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Abstract 
Measurement of plane wave acoustic transmission properties, so called two-port data, of flow 
duct components is important in many applications such as in the development of mufflers 
for IC-engines. Measurement of two-port data is difficult when the flow velocity in the 
measurement duct is high because of the flow noise contamination of the measured pressure 
signals. Techniques to improve the acoustic two-port determination have been tested in this 
paper. A number of possible configurations for connecting loudspeakers to the flow duct have 
been investigated. It was found that using a perforate pipe section with about 50% porosity 
between the loudspeaker side branch and the duct gave the best signal-to-noise ratio out of 
the studied configurations. Different signal processing techniques have been tested for 
reducing the adverse effects of flow noise at the microphones. The most successful 
techniques require a reference signal which can be either the electric signal being input to the 
loudspeakers or one of the microphone signals. As a reference technique stepped sine 
excitation with cross-spectrum based frequency domain averaging was used. This technique 
could give good results for most cases. Using a periodic signal (saw-tooth) and synchronised 
time domain averaging good results could be obtained if a sufficient number of averages was 
used. At flow velocities higher than M=0.2 about 10000 averages were needed. Random 
excitation together with cross-spectrum based frequency domain averaging also gave good 
result if the same number of averages was used. Ordinary frequency domain averaging is not 
sufficient at high flow velocities. It was also shown that using cross-spectrum based 
frequency domain averaging an improvement could be obtained if the microphone with the 
highest signal-to-noise ratio at each frequency was used as the reference microphone rather 
than a fixed microphone. 
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INTRODUCTION 

The measurement of acoustic signals in the presence of masking noise, often 
generated by mean flow, is a ubiquitous problem in experimental flow duct acoustics. 
When performing acoustic tests in a flow duct facility, the researcher is faced with the 
task of obtaining a signal-to- noise ratio high enough for quality measurements. The 
signal-to-noise ratio is defined as the ratio of the sound power of the desired acoustic 
signal to the sound power of the (flow) noise.  

It is possible to try to extract the acoustic signal from the contaminating noise 
by different signal processing techniques. A baseline method to compare the other 
techniques with is ordinary frequency domain averaging (FDA), the standard 
technique found in any FFT signal analyser [1]. It gives a reduction of stochastic 
fluctuation amplitudes but it does not actually reduce the level of the flow noise and 
can therefore not be used to extract the acoustic signal when it is buried in the flow 
noise. Synchronised time domain averaging (STDA) [2-4] on the other hand is a 
technique to extract a deterministic signal from additive noise. This technique 
requires a noise free reference signal for the synchronisation. Cross-spectrum based 
frequency domain averaging (CSFDA) [5-7] is another candidate technique for 
extracting the acoustic signal. It requires a reference for which the unwanted noise is 
uncorrelated with the noise at the measurement transducer. It is not necessary that the 
signal is deterministic.  

The standard technique today for measuring acoustic plane wave properties in 
ducts, such as absorption coefficient, reflection coefficient and impedance is the two-
microphone method (TMM) [8-9]. The sound pressure is decomposed into its incident 
and reflected waves and the input sound power may then be calculated. Many papers 
have been devoted to the analysis of the accuracy of the TMM for example [10-11]. 
Transmission loss can in principle be determined from measurement of the incident 
and transmitted power using the TMM on the upstream and downstream side of the 
test object provided that a fully anechoic termination can be implemented on the 
outlet side. It is however very difficult, to design an anechoic termination that is 
effective at low frequencies. An acoustical element, like a muffler, can also be 
modelled via its so-called four-pole parameters. Assuming plane wave propagation at 
the inlet and outlet, the four-pole method is a means to relate the pressure and 
velocity (particle, volume, or mass) at the inlet to that at the outlet. Using the four-
pole parameters, the transmission loss of a muffler can also be readily calculated. The 
experimental determination of the four poles has been investigated by many 
researchers; see for example [12-14]. In this paper the so-called two-source technique 
has been used. 

