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Abstract

This paper considers the problem of measuring incident aircraft noise when validating
predictions of indoor aircraft noise levels from free-field outdoor levels such as those
obtained from airport noise level contours. Both ASTM E966 and ISO 140/V indicate that
the incident outdoor noise for measurements of the sound insulation of building facades can
be obtained using microphones positioned at the building fagade. Measurements of the
incident aircraft noise at the fagade and in the free field indicate that this can lead to large
differences from simple expectations. This paper presents the results of measurements of
aircraft passbys showing the variations in the incident sound levels as a function of the
aircraft elevation. These were related to the effects of diffraction from the building facade as
well as to the effects of ground reflections. This interpretation was confirmed both
mathematically and using a scale model facade in an anechoic room. It was concluded that
more general and easier to interpret estimates of incident sound levels can be obtained from
free field measurements than from fagade-mounted microphone measurements.

1. Introduction

ASTM E966 [1] and ISO 140/V [2] describe recommended procedures for measuring the
sound insulation of building facades exposed to external noise. Although it may seem most
ideal to measure the incident sound energy in the free field (i.e. away from reflecting
surfaces), ISO 140/V does not recommend this approach and both standards permit other
procedures for measuring the incident sound energy. These include facade-mounted
microphones and microphones located 2 m from the fagade surface. In ASTM E966 it is
suggested that incident sound levels measured at the fagade-mounted microphone will be 6
dB greater than those measured at a free-field position such as on a tall mast due to simple
pressure doubling at a reflecting surface. At a position 2 m from the facade, coherent effects
are expected to average out and an approximate 3 dB energy doubling is expected relative to
a free-field measurement. However, when the sound source is aircraft noise, both standards
suggest that the situation is more complex. ISO 140/V states that the results of global fagade
insulation measurements to aircraft noise cannot be compared with equivalent laboratory
results. ASTM E966 suggests that the wide range of possible vertical angles will lead to



problems and accurate estimates of transmission loss are not possible using aircraft noise as
the source.

Measurements in a large study of sound insulation to aircraft noise [3] included comparisons
of measured incident sound levels for a test house at Ottawa airport as well as for new homes
near Toronto airport. The ultimate goal of the work was to predict indoor sound levels from
free field values of outdoor aircraft noise levels such as those obtained from airport noise
contour calculations. The systematic series of measurements was intended to validate these
predictions. This paper explores some measurement problems in attempting to accurately
measure incident aircraft noise levels for these predictions.

The measurement results indicate very complex effects occur at the non-free-field locations
and suggest these locations are not ideal for obtaining accurate measures of the incident
aircraft noise. The results were confirmed using measurements on a scale model fagcade in an
anechoic room and are explained as due to the combination of ground reflection and
diffraction effects.

2. Measurements for Houses Exposed to Aircraft Noise

Measurements of the sound insulation of a small wood-frame test house at Ottawa airport [4]
and of new houses near Toronto airport included both free-field and facade-mounted
microphones to measure the incident sound energy. In some cases the incident sound at the
Ottawa airport test house was also measured at a position 2 m from the building facade. The
differences between the free-field results (obtained for a microphone 8.5 m above ground
level) and the facade microphone results were expected to indicate an approximate 6 dB
difference. Similarly the difference between free-field levels and those 2 m from the building
facade were expected to approximate 3 dB. The average results of a number of aircraft flybys
shown in Figure 1 indicate significant differences from these expectations.
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Figure 1. Average differences between the fagade or the 2m positions re. free-field results.

The two average fagade-microphone results in Figure 1 are similar at mid-frequencies. At
higher frequencies there are differences that may be influenced by the different facade
materials (vinyl siding in Ottawa and brick in Toronto). The low frequency differences will



be related to the different heights of the fagade microphones above ground level (1.65 m
Ottawa and 2.1 m Toronto).

The large number of recordings at the Ottawa site were analysed in more detail to further
explore the cause of the differences. Figure 2 shows measured differences between facade-
microphone and free-field results for 23 different flybys by F28 aircraft. These were averaged
in groups according to the measured vertical angle of the aircraft when it passed the test
house. There are clearly large variations with frequency and with the vertical angle of the
aircraft. Results seem to approach the simple +6 dB expectation for higher frequencies and
lower vertical angles of the aircraft source.
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Figure 2. Measured facade effect for F28 aircraft vertical angle groups.
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Figure 3. Measured facade effect by vertical angle groups averaged over aircraft type.

