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Quantification of Air Leakage Paths in Buildings: A Comparison of

Airflow and Acoustic Measurements

ABSTRACT

Today, the fan pressurization method is the most frequently used method to evaluate a buildings'
airtightness. However, the localization and quantification of leaks remain difficult. In this paper, an acoustic
method is introduced to estimate the leakage size of single leaks.

Acoustic and airflow measurements were conducted and compared in laboratory tests within the same
boundary conditions. This work aims to investigate if various leak sizes can be predicted using acoustic
measurement methods. The test apparatus consists of two chambers, separated by a test wall. This wall
represents a single characteristic air leakage path. Various types of wall structures with different slit
geometries, wall thicknesses, and insulation materials were investigated. The acoustic measurements were
performed with a sound source placed in one chamber and ultrasonic microphones located in both
chambers. These results were compared to measured airflows through the test wall to provide estimates of
uncertainty in the acoustic approach, which indicate a linear trend. Finally, these laboratory measurements
were compared to the same measurements at a real office building. Although the acoustic measurement
uncertainty is still significant (greater than +/- 50 %), the acoustic method has the potential to give an order

of magnitude of single leak sizes.
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1. INTRODUCTION

According to the International Energy Agency [1], buildings are nowadays responsible for almost a third
of the global final energy consumption and account for an equally large share of global CO2 emissions.
The airflow through a building envelope is estimated to account for 30 to 50 % of the building's heating
and cooling energy [2] and is, therefore, in addition to thermal transmittance, one of the significant sources
for heat losses [3]. Thus, the knowledge of unintended infiltration in buildings is crucial. The most
frequently used technique to evaluate a building's airtightness and compare them among each other is the
fan pressurization method (known as "blower-door test"). The fan pressurization method is already
explained in many international standards like ASTM E779 [4], DIN EN ISO 9972 [5], or CAN/CGSB
149.10 [6]. This measurement 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 more
substantial leaks. Additionally, the knowledge of leak locations can improve estimates of infiltration
airflows [7].

The fan pressurization method only gives the overall leakage rate of one room or building. Quantification
and identification of single leaks are challenging, time-consuming, and depend heavily on the respective
operator's experience. Leak locations may be identified using, e.g., smoke sticks or anemometers in
conjunction with a fan pressurization measurement [8], infrared thermography [9,10], or tracer gases
[11,12]. However, smoke sticks and anemometers require a pressure difference to detect leaks. The use of
infrared thermography requires, in addition to a pressure difference (at least 10 Pa [13]), a temperature
gradient across the building envelope (at least 5 °C, better 10 °C [14]).

The objective of this paper is to investigate the potential for supplementary acoustic methods to identify
and quantify single leaks in the building envelope. The acoustic testing removes the need to move large

guantities of air through the building envelope because the tests can be performed under naturally occurring
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low or no-flow conditions. These leakage estimates can then be combined with pressure estimates to
determine building envelope air flows.

One possible acoustic approach has already been suggested in the ASTM E1186 [8] standard, based on the
work done by Keast etal. [15,16]. Among other methods like building pressurization and tracer gas
detection, this standard recommends the use of sound detection, which is still rarely applied in buildings.
Locating leaks by sound detection has been further investigated in laboratory environments [17,18] and real
buildings [19,20] using microphone arrays and beamforming. Some related work has been done to quantify
[21] and detect [22] holes in pipes with compressed air. Oldham et al. [23] modeled the acoustic and airflow
performance of ventilation apertures.

Several other studies examined the sound transmission losses through the building envelope in both
laboratory [24-27] and field testing [28—-30] to quantify leakage sizes with some success. In addition to the
range of audible sound, Graham [31] considered infrasonic impedance measurements for leakage
determination, whereas other authors focused on ultrasonic frequencies for localizing [32-34] and
guantification [35,36] of air leakages in buildings. Ultrasonic frequencies have the advantage of being
above the human auditory threshold of hearing, which may not disturb inhabitants in buildings during
measurement. Additionally, ultrasonic wavelengths are in the same order of magnitude as potential leak
sizes.

