRDYSeikncWU="></latexit>

X(!) =
N�1X

n=0

x(t)e�i!t

Normalize by frequency 
resolution

<latexit sha1_base64="krZcr1CtwfsOih+WNt/IAeZ2wSA="></latexit>

Signal : x(t) = 2 sin(2⇡ · 500 · t)
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Spectral analysis – spectral leakage
<latexit sha1_base64="krZcr1CtwfsOih+WNt/IAeZ2wSA="></latexit>

Signal : x(t) = 2 sin(2! á500 át) Fast Fourier transform

This can be avoided by windowing

Multiplying the signal by
windows of finite length in which
the amplitude gradually reduces
to zero at the edges

DFT assumes the signal is 
periodic
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Power spectral density

Estimating power spectral density using Welch’s periodogram technique

!"#$%&'("&)*$%+),"-./)0"1-2-3"4)5'$6"1)%*)/.7-28)
#$%("//.-7)3"(9-.:'"/)

!"#$%&'
( '%)*&+ ' !+#)+$,%,"-$

."'/0+,+12-30"+01
,0%$'4-0)

5+0"-6-#0%)

78+0%#"$#!/%&"$#
<latexit sha1_base64="rR8/IN60JVc2HixztE4BVl7WkFA="></latexit>

Sxx

FFTwindowing

spectrum

Power spectral density
mean square value per unit 

frequency

<latexit sha1_base64="tzlxpuKuSlJ3UQDupRg/EVtv7cQ="></latexit>

p2
rms =

!
Spp(f )df

<latexit sha1_base64="D52vjCFnesUxjm1smxojwc1xdUg="></latexit>

f 1
<latexit sha1_base64="pOHQgYegi2J10BQKZd6yMO77Lac="></latexit>

f 2

<latexit sha1_base64="afQBzdepDoXOaOhWy58MuegRwWs="></latexit>

p2
rms

<latexit sha1_base64="iuXKgw2Eka7RjYFclOMqDkq0yAs="></latexit>

Spp

<latexit sha1_base64="MSlIWqk3fqNFlp5gDbu/FK7cYFs="></latexit>

f

<latexit sha1_base64="9jlDhVj8fcilH1yH8/qVK+Opxbk="></latexit>

(f 1 ! f 2)



Spectral analysis – Windowing 

!"#$%&'
( '%)*&+ ' !+#)+$,%,"-$

."'/0+,+12-30"+01
,0%$'4-0)

5+0"-6-#0%)

78+0%#"$#!/%&"$#
<latexit sha1_base64="rR8/IN60JVc2HixztE4BVl7WkFA="></latexit>

Sxx

No. of windows:
<latexit sha1_base64="7JWYEd0ja5oRw1PH3VeO3X24eag="></latexit>

M

<latexit sha1_base64="nPJ7+sKSuxC3AlgkGdOA67N7yOo="></latexit>

n! t

No. of points/window:
<latexit sha1_base64="B9grThoORq/C4dsDKySvg1zqSpM="></latexit>n

<latexit sha1_base64="DqX12qrWyBHmqFhBDCXTuyW3mXA="></latexit>

N = M ! n

Different types of windowing functions exist
Hanning, Hamming etc.

Choice depends on the application

<latexit sha1_base64="nPJ7+sKSuxC3AlgkGdOA67N7yOo="></latexit>

n! t
<latexit sha1_base64="nPJ7+sKSuxC3AlgkGdOA67N7yOo="></latexit>

n! t
<latexit sha1_base64="nPJ7+sKSuxC3AlgkGdOA67N7yOo="></latexit>

n! t
<latexit sha1_base64="nPJ7+sKSuxC3AlgkGdOA67N7yOo="></latexit>

n! t

1 2 3 4 5

<latexit sha1_base64="krZcr1CtwfsOih+WNt/IAeZ2wSA="></latexit>

Signal : x(t) = 2 sin(2! á500 át)
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Spectral density using Welch’s periodogram approach