To determine whether the results in Figure 2 were related to the particular characteristics of
the F28 aircraft, this analysis was repeated for results averaged over 81 events for 9
commercial jet aircraft types. These results shown in Figure 3, show a quite similar trend to



those in Figure 2 and again indicate large variations with frequency and the vertical angle of
the aircraft.

The differences between the measured facade effects and the simple expectation of a +6 dB
difference are thought to be due to a combination of ground reflection effects and diffraction
effects. These will be explored separately in the following sections.

3. Ground reflection effects

The facade effect measurements are first complicated because the incident sound is the
combination of a direct sound component and a ground-reflected sound component. These
components combine at a measurement point to form a complex interference pattern that
varies with frequency and with time as the aircraft passes the measurement point. The
combined pressure at a microphone above the ground surface can be calculated as follows,

P= {i+lcos[(r,, -, )271//1]} (1)
r, r.
where, 14 is the direct path length, m, and

1 1s the ground-reflected path length, m

A is the wavelength, m

The total effect of ground reflections over a complete passby was calculated by moving a
source in steps along a flight track and summing the energy of the combined pressure values
given by equation (1) at the receiver position. This was done for each 1/3 octave centre
frequency and these sums were compared to similar sums for an equidistant direct sound only
case. The model was further improved by adding an estimate of typical aircraft directionality
[3] and of the effective reflection coefficient of the ground determined from published values
of the acoustical impedance of a ground surface [5].

Figures 4 and 5 show some of the results of these calculations in terms of differences in
levels integrated over complete simulated aircraft passbys. Both sets of results are for the
case where the flight track is 240 m from the receiver as occurred for the measurements at
Ottawa airport. The expected influence of receiver height above the ground is shown in
Figure 4 for receiver heights of, 1.65 m (corresponding to the facade microphone at the
Ottawa test house), 2.1 m (corresponding to the height of the facade microphone at the
Toronto house) and 4.35 m (corresponding to a typical second floor room). There is a
dominant low frequency dip that varies with frequency similar to the actual measurement
results shown in Figure 1. The results in Figure 5 also show that the frequency of this low
frequency dip is expected to vary with the vertical angle of the source. Again this is similar to
the measurement results shown in Figures 2 and 3.

These calculations seem to explain the cause of the large low-frequency dip in the
measurement results in Figures 1-3 as being due to destructive interference of direct and
ground reflected sound from the aircraft. The results in Figure 4 suggest that this unwanted
effect could be minimized by avoiding ground floor measurements where receivers are
located relatively close to the ground.
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Figure 4. Calculated effect of ground reflections for varied receiver height.
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Figure 5. Calculated effect of ground reflections for varied vertical angle of the source.

4. Diffraction effects

To study the influence of diffraction effects on fagade-microphone results and how these
might vary with the angles of the incident sound, measurements were made on a model
facade in an anechoic room. The model fagade was Y4 scale of the actual facade of the test
house at Ottawa airport. It was a plain sheet of 1.6 cm (5/8 inch) thick Melamine covered
particle board. No attempts were made to model the details of the house which the facade was
part of nor the effect of the ground in this study. Thus possible effects of the roof overhang
and ground reflections were ignored. Measurements were made using an omni-directional
sound source and with a microphone located at the center of the model fagade and flush with
its surface. The omni-directional sound source was moved by the measurement microphone
along a straight line in steps simulating a passing aircraft. This was repeated for several



vertical angles of incidence. The diffraction effects are described in terms of the ratio |p/p,,
where p is the measured pressure at the centre of the fagade and p, is the measured pressure at
the same distance without a fagade present.
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Figure 6. Comparison of measured (solid line) and computed (dashed line and circles)
diffraction effects versus frequency and by vertical angle of the source for the model fagcade.