This study aims to examine the magnitude of leakage airflow using a multi-frequency approach in a
laboratory test apparatus and the application of this technique in real office buildings. Here, the focus was
clearly on quantifying airflows rather than on the detection and location of leaks in building envelopes using
sound. In the first part, various wall structures of single leaks are investigated in a laboratory test apparatus,
where a comparison between fan pressurization measurements and acoustic measurements has been
performed under controlled laboratory conditions (Section 2). In the second part, similar measurements
have been performed in a real office building to investigate this method's applicability in field testing
(Section 3).

This work is part of ongoing research activities to make remote sensing techniques applicable to thermal
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energy analyses in buildings [37,38]. The overall goal is to develop a toolbox of measurement and analysis
methods to determine the thermal properties of building envelopes quickly and accurately. Thus, single
buildings or whole districts may be examined in a short period of time to obtain crucial information for the

development of renovation strategies or loads of energy networks.

2. LABORATORY EXPERIMENTAL SETUP

In this paper, two experimental setups are introduced to compare acoustic measurement procedures with
conventional airflow measurements. The first laboratory experiment used a laboratory test box with well-
controlled artificial leaks of known dimensions and is further described in the following. The second setup

is introduced in Section 3.

2.1. METHODOLOGY

2.1.1. Laboratory Test Box

In the first experimental test setup, a wooden test box was constructed, which is shown in Figure 1. The
box is made of medium-density fiberboard (MDF) and has a total length of 2.5 m and a height and depth of
0.6 m. It consists of two chambers with a length of one chamber of 1.1 m. The chambers are separated from
each other with a test section, where different leaks could be inserted. Artificial walls were constructed that
incorporated leaks of various geometries and were installed in the test section of the apparatus. These two
separated chambers ensure a controlled environment on both sides of these artificial walls. For all

measurements, the box was closed and air sealed with a lid on top.
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Figure 1: Laboratory test box top view (a) and side view (b)

2.1.2. Artificial Wall Leaks

In this first experiment, 43 different configurations of wall leaks have been studied to simulate realistic
leakage scenarios for individual leaks on a model scale. The following 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 (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 (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
(Figure 2 d)).
e Connection of the slits at a double wall with a channel (Figure 2 e)).
e Non-parallel leakage paths, where the slit is in one wall at the top and in the other at the bottom.
Here, measurements have been performed with and without a channel between the slits (Figure 2 f)

and g)).
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e Variation of the slit height: 5, 1, 0.4, 0.25 mm (Figure 2 h)).
¢ Blank wall panels without openings for reference purposes.
38 of the total 43 investigated configurations were walls with deliberate openings (shown in Figure 2), and

5 configurations are different types of walls with no openings for reference purposes.

a) b) c) d)
R
ﬁ<:> i:l<:::> i |
e) D 9 : h)

Figure 2: Schematic illustration of configurations and investigated parameters for the 38 artificial wall
leaks

2.1.3. Airflow and Pressure Difference Measurements

To characterize the test wall leakage, multipoint air leakage tests were performed, similar to the ASTM
E779 [4] or DIN EN ISO 9972 [5] standard fan pressurization methods for whole buildings or single rooms.
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 pressurization
and no depressurized tests were performed.

The airflow was measured with a venturi airflow meter installed between the blower and box and is shown
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in Figure 3 b). The venturi airflow meter is schematically illustrated in Figure 3 c), and the respective
airflow can be calculated from the static pressure drop across the convergent section. 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 [39]. The positions of the pressure measurement taps

[1] and [2] are shown in Figure 3 (b) and (c).