!"#$%&'
( '%)*&+ ' !+#)+$,%,"-$

."'/0+,+12-30"+01
,0%$'4-0)

5+0"-6-#0%)

78+0%#"$#!/%&"$#
<latexit sha1_base64="rR8/IN60JVc2HixztE4BVl7WkFA="></latexit>

Sxx

No. of windows:
<latexit sha1_base64="7JWYEd0ja5oRw1PH3VeO3X24eag="></latexit>

M

No. samples/window:
<latexit sha1_base64="B9grThoORq/C4dsDKySvg1zqSpM="></latexit>n

<latexit sha1_base64="DqX12qrWyBHmqFhBDCXTuyW3mXA="></latexit>

N = M ! n
<latexit sha1_base64="vucSEdRkaq8Pu3eeAOlo1AND5Tc="></latexit>

! f =
1

n! t
Frequency 
resolution

<latexit sha1_base64="krZcr1CtwfsOih+WNt/IAeZ2wSA="></latexit>

Signal : x(t) = 2 sin(2! á500 át)

<latexit sha1_base64="nPJ7+sKSuxC3AlgkGdOA67N7yOo="></latexit>

n! t
<latexit sha1_base64="nPJ7+sKSuxC3AlgkGdOA67N7yOo="></latexit>

n! t
<latexit sha1_base64="nPJ7+sKSuxC3AlgkGdOA67N7yOo="></latexit>

n! t
<latexit sha1_base64="nPJ7+sKSuxC3AlgkGdOA67N7yOo="></latexit>

n! t
<latexit sha1_base64="nPJ7+sKSuxC3AlgkGdOA67N7yOo="></latexit>

n! t

<latexit sha1_base64="f1MsJBm+Qdmw4AfrP5aozJjgobI="></latexit>

! t is the time step

12



Spectral density using Welch’s periodogram approach

!"#$%&'
( '%)*&+ ' !+#)+$,%,"-$

."'/0+,+12-30"+01
,0%$'4-0)

5+0"-6-#0%)

78+0%#"$#!/%&"$#
<latexit sha1_base64="rR8/IN60JVc2HixztE4BVl7WkFA="></latexit>

Sxx

Windowed signal

Periodogram

In the next step, averaging of periodograms 
from different windows is averaged

Practical signals have noise – averaging 
operation smoothens the effect of noise

Increasing M improves statistical stability and 
provides better spectral estimates

Frequency resolution decreases
<latexit sha1_base64="vucSEdRkaq8Pu3eeAOlo1AND5Tc="></latexit>

! f =
1

n! t
13



Spectral estimate – overlapping

Improving statistical stability without 
compromising frequency resolution

Overlapping

No. of orginal windows = 5

with 50% overlap
Total no. of windows = 9 

1 2 3 4

14



Spectral estimate – Zero-padding

Original signal

windowed signal (5 windows)

windowed signal after zero-padding

<latexit sha1_base64="vucSEdRkaq8Pu3eeAOlo1AND5Tc="></latexit>

! f =
1

n! t

! is increased after zero-pading

Artifically increasing 
frequency resolution

No actual information in zero-
padded data

It is not exactly resolution that 
increases but it is rather the 

frequency precision

15
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Transfer function

Linear systemInput Output

<latexit sha1_base64="nzsWVWdzP0YEyy0kOQXtHQg2qKg="></latexit>

f (t)
<latexit sha1_base64="XiuqYnRs8vusWw6grhtNCQFzz9M="></latexit>

g(t)

<latexit sha1_base64="qNEqzUNbjyomEQ66D42vy7s00AM="></latexit>

Sfg (! ) = H (j ! )Sff (! )

Tranfer function

Power spectral 
density

Cross-power spectral 
density

!"#$"#%&'()*#+#,"#-"#.''/)0# (1992), Active control of sound

Gives a gain and a phase
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Coherence function
Useful when the output is noisy, which is the case for all practical signals