For a simple verification of the experimental procedure, results obtained for the different
vertical angles of the sound source in the plane perpendicular to the fagcade were compared
with computed values using the approximate diffraction theory of Wiener [6]. Comparisons
were first made for the more ideal cases of a square and a circular model facade. These
showed good agreement between scale model measurements and calculated results.
Reasonable agreement was also obtained between experimental and computed results for the
Y4 scale model of the actual house facade as shown in Figure 6. These results compare
calculated results with scale model data for four different vertical angles: 0, 15, 45 and 60
degrees. Both measurements and calculations show that significant variations in levels at the
facade microphone occur due to diffraction effects.

Figure 7 shows scale model measurements of the diffraction effects for a more extensive
range of vertical angles of the source and for averages over the complete simulated passby of
the source. Because it was a Y4 scale model, measurements were made at 4 times the full-
scale frequencies. However, in Figure 7 results are plotted in terms of the equivalent full-
scale frequencies to allow easy comparisons with the results obtained at the test house in
Figures 2 and 3. It was not possible to include results at higher frequencies because the
measurement microphone was not capable of correctly recording the higher frequencies used
in the model measurements.



The results in Figure 7 for the model fagade again show complex variations with frequency
that also vary with the vertical angle of the sound source and tend to approach the simple +6
dB expectation for normal incidence of the passing sound source. That is, when the source is
in the horizontal plane. These results indicate that diffraction effects could cause errors of up
to 8 dB from the expectation of a +6 dB pressure doubling at the fagade microphone. They
tend to approach the simple +6 dB expectation for vertical angles approaching normal
incidence of the passing sound source.

The scale model measurements and calculations both represent a simpler situation than the
real building facade in at least two important features. The models do not include a ground
surface nor a roof overhang as were present for the measurements at the test house. Therefore
the low frequency interference dip in the Figure 2 and 3 results, due to ground reflections, is
not present in these diffraction results. The diffraction effects for the real house would also be
different because the model was a simple rectangular panel in a fee field with no adjacent
surfaces. The facade of the Ottawa airport test house was connected to the ground at the
bottom and partly shielded by an overhanging roof at the top. Thus one would not expect the
details of Figure 7 to match those of Figure 2. However, the results do show a similar
magnitude of fluctuations and a similar departure from the +6 dB expectation as the vertical
angle increases.
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Figure 7 Measured diffraction effect for a % scale model fagade for varied vertical
angle. (plotted versus full scale frequencies).

The total measured effects at the test house would be expected to be a combination of the
ground interference effects in Section 2 and the diffraction effects illustrated here. Since the
calculated diffraction effects do not include the full details of the fagade of the test house, no
attempt was made to combine the expected effects of ground reflections and diffraction.

5. Conclusions

The problems of predicting indoor aircraft noise levels from free field outdoor levels such as
those indicated by calculated airport noise contours is complicated by ground reflections and
diffraction effects.



The assumption, that the difference between measurements of incident aircraft noise at
facade-mounted microphones and free-field microphone positions is a simple +6 dB
correction, will lead to large errors in estimating incident sound levels. Similarly, measured
incident sound levels at positions 2 m from the facade are not always 3 dB greater than free-
field measurements. Large differences from these simple expectations occur and vary in a
complex manner with frequency and the vertical angle of the source. Errors of up to 12 dB
were measured at important low frequencies for actual aircraft flybys.

Measurements at positions 2 m from the fagade would be less affected by diffraction effects
but would still include large effects of ground reflections. Facade mounted microphones at
2" floor (or higher) locations would avoid the major effects of ground reflections but would
still include significant diffraction effects. These effects may be different for road and rail
noise sources because of the different vertical angles of incidence.

Relatively simple estimates of the effects of ground reflections are possible. However, it
seems impractical to attempt to produce accurate corrections to account for the combined
effects of ground reflections and diffraction effects as a function of the particular source
position at fagade-microphone positions. Averaging over multiple facade microphone
positions as suggested in the standards [1,2] may help but a complete understanding of the
effects of diffraction on the transmitted sound energy are not available. In addition, the details
of the facade surface properties and the mounting of the facade microphone can also
influence fagade microphone measurements. It was therefore decided that for our field sound
insulation tests, the incident aircraft noise would be measured at free-field microphone
positions remote from reflecting surfaces to give more generally representative numbers.
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