€y

2) <)

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

The pressure in the pressurized chamber was measured using a flush-wall pressure tap on the chamber's
inner wall. Copper tubing was used to connect the pressure tap location to a differential pressure gauge.
Due to the open second chamber to ambient conditions, the pressure difference between both chambers can
easily be determined. A second pressure measurement location was inside the double-wall structures (cf.
Figure 2 b) to g)) 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 using a least-
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squares fit to the pressure-flow relationship. We chose the power law formulation because it has been shown
to be a good model for airflow in building leaks at the leak dimensions, pressure differences and airflows
typical of building envelopes [40] and that were used in this study. Equation 2 shows the correlation
between airflow and pressure difference using the power law.
Q =C-AP" (2)

Here, C (m3¥/(h-Pam) is the flow coefficient, which can be a measure of the overall leak size and n is the
pressure exponent, which describes how leakage changes with pressure difference [41]. This pressure
exponent is generally limited to values between 0.5 and 1.0. An exponent of 0.5 is the extreme case of
turbulent flow through an orifice where frictional forces can be neglected. An exponent of 1.0 corresponds
to leaks with low Reynolds numbers, dominant frictional losses, and, therefore, laminar flows (e.g., long
thin cracks) [40]. In many cases, the pressure exponent was found to be in the vicinity of 2/3 in buildings
[42]. The acoustic testing presented here is intended to estimate the C and n values for Equation 2.

The temperatures in both chambers were roughly the same (z 0.4 °C) during the measurements; therefore,
a temperature correction of the airflow through the flowmeter, which is required in ASTM E779 [4] and

DIN EN 12114 [43], was not necessary.

2.1.4. Acoustic Measurements

The acoustic measurements in the laboratory setup 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. All measurements were taken at zero pressure difference
and zero airflows. The only intended sound source was the speaker in one of the two chambers. The speaker
is an omnidirectional ultrasonic dynamic speaker with an even 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 was a white
noise signal, which enables an analysis of a broad frequency range. In the measurements for this study, the

experiments used frequencies between 1 and 40 kHz. According to the Nyquist-Shannon sampling theorem
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[44], 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 Cyy(f). 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:

|Gy (D]
Gyx () - ny(f)

Coy(f) = (3)

The coherence is calculated by dividing the squared magnitude of the cross-spectral density Gy (f) between
x[n] and y[n] with the product of the auto-spectral density of signals x[n], Gx(f), and y[n], Gyy(f). This
function is always between 1 and 0, with a value at 1, indicating a perfect correlation and at O a total
independence between both signals at a specific frequency [45,46]. This paper intends to examine our

ability to use the coherence function to estimate the size of building envelope leaks.

2.2. RESULTS AND DISCUSSION OF LABORATORY MEASUREMENTS
2.2.1. Airflow-Pressure Difference Measurements

For each of the 38 investigated leak configurations, multiple airflow and pressure difference measurements
were performed to get a full pressure-flow characteristic for each leak. Figure 4 shows an example of
measurement for four selected leak configurations. In the example, a double-wall construction with a

100 mm distance between both walls, no insulation between these walls, and a connecting canal between
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both parallel slits is shown (cf. Figure 2 €)). The solid lines show the power-law fit to Equation 2 to the
measured data (dots). The measured data in this Figure include measurement uncertainties (standard
deviation) in airflow and pressure difference, but for the majority of these values the error bars are smaller
than the size of the displayed dots. The airflow through the largest slit with a cross-sectional area of 9.0 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? (magenta), but even at these small flows, a distinction between both leaks
is still possible. In these examples, the leaks have the following pressure exponents: Nggocm=0.55,

N1.8cm=0.64, No7 cm=0.71, and no.4 cm==0.76.

35
e 9.0cm?slit
v 1.8 cm? slit
30 A 0.7 em? slit
»  0.4cm? slit
= 251
™M
£
o 20
(2]
I5
a4
g 157
=}
=
=
<101
5 I : _’Fw_f’_v——/
| P’_.—-/‘ * A — |
0 > =

0 20 40 60 80 100
Pressure Difference AP [Pa]

Figure 4: Airflow-pressure measurements of laboratory test apparatus and power low fit for a double-
wall construction with 100 mm distance between the walls, no insulation, and straight connection between
the slits for four different slit sizes on a linear scale, including measurement uncertainties

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 comparing blower door
measurements of real buildings for compliance with building regulations [5], whereas a 10 Pa pressure

difference is used in the Canadian CGSB 149.10 standard [6] to calculate, for instance, the equivalent
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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 [47] and building energy simulations [48].
Additionally, 4 Pa is also the reference pressure in French blower door guidelines [49]. This is also the
reference pressure most often used when converting to equivalent leakage area (e.g., in the ASTM test
method).