Coherence 
function

<latexit sha1_base64="GhH/RDs5VVbt0RUA9q1NBIoVak0="></latexit>

! 2
fg (" ) =

|Sfg (" )|2

Sff (" )Sgg(" )
f(t) : input

g(t) : output

If there is no source of noise corrupting output, coherence is 1

<latexit sha1_base64="xd+H3iLqcJEQCGlWSYLkbD/r0Vw="></latexit>

0 ! ! 2
fg ! 1

Degree of dissimilarity of two signals

Signal-to-noise 
ratio

<latexit sha1_base64="M3YFqYqaf+Bk10spJwOJVuAJAO8="></latexit>

Sgg(! )
Snn (! )

=
" 2

fg (! )

1 ! " 2
fg (! )

!"#$"#%&'()*#+#,"#-"#.''/)0# (1992), Active control of sound
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Coherence function

Coherence 
function

<latexit sha1_base64="GhH/RDs5VVbt0RUA9q1NBIoVak0="></latexit>

! 2
fg (" ) =

|Sfg (" )|2

Sff (" )Sgg(" )

low signal-to-noise
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Flame transfer function

FlameRelative velocity
fluctuations

Relative heat release rate
oscillations

<latexit sha1_base64="qpWVs2KQHWfr2dWhPpLu8Xxcp+o="></latexit>

u! (t)/ u
<latexit sha1_base64="xeE1xQNKcJcXVBGAn4eQitD0c+s="></latexit>

úQ!(t)/ úQ

<latexit sha1_base64="UmW3WflPmW5uGOokrVnivUARlcQ="></latexit>

F (! ) =
úQ!(! )/ úQ
u!(! )/ u

Linear description cannot explain nonlinear features limit cycle oscillations, 
mode switching etc. that are commonly found in a system exhibiting a 
thermoacoustic instability

In premixed or quasi-premixed 
mode of combustion
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Flame describing function

<latexit sha1_base64="UmW3WflPmW5uGOokrVnivUARlcQ="></latexit>

F (! ) =
úQ!(! )/ úQ
u!(! )/ u

Flame transfer function

Flame describing function1,2 is an extension of flame transfer function, and it represents 
the flame response depending on the frequency and amplitude of the incoming velocity 
perturbations

Flame describing function

<latexit sha1_base64="C13CPdIYE15t/525FZ0AlY0isJg="></latexit>

F (! , |u! |) =
úQ!(! , |u! |)/ úQ

u!(! )/ u

123#$"#!"#4)5'/*6#(1997) !"#$%&'(#)*+,-.'+/0#123"
Non-linear self-excited oscillations of a ducted flame

173#%"#%)/89: ;#4"#4<8)= ;#>"#,?@<''&8;#9*A#,"#B9*A&' (2008) !"#$%&'(#)*+,-.'+/0#345" A unified 
framework for nonlinear combustion instability analysis based on the flame describing function

Gain & phase information can be obtained



21

SICCA-Spray combustor – experiments 

Air Air

Quartz tube

MP2
MP1

d   = 69 mm

c

c

LoudspeakerLoudspeaker

Liquid fuel

l   

Swirler

MP3

LDA-PDA

Photomultiplier
OH* Þlter

LDA-PDA
Receiver

Water-cooled
waveguideMC1

Quartz tube

Metal tube

Backplane

Light intensity fluctuations – Photomultiplier with OH* filter
OH* chemiluminescence at 308 nm

Approximated to heat release rate fluctuations 

Velocity fluctuations (injector exit) – Laser Doppler anemometry
Measures mean & fluctuating velocity

Velocity fluctuations (plenum) – Multi-microphone method
Calculate acoustic velocity from acoustic pressure signals

Flow modulation – loudspeakers
Pulsations produced at different amplitude and frequencies

Measuring equipments

Input signal
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Multi-microphone method

<latexit sha1_base64="mA0rdobmD/NSuyioUGw0SR6U0Oo="></latexit>

!

