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ABSTRACT

Unintended Infiltration in buildings is responsible for a significant portion of the global housing stock energy demand.
Today, the fan pressurization method, also known as blower-door test, is the most frequently used measurement
method to evaluate the airtightness of buildings and determining the total air change rate of a building or a building
element. However, the localization and quantification of single leaks in the building envelope remain difficult and
time-consuming. In this paper, an acoustic method is introduced to estimate the leakage size of single leaks in
buildings. Sound transmission measurements and measurements of airflow have been conducted in a laboratory test
apparatus. The objective of this investigation is to compare acoustic measurements with airflow measurements of
leaks under the same boundary conditions. The test apparatus consists of two chambers, which are separated by a test
wall. This test wall represents a single characteristic air leakage path in the building envelope. Various types of wall
structures with different slit geometries, wall thicknesses and insulation materials have been investigated. The acoustic
measurements have been performed with a sound source placed in one chamber and ultrasonic microphones located
in both chambers. The results of the acoustic measurements were compared to airflows through the test wall measured
using a flow nozzle to provide estimates of the uncertainty in the acoustic approach.



INTRODUCTION

Buildings are responsible for almost a third of the global final energy consumption and account for an equally
large share of global CO2 emissions (International Energy Agency 2011). The airflow through building envelope has
a significant contribution to an increase of heating and cooling energy in residential buildings. Therefore, the
knowledge of unintended infiltration in buildings is essential. The most frequently used technique to assess the
airtightness of buildings and compare them among each other is the fan pressurization method (also known as “blower-
door test”). This method is described in various standards like ASTM E779 (ASTM 2019), DIN EN 1SO 9972 (DIN
2018) or CAN/CGSB 149.10 (CAN/CGSB 2019). The fan pressurization method serves the purpose of measuring
airtightness to meet requirements to fulfill specific energy performance standards, comparing relative airtightness of
different buildings among each other or determining the reduction of air permeability after refurbishments. In order
to reduce air leakage in existing buildings it is necessary to identify leak locations and prioritize sealing of larger leaks.
In addition, knowledge of leak location can be used to improve estimates of infiltration airflows (Walker and Wilson
1998). However, quantification and identification of single leaks are challenging and time-consuming. The use of
supplementary acoustic methods has the potential to support current air leakage measurement methods.

One possible approach has already been suggested in the ASTM E1186 (ASTM 2017) standard. Among other
methods like building pressurization and tracer gas detection, this standard recommends the use of sound detection,
which is rarely applied in buildings. Locating leaks by sound detection has been investigated in laboratory
environments (Muehleisen, R. and Chelliah 2018; Chelliah et al. 2017) and single-frequency transmission attenuation
has been examined in both laboratory and field testing with some success (Varshney et al. 2013).

This study attempts to determine the magnitude of leakage airflow using a multi-frequency approach. In addition
to the method prescribed in the ASTM standard, this paper will focus more on the quantification of airflow through
single leaks than on the detection of leaks in the building envelope using sound. In this work, the evaluation of single
leak structures and a comparison between the fan pressurization method and an acoustic approach in a laboratory test
apparatus has been performed.

EXPERIMENTAL SETUP

A wooden test box was chosen as an experimental setup and is shown in Figure 1. The box has a total length of
2.5m and a height and depth of 0.6 m. It consists of two chambers with a length of one chamber of 1.1 m. Both
chambers are separated from each other with test walls, where different leaks are investigated. The box is made of
medium-density fiberboard (MDF). For all measurements, the box is closed and air sealed with a lid on top.



Figure 1: Test box top view (a) and side view with blower and pressure taps (b)

Investigated Wall Structures

In this paper, 26 different wall structures have been studied in order to simulate realistic leakage scenarios for
individual leaks. The following wall parameters have been modified between measurements:

e The number of walls: a single wooden wall with a slit in the upper part of the wall or two walls with
slits and an air gap between them (see Figure 2 (a) and (b)). The slit has a length of 180 mm.

o Different distances between the double-wall constructions: 100 and 150 mm (see Figure 2 (b) and (c)).
These distances are in the magnitude of typical wall thicknesses.

e Measurements with and without insulating material (glass wool) in between two walls (see
Figure 2 (d)).

e Connection of the slits at a double wall with a canal (see Figure 2 (g)).

e Variation of the slit height: 5, 1, 0.4, 0.25 mm (see Figure 2 (f)).

e A blank wall panel with no openings.
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Figure 2: Illustrations of investigated wall structures with slits: single wall (a), double wall (b), increasing air
gaps (c), additional insulation material (d), connected slits (e) and varying slit heights (f)