2.2.2. Acoustic Measurements

To reduce the impact of sound transmitted through the wall structure, the impact of background noise and
to focus more on the sound transmitted through the openings, the mean coherence value of a wall with no
slits was subtracted from the mean value of the same wall with a specific slit for each of the acoustic
measurements. This characteristic was determined for each different wall structures (e.g., single or double
walls).

The coherence function was calculated for all 38 investigated leak configurations. An example of the
measured coherence function (with no airflow) is shown in Figure 5, for the same leak configuration shown
previously in Figure 4. Figure 5 also includes the coherence function for the double-wall with no slits
(100 mm distance between the walls and no insulation material between the walls) as the black bottom line.
This line shows how sound is transmitted through the wall, even though the wall has no deliberate airflow

paths.
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Figure 5: Coherence functions 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, with

dashed lines indicating the mean values

The dotted horizontal lines in Figure 5 indicate the mean value of the coherence functions over the whole
considered frequency spectrum of the leak configurations with the same color. This value increases with

increasing slit size.

Figure 6 shows the differences between the coherence of a slit size with a height of 1 mm (cross-sectional
area: 1.8 cm2) and an airtight wall for four different wall configurations. The following leak configurations
are displayed (cf. Figure 2 a)-d)):

e One wall,

e Two walls with a 100 mm distance,

e Two walls with a 150 mm distance,

e Two walls with a 100 mm distance and additional insulation in between.
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Even though the slit size is the same, the mean magnitudes, as well as the frequency responses, are different

for each of these different leak configurations.

0.4

—— One wall

Two walls, 100 mm distance, no insulation

Coherence [-]

—— Two walls, 150 mm distance, no insulation

Two walls, 100 mm distance, with insulation

Coherence [-]

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Frequency [kHz] Frequency [kHz]

Figure 6: Differences between the coherences of four different wall configurations and the coherence of
the same tight wall constructions for the largest slit size of a cross-sectional area of 1.8 cm?, with dashed
lines indicating the mean values

The top left configuration with only one wall separating the two chambers has the highest mean magnitude
of all four displayed configurations, with its highest peak at around 25 kHz. The largest frequency responses
are between around 15 and 30 kHz, which is still visible at the double-wall construction with a 100 mm
distance between them. However, this second displayed configuration has a lower mean magnitude
compared to the single wall construction. Furthermore, the shape of the frequency response is similar for
both double wall constructions without insulation between 30 and 40 kHz. The last configuration with
insulation material between both walls has the lowest mean magnitude of the coherence differences. The
insulation material seems to attenuate the frequency components over the whole considered frequency
range. Here, no single distinct frequency is visible. These results indicate that there is the potential to

identify types of leaks from their sonic signature, which will have to be further investigated in future work.

Page 14 of 37



In Figures 7-9, the differences between the mean coherence functions of walls with artificial leaks and the
same airtight wall constructions are plotted against the respective airflow rates of the same constructions at
50 (red), 10 (grey), and 4 Pa (green) pressure difference. The airflow rates at these pressure values are

extracted from the airflow measurements (as an example illustrated in Figure 4) by interpolation along the

fitted curves.
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Figure 7: Correlation between mean coherence difference and different airflow rates at 50 Pa pressure
difference for all investigated leakage configurations
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Figure 8: Correlation between mean coherence difference and different airflow rates at 10 Pa pressure
difference for all investigated leakage configurations
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Figure 9: Correlation between mean coherence difference and different airflow rates at 4 Pa pressure
difference for all investigated leakage configurations

Figures 7-9 show an observable trend between coherence and airflow for a given pressure difference. This
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indicates that the coherence can be used to predict air leakage. To investigate this trend, the coherence
function values (C,y) were related to the airflow using the following Equation for each of the three pressures
in Figures 7-9:
Q= KnyAP”C 4

Where AP is equal to each of the three references pressures (4, 10, and 50 Pa) and coefficient K (m3/(h-Pa"))
and pressure exponent nc (-) were determined using an optimizer at each pressure. The optimizer uses non-
linear least squares to fit Equation 4 to the data. For each pressure case, the pressure exponent nc was close
to 1. Figure 10 shows the fitted nc and K values for the three investigated pressure differences. The fitted

coefficients K indicate a non-linear relationship between K and the pressure difference.