<latexit sha1_base64="UYJLfKqRMKrLNqUbgdA919BOdGA="></latexit>

M 1

<latexit sha1_base64="Q8IxoW8piOMFsdHZTMOR0hg86qE="></latexit>

M 2

<latexit sha1_base64="mRcwy5UG2XYhKTEvDgrgVdib4fI=">AAACo3icbVHtbtMwFHXC1wgDCvzkzxVVpE5oVVLGhwRDE/wBIdBg61ap6SzHtVdr+SK+QSlWXod34gV4DpwuP2jHlSwfnXM/7HPjIlEag+C34167fuPmra3b3p3tu/fu9x48PNF5VXIx5nmSl5OYaZGoTIxRYSImRSlYGifiNL543+qnP0SpVZ4d47IQs5SdZ0oqztBStPfLlzRCUaP58r2BfRhBhCoVGiRNPR+khrdrHLQk3WQ9v5X2ITr6aJ4HQWOihSjxZ+P5E8 phIHdaTWVIza69JC6bM/O0Q1BTPsAdEGdm1/YsFEjABubo+UfU1HXjfabPaK8fDINVwFUQdqBPujikvT/RPOdVKjLkCdN6GgYFzgwrUfFENF5UaVEwfsHOxdTCjNmfzMzKzwZ8y8xB5qU9GcKK/bfCsFTrZRrbzJThQm9qLfk/bVqhfDUzKisqFBm/HCSrBDCHdjkwV6XgmCwtYLxU9q3AF6xkHO0K16ZoVWUK68YaE27acBWcjIbhi+He173+wbvOoi3ymDwhAxKSl+SAfCCHZEy4s+2MnNfOG9d3P7nf3OPLVNfpah6RtXBnfwGhO8hN</latexit>

M 3
<latexit sha1_base64="BKxXU1M9Ci3s43U4wZkfe6PSUNU="></latexit>

! x

Two microphones are mostly sufficient
But with third microphone, fidelity can 

be improved

Acoustic momentum 
equation

1D acoustic 
waves

<latexit sha1_base64="3H6GnyPsnNhfH8OhhTukaEp6paA="></latexit>

! u
! t

=
! 1
" 0

! p
! x

<latexit sha1_base64="v4ft/4cdecO12YD2nBJGvdEJhhg="></latexit>

u !
" i

! 0" ! x
(p(x2) " p(x1))

Recall from POLKA’s 2nd scientific workshop – Prof. Hans Boden 

Analytical pressure signals using Hilbert 
transform is necessary

<latexit sha1_base64="F9CX/JHKmBUUbgA8fQzcBrW/dXo="></latexit>

! x ! !
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Multi-microphone method
<latexit sha1_base64="F9CX/JHKmBUUbgA8fQzcBrW/dXo="></latexit>

! x ! !
<latexit sha1_base64="sct7Tn2lqJJsEIM2BWWsbX6VWGs="></latexit>

! x ! !
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SICCA-Spray combustor – experiments 

Air Air

Quartz tube

MP2
MP1

d   = 69 mm

c

c

LoudspeakerLoudspeaker

Liquid fuel

l   

Swirler

MP3

LDA-PDA

Photomultiplier
OH* Þlter

LDA-PDA
Receiver

Water-cooled
waveguideMC1

Quartz tube

Metal tube

Backplane

;9%3%+'83.#8."$

<.($%#9%-"/

=%'&/#"2>"$

=%'&/#"2>"$

;9%3%+'83.#8."$

=,?)$"(".6"$

@-3"-/.*."&)
(2+"$2

!"#$%&'()*+%'
,-+*(./(0%&1&2*)%3&4&56#%*
7()8'.%#9%*1&,(0#+(*
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SICCA-Spray combustor – experiments 

Air Air

Quartz tube

MP2
MP1

d   = 69 mm

c

c

LoudspeakerLoudspeaker

Liquid fuel

l   

Swirler

MP3

LDA-PDA

Photomultiplier
OH* Þlter

LDA-PDA
Receiver

Water-cooled
waveguideMC1

Quartz tube

Metal tube

Backplane

Photomultiplier signal: PM (V)