Airflow and Pressure difference Measurements

Similar to the ASTM E779 (ASTM 2019) standard, which describes the application of the fan pressurization
method in a whole building or single rooms, a blower was installed in the previously described test apparatus. The
blower was connected to one of the two chambers and is shown in Figure 3 (a). This pressurized chamber was sealed
and the second chamber was open to ambient conditions. The airflow of this blower was controlled with a manual
valve and a blower speed controller. In this experiment, only pressurized and no depressurized tests have been
performed. The results of depressurization measurements are expected to be the same because the leak configurations
remain rigid and symmetrical during the tests and therefore, will not change between pressurized and depressurized
tests.

The airflow was measured with a Venturi airflow meter installed between blower and box and is shown in
Figure 3 (b). A Venturi airflow meter consists of a cylinder at the entrance, a convergent section, a throat and a
divergent section, as illustrated in Figure 3 (c). The contraction of the pipe diameter results, according to Bernoulli’s
principle, in an increase of fluid velocity and a decrease of the static pressure along a streamline. From the
measurement of this static pressure difference (AP), the airflow (Q) through the tube can be calculated using
Bernoulli’s principle and continuity equation (Reader-Harris 2015).

This correlation is described in Equation (1), where A; and A; are the cross-sectional areas at the positions where
the pressure measurements were taken, and p is the density of air. The positions of the pressure measurement taps [1]
and [2] are shown in Figure 3 (b) and (c).

—— /AP, M
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Figure 3: Blower with manual valve (a), Venturi airflow meter with pressure taps (b) and a schematic illustration
of the Venturi airflow meter (c)

The pressure in the pressurized chamber was measured with a copper tube near the inner wall in that chamber.
Due to the open second chamber to ambient conditions, the pressure difference between both chambers can easily be
determined. A second pressure measurement was installed inside the double-wall structures (Figure 1(b) and (c)) to
monitor the pressure difference inside the wall structure as well. With the measurement of pressure difference across
the test walls and the airflow through the walls, the pressure exponent n and flow coefficient C of the power law
formulation can be obtained for each leak configuration. Equation (2) shows the correlation between airflow and
pressure difference using the power law.

Q=C-AP" 2
Acoustic Measurements

Acoustic measurements were performed with a speaker placed together with one microphone in one chamber
and another microphone in the other chamber. For these measurements, both chambers were sealed to the ambient
conditions. The speaker is an omnidirectional ultrasonic dynamic speaker with a frequency range of 1-120 kHz, and
the acoustic transducers are 0.25-inch condenser microphones with an even frequency response and a recommended
frequency range of 0.004-100 kHz. The signal which was sent by the speaker consists of discrete sine tones from
0.5 kHz to 80 kHz in ascending 0.5 kHz steps. This signal enables an analysis of a broad frequency range. Although,
the spectral resolution is lower compared to a sinus sweep, this signal enables a higher signal-to-noise ratio, because
all energy is concentrated at a single frequency for each measurement. According to the Nyquist-Shannon sampling
theorem (Shannon 1949), the sampling frequency of the analog-digital converter should be higher than twice the
maximum analyzed signal frequency. Thus, the data acquisition has been performed with a USB wide dynamic range
signal analyzer with a sampling frequency of 216 kHz per channel and a resolution of 24 bits. An interface between
the data logger and measurement computer, as well as the signal generation, was implemented in Python.

The relationship between the signal which is emitted in one chamber and the signal received in the other chamber
can be described using the frequency-dependent coherence function. The coherence function is a measure of the linear
dependency between two discrete time signals x[n] and y[n]. It describes the fraction of an output signal from an input
signal at a specific frequency. This can be characterized by the following equation:



o () = O o)
xy Gxx(f) - Gyy(f)

The coherence is calculated by dividing the squared magnitude of the cross-spectral density Gy, between x and
y with the product of the auto-spectral density of signals x (Gx) and y (Gyy). This function is always between 1 and 0,

with a value at 0 indicating total independency between both signals at a specific frequency (Benesty and Huang
2013).

RESULTS AND DISCUSSION

Airflow-Pressure Difference Measurements

The airflow and pressure difference measurements have been performed for all leak configurations. Figure 4
shows these measurements as an example of four selected leak configurations. Here, a double-wall construction with
a 100 mm distance between both walls, no insulation between these walls and a connecting canal between both parallel
slits is shown (cf. Figure 2 (e)). The solid lines show the power law fit (see Equation (2)) to the measurement data
(dots). The airflow through the largest slit with a cross-sectional area of 9 cm? (blue) is, as might be expected, the
largest. Much smaller is the airflow through slits with a cross-sectional area of 0.7 (green) and 0.4 cm?2 (magenta).