The aim of the present paper is not to present any new techniques for 
performing measurements of two-port data in flow ducts. A possible exception is the 
idea to, for each frequency; use the pressure transducer with the highest signal-to-
noise ratio as the reference, which was tested. The aim is instead to show how good 
two-port data measurements can be made for reasonably high flow velocities, up to  
M = 0.3. This requires that care is taken in designing the experimental setup and in 
choosing the signal processing techniques used.  
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TEST SETUP 

Experiments were carried out at ambient temperature using the flow acoustic test 
facility at The Marcus Wallenberg Laboratory for sound and vibration research at 
KTH. Eight loudspeakers were used as acoustic sources, as shown in Figure 1. 
Fluctuating pressures were measured by using six condenser microphones (B&K 
4938) flush mounted in the duct wall. The measurements were carried out using 
different types of signals, swept-sine, saw tooth and random noise and with different 
number of averages in time and frequency domain. The two-port data was obtained 
using the source switching technique as described in reference [14]. The flow velocity 
was measured using a pitot-tube and a hot wire anemometer connected to an 
electronic manometer. It was measured at a distance ten times the duct diameters 
from the loudspeakers and six times the duct diameters from the test object diameter 
in order to avoid any flow disturbance. The flow velocity upstream and downstream 
of the test object was measured separately before and after the acoustic measurements 
and the average result was used. The transfer functions between the reference signal 
and the microphone signals were measured and used to estimate the scattering matrix 
components. 
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 Figure 1  - Layout of the test object 

EFFECT OF MICROPHONE HOLDERS AND LOUDSPEAKER 
MOUNTING CONFIGURATIONS 

A number of different microphone holder configurations were tested as reported in 
reference [15] and it was found that a holder with a simple flush mounting gave the 
best result. The effect of different loudspeaker connections to the measurement duct 
on microphone signal-to-noise ratio was also tested. It was found that putting the 
loudspeaker in a short side-branch and covering the opening with a high porosity 
(around 50%) perforate plate gave the best result. 
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SIGNAL ENHANCEMENT FOR TWO-PORT MEASUREMENTS 

Three different test objects were studied: a straight hard-walled duct, a simple 
expansion chamber and a commercial muffler. 

The two port data results for the straight duct have been measured and the 
results compared to theoretical solutions [16,17]. For the case without flow the 
different signal processing techniques give the same result and in agreement with 
theory. The effect of the mean flow has been investigated at two different Mach 
number M=0.17 and M=0.24. As an example of the results with flow Figure 2 shows 
the real part of the first element of the two-port matrix at M=0.24, and it is clear from 
the result that using random excitation with 10000 averages (CSFDA), and saw tooth 
excitation with 10000 averages (STDA), gives the same result as stepped sine 
excitation with 400 averaging (CSFDA) and the theoretical result.         

 
Figure 2 - Real part of first element of the acoustic two port for straight pipe at M=0.24 and 
T=293º K. ---, theory; ����, random excitation 10000 averages (CSFDA); oooo, stepped sine 

excitation 400 averages (CSFDA); ++++, saw tooth excitation 10000 averages (STDA). 

Also for the expansion chamber results using stepped sine excitation with 400 cross-
spectrum based frequency domain averages (CSFDA) have been used as the reference 
against which the other results are compared. At M=0.23  using ordinary frequency 
domain averaging (FDA) did not give good results over the whole frequency range 
due to poor signal to noise ratio. Increasing the number of averages and using 
CSFDA gives an improvement in the signal to noise ratio by 10 log (N) dB, where N 
is the number of averages. Figure 3 shows a comparison between stepped sine 
excitation 400 averages (CSFDA), random excitation 10000 averages (CSFDA) and 
saw-tooth excitation 10000 averages (STDA) for M = 0.3. Since STDA improves the 
signal to noise ratio by 10 log (N) dB just as CSFDA they give the same result. The 
results show that excellent results can be obtained at this relatively high flow velocity. 
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Figure 3 - Transmission loss versus frequency for different type of excitations at M=0.3. ----, 

random excitation with 10000 averages (CSFDA); oooo stepped sine with 400 averages 
(CSFDA); ++++, saw tooth excitation with 10000 averages (STDA).  

If a noise free reference signal is not available an improvement can be obtained by 
using the microphone with the highest signal to noise ratio as the reference as 
discussed in section 2.  Figure 4 shows a comparison of the result obtained using 
microphone 4 as the fixed reference microphone and using the microphone with the 
highest signal-to-noise ratio for each frequency as the reference. The comparison is 
made using stepped sine excitation and 400 cross-spectrum based frequency domain 
averages for M=0.32. It can be seen that at this high flow velocity a slight 
improvement is obtained when the highest signal-to-noise ratio microphone is used as 
reference. This technique can therefore give an extra improvement in the most 
difficult measurement situations. 