5
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Figure 10: Fit of coefficient K and exponent nc for the investigated pressure differences in the laboratory
tests

The thin lines in Figures 7-9 show the resulting flow-coherence relationship. From these figures, we can
also observe that different leak configurations can have similar coherence but quite different airflow.
Further spectral analysis may be combined with the coherence to improve the acoustic estimates of leakage
and airflow in future work. For example, a possible weighting of certain dominant frequency bands, instead
of taking a mean value over the whole frequency range, may have the potential to increase the prediction

accuracy.

Page 17 of 37



In order to assess the accuracy of the prediction of airflow rates with the relationship introduced in
Equation 4, the absolute root mean square error (RMSE) and a normalized root mean square error (NRMSE)
between the measured (meas) airflow rates and the predicted (pred) function were calculated (see
Equation 5 and 6). The NRMSE is normalized by the predicted flow rate of the airflow at the specific

pressure differences to be able to compare this error for different scales.

N (0. — 0. 2
RMSE:\/Zi=1(QL,mea[.\9] Ql,pred) (5)

2

N (Qi,meas - Qi,pred)

i=1 j
NRMSE = (12\;'””‘1 (6)

These errors for flow rate predictions at 4, 10, and 50 Pa pressure difference are shown in Table 1.

Table 1: RMS errors for flow predictions

Qso Quo Qq
RMSE (m¥h) 5.42 2.48 2.44
NRMSE (-) 0.53 0.59 0.63

The absolute RMSE decreases with predicting airflow rates at lower pressure differences, whereas the
NRMSE decreases with airflow rates at increasing pressure differences. The NRMSE indicate errors of

greater than +/- 50 % for the prediction of airflow rates with the acoustic method.

Additionally, two prominent leak configurations were highlighted in the Figures 7-9 to indicate some

significant outliers from this general trend. Firstly, all non-parallel leakage paths (cf. Figure 2 f) and g)) are

highlighted with an additional 'x' on the dots in Figures 7-9. These are all grouped in the top left part of the
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figures. For all configurations with non-parallel leakage paths (with and without a connecting channel),
only slits with heights of 5 and 1 mm were manufactured. Here, the acoustic measurement procedure
generally underestimates the actual leak size. One explanation might be that soundwaves are attenuated due
to reflection inside the structure. Therefore, this acoustic method might be less suitable for quantifying
airflows in constructions with large non-parallel airflow paths.

Secondly, the leak configurations containing only the smallest slits with heights of only 0.4 and 0.25 mm
(cf. Figure 2 h)) are highlighted with an additional '+' on the dots. These are all grouped in the bottom part
of Figures 7-9. Even though the measured airflow through these leaks does not differ significantly (e.g.,
for different distances in the double wall configurations), there is a variation in the coherence difference for
this group of artificial leaks. Therefore, the influence of the sound transmission through the wall structure
itself seems to dominate these measurements compared to the sound transmission through these tiny leaks.
This makes it hard to detect these small leaks correctly using this method.

However, the acoustic parameter may not serve the purpose of precisely predict the airflow, but it may have

the potential to give an order of magnitude.

3. EXPERIMENTAL SETUP WINDOW FACADE

Having established the experimental procedure using artificial leaks in a controlled laboratory setting, this
next section discusses measurements made on a window in a real office building using the same

experimental technique.