In the input .mat file, look for

LDA signal (chamber velocity): u (m/s)

Microphones (plenum) – only two
MP1: Pr2 - bottom mic (Pa)

MP3: Pr4 - top mic (Pa)

Input signal to loudspeakers
Signal generator: Gene (V)

Generator frequency: refFreq (Hz)
Reference signal – sinusoidal
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SICCA-Spray combustor – acquisition 

!"#$%&$'()$*)+&,-)*).'$/+--%)0$",'1

Step 1: Set an amplifier 
voltage

Step 2: Sine frequency 
sweep from 250 to 850 Hz

Step 3: Change 
amplifier voltage

6 voltage levels

Amplifier voltages:
500, 1000, 1500, 2000, 2500, 3000 mV

Frequency ramp range: 250 Hz – 850 Hz
Frequency ramp rate: 4.5 Hz/s
Measurement acquired in blocks of 2s

Measurement obtained at different 
frequencies and amplitudes
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• Open the script: Exercise\234567)8)-/%&)9*
• Data file: Exercise\Data
• Section that need to be completed are commented as “:3$;<$

=3>24:<? ” 
• For determining acoustic velocity @)A6/",&'%/9* function should 

be completed

Matlab exercise
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You are given:

Microphone signals: P2, P4 (Pa) in plenum
Velocity signal: u (m/s) at injector exit
Photomultiplier signal: PM (V)
Reference signal from generator: Gene (V)
Frequency of reference signal: refFreq (Hz)

Calculating flame describing function
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Results

Flame describing function

Injector + flame describing function
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• Remove noise from measured signals
• Command: bandpass
• Specify lower cut-off and upper cut-off frequencies (already given)
• Specify the sampling rate (Fs)
• Variables: uBlock, PMBlock, Pr2Block, Pr4Block

Step 1: Bandpass filtering



Step 2: Finding acoustic velocity in the plenum

<latexit sha1_base64="v4ft/4cdecO12YD2nBJGvdEJhhg="></latexit>

u !
" i

! 0" ! x
(p(x2) " p(x1))

dP

0)C#D/? E)00)D D/?

dX
<latexit sha1_base64="fKHJhIB1S7n0Dd9pSw8cWskUZYM="></latexit>

u =
imag(! P)
2! f " ! x

Fill in VelAcoustic.m function

Use hilbertRev function
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1. Calculate cross-power spectral density between velocity & heat 
release rate signals

• Command: cpsd
• Variables: input, output
• Welch’s parameters: dataWindow, noverlap, n_fft,Fs

2. Calculate power spectral density of velocity signals
• Command: pwelch
• Variables: input
• Welch’s parameters: dataWindow, noverlap, n_fft,Fs

Step 3: Calculating transfer functions

First do it for plenum signals ! to obtain injector + 
flame transfer function

Then do it for chamber signals ! to obtain flame 
transfer function
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• To calculation gain
• Command: abs(cpsd/psd)
• Variables: cpsdPeakIF, psdPeakIF for injector + flame transfer function
• Variables: cpsdPeakF, psdPeakF for flame transfer function

• To calculation phase
• Command: angle(cpsd)
• Variables: cpsdPeakIF for injector + flame transfer function
• Variables: cpsdPeakF for flame transfer function

• To calculation coherence function
• Command: abs(cpsd)^2/(psd-input * psd-output)
• Variables: cpsdPeakIF, psdPeakIF, psdPeakOut
• Variables: cpsdPeakF, psdPeakF, psdPeakOut

Step 3: Calculating transfer functions

<latexit sha1_base64="GhH/RDs5VVbt0RUA9q1NBIoVak0="></latexit>

! 2
fg (" ) =

|Sfg (" )|2

Sff (" )Sgg(" )

f(t) : input; g(t) : output
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Results

Flame describing function

Injector + flame describing function