The three black vertical dotted lines indicate the predicted airflows through these leaks at 50, 10 and 4 Pa
pressure difference. 50 Pa pressure difference is a frequently used value for the comparison of blower door
measurements of real buildings (DIN 2018), whereas a 10 Pa pressure difference is used in the Canadian CGSB
standard (CAN/CGSB 2019) to calculate for instance the equivalent leakage area. At 4 Pa pressure difference or less,
natural infiltration usually occurs in buildings, which is an essential metric in indoor air quality applications
(Vornanen-Wingvist et al. 2018) and building energy simulations (Ng et al. 2013). This is also the reference pressure
most often used when converting to Equivalent Leakage Area (e.g., in the ASTM test method). These pressure levels
are chosen as a basis for subsequent comparisons with the acoustic data.
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Figure 4: Display of airflow-pressure measurement and power law fit for a double-wall construction with a
100 mm distance between the walls, no insulation and a connection between the slits for four
different slit sizes

Acoustic Measurements



The previously described coherence function has been calculated for all investigated leak configurations. To
illustrate how coherence changes with frequency we chose a single exmple wall configuration for simplicity. Figure 5
shows measured coherence for a double-wall construction with a 100 mm distance between the walls, no insulation
and a connection between the slits for four different slit sizes and a tight double-wall (same as Figure 4). The dotted
lines in Figure 5 indicate the mean value of the coherence function over the whole considered frequency spectrum of
a given leak. This value increases with an increasing slit size. While there are some changes with frequency, there are
no clear trends and the differet test configuraitons have different results. This indicates that it would be reasonable to
use a single coherence value averaged over the full frequency range. We therefore used the mean coherence values
when assessing the test results for all configurations.
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Figure 5: Coherence function for a double-wall construction with a 100 mm distance between the walls, no
insulation and a connection between the slits for four different slit sizes and a tight double-wall

As illustrated in Figure 5, there was some sound transmission even with no leaks and the wall panels sealed (the
“yight Wall” configuration). To reduce the impact of this sound that is transmitted through the wall structure and to
focus more on the sound transmitted via the leaks, we subtracted the mean coherence value of a tight wall from the
mean value of the same wall with a specific slit. We performed this subtraction for all test configurations shown in
Figure 2 to obtain the results shown in Figure 6, whre the differences between the mean coherence functions and the
respective airflow rates at 50 (red), 10 (black) and 4 Pa (green) are displayed.
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Figure 6: Correlation between mean coherence and different airflow rates for all the investigated leakage
configurations in Figure 2

The dotted lines in Figure 6 show the mean trend between coherence and airflow rate. Even though the individual
measurements do not always lie exactly on this trend line, there is a clear correlation between leakage and coherence
which is encouraging as we further devel op ths technique as a method for estimating air leakage. The coefficient of
determination R2, which determines the goodness-of-fit, is 0.79 for Qso, 0.82 for Q1o and 0.83for Qa. Therefore, the
correlation appears to be stronger for the lowest airflow rate at 4 Pa, which may result from a smaller scaling of the
pressure values. This correlation may not serve the purpose to exactly predict the airflow, but it may give an order of
magnitude.

CONCLUSIONS AND FUTURE WORK

In this work, an acoustic method was proposed for quantifying the air leakage in a laboratory test apparatus. This
method was compared with pressurization measurements under the same boundary conditions. Within this laboratory
test setup, the acoustic approach was able to give an estimate of the magnitude of airflow, which passes through a
single leak. In future work, more complex leak configurations and the applicability of this method in real buildings
have to be investigated. Microphone arrays could be used to detect leaks. As soon as the leak locations are identified,
the method introduced in this work could be used to estimate leak sizes.

NOMENCLATURE
AP = Pressure difference [Pa]
p = Density of air [kg/m?3]
A = Cross-sectional area of Venturi tube [m3]
C =  Flow coefficient [m3/(h PaM)]
Cyy = Coherence function [-1
Gy = Cross-spectral density between time signal xandy  [W/Hz]
Gxx = Auto-spectral density between time signal x and x ~ [W/Hz]
Gy = Auto-spectral density between time signal yandy  [W/Hz]



n = Pressure exponent [-1

Q = Airflow rate [m3/h]

X,y = Discrete time signals [s]
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