3.1. METHODOLOGY
3.1.1. Test Site and Investigated Leaks
The test site is a small office (dimensions of the room: 3.6 m x 5.4 m x 3.0 m) at ground level with a

window facade (one wall) as part of the building envelope. Within this window facgade, six leaks of different

sizes were artificially constructed and tested. A varying number of cable ties were wedged at the same place
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of one window frame to simulate a damaged window gasket and to create reproducible leaks. Two types of
cable ties were used to achieve this: a lager tie (top row of Figure 11) with a width and height of
8.0x 1.5mm and a smaller one (bottom row of Figure 11) with a 3.0 x 1.0 mm width and height,
respectively. The ties were screwed to a small piece of wood to ensure they remain rigid during the

measurements. Figure 12 shows how the cable ties were inseted in the window frame.

Figure 11: The two types of cable tie used to create reproducible artificial leaks in the window frame.
Top row: large cable ties with an 8 mm width, bottom row: small cable ties with a 3 mm width

Figure 12: Insertion of cable ties in the window frame
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3.1.2. Airflow and Pressure Difference Measurements

In order to measure the flows through the deliberate window leaks only, we constructed a solid wooden
frame (see Figure 13, left side) that fit precisely over the window containing the leaks. This frame was
covered with an airtight foil and sealed to the ambient room to create a closed control volume of the window.
After that, a duct with a controllable fan and a venturi airflow meter was connected to the frame (see
Figure 13, right side). Similar to the method described in chapter 2.1.3., the pressure difference across the

calibrated airflow meter was measured and converted to the airflow rate afterward.

Figure 13: Experimental setup for airflow and pressure difference measurements in an office building
(left) with venturi airflow meter (right)

Pressure taps were connected to the frame to measure the pressure differences across the window
simultaneously to the airflow measurements. Temperature measurements were taken inside and outside the
room, and corrections were applied to readings from the flow measurement system following the ASTM

standard [4].
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3.1.3. Acoustic Measurements

For the acoustic measurements, a pair of high and mid/low-frequency omni-directional speakers were
placed in the middle of the office room (see Figure 14 a)). The high-frequency speaker has an even
frequency range of 1-120 kHz, and the low-frequency dodecahedron speaker has an even frequency range
of 0.05-16 kHz. However, during the tests, we recognized that this speaker was capable of emitting signals
up to 40 kHz, even though it was not guaranteed by its manufacturer. The emitted signal was a broadband
white noise, recorded with a sampling frequency of 192 kHz. Thus, according to Shannon [44], frequencies
up to 96 kHz can be analyzed. One microphone recorded the emitted signal inside the room next to the
speakers, and a second microphone was placed outside the window (see Figure 14 b)). The microphones

were the same as used in the laboratory measurements.

a) b)

Figure 14: High frequency (top) and mid/low frequency (bottom) omnidirectional dodecahedron speaker
(a) and microphone outside the building (b)
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3.2. RESULTS AND DiscussioN oF WINDOW FAGADE MEASUREMENTS

3.2.1. Airflow and Pressure Difference Measurements

For all six different constructed leaks, airflow and pressure difference measurements were conducted. The
results of all measurements in the office room with multiple pressure levels are shown in Figure 15. The
three blue lines in the upper part of the plot indicate the fit according to the power-law (cf. Equation 2) for
the larger cable tie with a diameter of 8 mm. In the lower part of the plot, the three green lines show the
measurement fit of the smaller cable tie with a 3 mm diameter. The term "3x8 mm" means that, for instance,
3 cable ties with a diameter of 8 mm are wedged in the window frame at the same time (see the top left
configuration in Figure 11).