 
Figure 4 - Transmission loss versus frequency for expansion chamber. Stepped sine 

excitation with 400 averages (CSFDA) at M=0.325  ----, fixed reference; oooo  highest 
signal-to-noise ratio microphone used as reference. 
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The commercial automotive muffler studied gives a high transmission loss 
which makes it a more difficult measurement object compared to the straight duct and 
the simple expansion chamber. Transmission loss has been measured for three 
different flow velocities (M=0, 0.2, and 0.26). For the no flow case all excitation 
signals and signal processing techniques gave identical results. Figure 5 shows results 
for the ordinary frequency domain averaging (FDA) and cross-spectrum based 
frequency domain averaging (CSFDA) at M=0.2. The results show that random 
excitation with FDA gives results which are not in agreement with the reference case, 
stepped sine excitation and 400 averages, at all frequencies. This is the case even if a 
very high level input signal is used. CSFDA with 10000 averages gives the same 
result as the stepped sine excitation. Figure 6 show results for saw-tooth excitation 
and synchronised time domain averaging (STDA) with 1000 averages and 10000 
averages at M = 0.26. For this high flow velocity 1000 averages was not sufficient to 
give a good result but with 10000 averages a result in agreement with the stepped sine 
result was obtained.  

 
Figure 5 - Transmission loss 
versus frequency for different 
type of excitations at M=0.2. 

Random excitation; ---- 10000 
averages (CSFDA); +++1000 
averages (FDA); oooo stepped 

sine excitation with 400 
averages (CSFDA). 

 

Figure 6 - Transmission loss 
versus frequency for different 

type of excitations at M=0.26. -
---, random excitation with 
10000 averages (CSFDA); 

oooo stepped sine excitation 
with 400 averages (CSFDA); 
++++, saw tooth excitation 

with 10000 averages (STDA). 
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SUMMARY AND CONCLUSIONS 

Measurement of acoustic signals, with application to two-port data measurements in 
flow ducts, in the presence of masking noise generated by mean flow has been 
studied in this paper. Different techniques to increase signal-to-noise ratio have been 
investigated. A number of different microphone holder configurations were studied 
and it was concluded that the reference microphone holder with a flush mounted 
transducer gave the best result. A number of possible configurations for connecting 
the loudspeakers needed to excite the flow duct element under test have been 
investigated. It was concluded that using a perforate pipe section with about 50% 
porosity between the loudspeaker side branch and the duct was the beast out of the 
studied configurations. Two different signal enhancement techniques were tested: 
synchronised time domain averaging and cross-spectrum based frequency domain 
averaging. They were compared to the result of ordinary frequency domain averaging 
as found in any FFT analyser. The conclusion was that synchronised time domain 
averaging and cross-spectrum based frequency domain averaging gave equally good 
results. Both gave a signal-to-noise ratio improvement of N or )(10 NLog⋅  dB, where 
N is the number of averages. It was also found that when using cross-spectrum based 
frequency domain averaging it does not make any difference for the signal-to-noise 
ratio improvement if a periodic or a random acoustic signal were used, as long as a 
noise free reference signal is available. The improvement obtained when shifting 
from random noise excitation to for instance stepped sine excitation is due to the 
increase in initial signal-to-noise ratio caused by the concentration of signal energy to 
one frequency at a time. Two-port data measurements and transmission loss 
measurements have been made for three different test objects: a straight pipe a simple 
expansion chamber and a commercial automotive muffler with high transmission 
loss. Tests were made for Mach numbers up to 0.3. Different signal processing 
techniques were tested for reducing the adverse effects of flow noise at the 
microphones. The most successful techniques require a reference signal which can be 
either the electric signal being input to the loudspeakers or one of the microphone 
signals. As a reference technique stepped sine excitation with cross-spectrum based 
frequency domain averaging was used. This technique could give good results for 
most cases as far as could be seen. For the straight duct case comparisons with 
theoretical results were also made. Good agreement was obtained between the 
experimental and theoretical results. It was shown that using a periodic signal (saw-
tooth) and synchronized time domain averaging good results could be obtained if a 
sufficient number of averages were used. At flow velocities higher than M=0.2 about 
10000 averages were needed. Random excitation together with cross-spectrum based 
frequency domain averaging also gave good result if the same number of averages 
was used. Ordinary frequency domain averaging was not sufficient at high flow 
velocities. It was also shown that using the cross-spectrum based frequency domain 
averaging an improvement could be obtained if the microphone with the highest 
signal-to-noise ratio at each frequency was used rather than a fixed microphone 
reference. 
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