Here, a clear distinction between all six measurements and leak configurations is possible. However, there
is significantly higher uncertainty in the flow measurements for the three smallest leak configurations with
a smaller airflow (in green). Again, the black dotted vertical lines indicate the pressures at 50, 10, and 4 Pa
pressure difference, which are chosen for the subsequent analysis. Similar to the laboratory measurements,
the airflow rates at these pressure values are extracted from the measurements shown in Figure 14 by

interpolation along the fitted curve.
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Figure 15: Airflow-pressure measurement of constructed leaks with cable ties wedged in the window
frame on a linear scale, including measurement uncertainties

3.2.2. Acoustic Measurements

The coherence functions of both recorded acoustic signals from the microphones inside and outside the
office room are calculated. Similar to the laboratory testing, measurements were made with the window
closed and no artificial leaks in order to measure the sound transmission through the window and facade to
be subtracted from the leak coherence measurements. Figure 16 shows the coherence function for the
window without any artificial leak as a function of the frequency. The thin blue line is the calculated
function, and the thicker black line is a calculated moving average value for better visualization with less
noise. In this measurement, notably lower frequencies (<10 kHz) appear to be coherent between both
signals. At higher ultrasonic frequencies (>20 kHz), the coherence of inside and outside measurement is

close to 0.
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Figure 16: Coherence of building measurement with the tight window, with the black line indicating the
moving average

These results show how signal energy through the window is transmitted, even though the window is
airtight, and this measured coherence will be subtracted from measurements with added leaks.

Figure 17 shows the measured coherence for the deliberately added leaks without the no leak results in
Figure 16 subtracted. The thin lines (in red) represent the calculated coherence values, and the bold black
line the moving averages of the same function. These measurements exhibit a clear contrast compared to
the measurements without added leaks (cf. Figure 16). In addition to the already transmitted frequencies
(<10 kHz) from the window itself, responses at higher frequencies can be observed that are caused by
openings in the window.

The largest opening, where three large cable ties have been wedged in the window frame, shows a relatively
strong coherence (sometimes more than 0.6) for frequencies up to 35 kHz. As well as the change in

frequency response, the magnitude of the coherence function decreases with decreasing opening size.

Page 25 of 37



1.00
3x8 mm cable tie

2x8 mm cable tie

250,75

|
I

0.50

0.25 1 i |
0.00 thmMI.MM.JLLLM MLM.,A.JL,,JJm uL | th‘ "

1.00

Coherence

1x8 mm cable tie L m 3x3 mm cable tie
. 0.75

e
W
[«

Coherence

0.25

1x3 mm cable tie

@
W
()

Coherence [-]

e
(o]
G

o
=
S

30 10 20 30
Frequency [kHz] Frequency [kHz]

Figure 17: Coherence of building measurements with constructed leaks, with the black lines indicating
the moving average

For smaller openings, specific frequencies appear to dominate. For the four smaller leaks, the response
below 10 kHz is very close to that for the window with no leaks.

Next, the coherent frequencies from the test with no leaks, as shown in Figure 16, were subtracted from the
measurements which contain openings, to exhibit sound transmission at frequencies only affected by the
openings. These results are shown in Figure 18. The frequencies can be interpreted at frequencies of
dominant sound transmission depending on the size of the specific leaks. These results show some of the
same trends as the laboratory tests: an increasing magnitude of coherence with increased leak size for the
8 mm tests. However, the results using the 3 mm cable ties are less clear. Possibly a mean coherence value

would show the trend more clearly. With most of the response below 10 kHz removed, characteristic
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frequency spikes are observed above that frequency. A spike at about 15 kHz is observed for the 1x8, 3x3,
and 2x3 mm cases. The 1x8 and 2x3 mm cases also show similar responses at higher frequencies between
15 and 25 kHz. These are absent from the 3x3 mm case. Finally, the 1x3 mm case does not show the same
sub-25 kHz responses of the other cases and has a strong response just above 25 kHz. While these results
do not show any particular characteristic trends, they indicate that spectral analyses may help characterize

other aspects of leaks beyond their scalar size, such as determining the pressure exponent nc.
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Figure 18: Moving average of differences between the coherence of constructed leaks and tight widow

In the last step, the mean difference of measured leak coherence and the reference measurement over the
chosen frequency range is defined as a measure of the leak size and plotted against the airflow rates at 50
(red), 10 (black), and 4 Pa (green) pressure difference. This comparison between acoustic and airflow

metrics is shown in Figure 19. The airflow values are taken from the measurements shown in Figure 15.
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The thin lines in Figure 19 are the relationships introduced in Equation 4, with optimized K and nc values
for the airflow rates at the respective pressure differences (Qso, Q10, and Q) and the mean differences of
the calculated coherence within the considered frequency range. The three dots above each line (for Qso,
Qa0, and Qa) correspond to the leaks with the larger cable tie (8 mm width), and the three dots below each
line correspond to the leaks with the smaller ones (3 mm width). Similar to the laboratory experiments,
these correlations between airflow and acoustic parameters show a general trend that with increasing leak
size, the difference of the coherence measurements increases as well. Similar to changes in airflow path/leak
configuration in the earlier laboratory measurements, the substantial increase in airflow rate between these
two types of cable ties, which is visible in Figure 15 between the group of green and blue lines, is not
directly represented by the acoustic measurements. The increase in the mean coherence difference between
these groups of leaks is much smaller. This would lead to an overestimation of the leak size for the small
leak configurations and underestimating the leak size for larger leaks if one would only consider the acoustic
measurements. Nevertheless, a prediction of an order of magnitude might be possible. As with the
laboratory testing, the different window leaks had different spectral properties (as shown in Figure 18), and
this shows some potential for future spectral analyses to improve the relationship between acoustic
coherence measurements and predicted air leakage.

The fitted K and nc values for the three investigated pressure differences are finally illustrated in Figure 20
for the building tests. As for the laboratory tests, these fitted coefficients for nc are close to 1 and the fitted
coefficients for K indicate a non-linear relationship between this coefficient and the pressure difference.
The coefficients K at 50 and 10 Pa are in the same magnitude as for the laboratory tests. However, the K
value at 4 Pa is a bit higher. The uncertainties in the flow measurements are, particularly at low pressures
and flows, higher for the measurements in the building compared to the laboratory measurement, which

could explain this deviation.
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Figure 20: Fit of coefficient K and exponent nc for the investigated pressure differences in the building
tests

4. CONCLUSIONS AND FUTURE WORK

In this work, an acoustic method was proposed to quantify the air leakage in a laboratory test apparatus and
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validate this method in a real building application. Fan pressurization and acoustic measurements were
performed in both experimental setups. Within both arrangements, the acoustic approach combined with a
measurement of pressure difference gave an estimate of the magnitude of airflow, which passes through a
single leak. From the test results, we can conclude that the acoustic coherence measurements change with
different leaks. There is a linear trend of increasing coherence with increasing leakage that indicates the
potential for this acoustic technique as a building diagnostic; however, the uncertainties were significant
(greater than +/- 50 %).

Observations of the spectral acoustic results indicate that additional spectral analysis may be able to better
identify different leak types and reduce these uncertainties. This remains a topic for future work. Other
future work could investigate more complex leak configurations and the localization of leaks in real
buildings. For an application in buildings, a study is currently under way that is using microphone arrays
to detect leak locations. It is possible that in the future these methods could be combined such that leak

sizes could be estimated for specific leak locations.

5. NOMENCLATURE

Abbreviations

ELA Equivalent Leakage Area m?2
MDF Medium-Density Fiberboard -
RMS Root Mean Square -

Latin Symbols

A Cross-sectional area of Venturi airflow meter m?

C Flow coefficient m3/(h-Pa")
Cyy Coherence function -

Gyxy Cross-spectral density between time signal x and y WI/Hz
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Gxx Auto-spectral density between time signal x and x W/Hz

Gyy Auto-spectral density between time signal y and y W/Hz
K Coefficient m3/(h-Pa")
N Number of data points -

n Pressure exponent -

Nc Pressure exponent determined by acoustic measurements -

P Pressure Pa

Q Airflow m3/h
X, Y Discrete time signals -
Greek Symbols

A Difference -

p Density of air kg/m3
Subscripts

4 Evaluated at 4 Pa pressure difference

10 Evaluated at 10 Pa pressure difference

50 Evaluated at 50 Pa pressure difference

i Single measurement point
meas Measured Value

pred Predicted Value
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