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ARTICLE INFO ABSTRACT

Keywords: Air leakage through the building envelope in the U.S. accounts for about four quads of energy
Infrared imaging annually, costing approximately $40 billion per year. However, a high-fidelity and non-intrusive
Building envelope method to detect air leakage has not been demonstrated to date. In this paper, we propose a novel
Air leakage detection non-intrusive and low-cost method called Transient Infrared (IR) Imaging (TIRI) that can rapidly
Building energy and accurately identify air leakage locations and relative rates on building envelopes. When the

interior and exterior temperatures are different, and a small internal pressure pulse is created by
HVAG, the temperature at locations with air leakages will change rapidly, while the areas without
a leakage do not change. Based on a heat transfer model, we have derived the temperature change
as a function of time after the HVAC is turned on. By tracking the temperature change, which
depends on leakage rate and size, we have obtained the air leakage map in the case studies. Using
an exterior door as an example, we took transient IR images in different seasons and different
times of the day, and successfully obtained the leakage map in all the scenarios. Successfully
obtained the air leakage map even when the indoor-outdoor air temperature difference is as small
as 2 °C. We have also realized a detection speed of 10s and demonstrated that this method also
worked for windows, which have mirror-like IR reflections. Our TIRI method will accelerate the
improvement of airtightness in buildings, save building energy, and help reduce greenhouse gas
emissions.

1. Introduction

Buildings represent the most substantial energy consumption sector in the United States [1] and the European Union [2], ac-
counting for approximately 40 % of annual primary energy usage. Notably, within the realm of building energy consumption, nearly
half is attributed to the heating, ventilation, and air conditioning (HVAC) systems, and air leakage is estimated to contribute to 30-50
% of the HVAC loads [3]. Detection and sealing air leakage has the potential to conserve four quadrillion BTUs of energy annually in
the USA, equivalent to approximately $40 billion [4]. Additionally, the flow of moisture-laden air can compromise the durability of
materials and promote the growth of mold and mildew within the building envelope [4,5].

Many methods have been developed and tested for building air leakage detection over the past four decades [6]. Among them, the
blower door test is the most widely used method [7], which employs a specialized fan temporarily mounted to an exterior doorway
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frame. Once properly calibrated, this powerful fan can modulate the interior air pressure by either expelling or introducing air. As a
result, air infiltrates or exfiltrates through all unsealed gaps, cracks, and openings. Additionally, a harmless smoke pencil can be
employed to pinpoint air leaks [8,9]. The resultant data, representing the home’s air leakage rate, is captured on a digital device.
During the test, infrared cameras can also be utilized to identify insulation voids and air leakage points [10,11]. Hart provided a
general guide on employing infrared thermography for diagnosing buildings in 1992 [12]. Hart pointed out that this method is not
accurate, requires many parameters, needs a minimal indoor-outdoor temperature difference of 5 °C, and relies on environmental
conditions. Another notable contribution to this field was made by Grinzato et al. who employed IR cameras to identify defective areas
on building envelope [13]. Their approach involved solving the transient heat transfer equation under periodic or pulsed heating [13].
However, this method is complex and was not employed widely. Besides, many IR-based methods have been explored based on various
models [11,14-20]. Nevertheless, all of them rely on depressurization or pressurization fans to induce indoor-outdoor pressure dif-
ference (50-75Pa) or temperature differences (10 °C) [6]. Furthermore, these methods mainly focus on static IR images, which need
complex heat transfer models and many parameters to fit the model in order to detect air leakage. The presence of thermal bridging can
further complicate the process by affecting the contrast and making it challenging to pinpoint the exact location of air leakage. Exterior
imaging is also susceptible to external factors like weather, wind, and buoyancy flow, while interior imaging can be affected by the
presence of furniture and decorations. Active IR imaging proposed by Lerma et al. [21] is a transient method, but they rely on a 2500 W
IR lamp to heat up the leaking spot, which is costly and intrusive. The alternative non-IR related methods, such as low-frequency
acoustical monopole [22], anemometer, smoke canister [23], micro-electromechanical pressure sensors [24], microphone arrays
[25-29], sound reduction index monitoring [30], and refractive index optical imaging [31], either are costly, intrusive or have a low
signal-to-noise ratio (accuracy) due to the small temperature and pressure variations and the considerable interference posed by
external environment and complex geometry envelop. Overall, a high-fidelity and non-intrusive method has not been demonstrated to
date [6].

In this paper, we present a simple and novel method that utilizes the time evolution of IR images under a small pressure pulse
created by HVAC systems to identify both the locations and relative rates of air leakage, without the need for pressurization fans. While
Hart previously discussed the use of infrared thermography to detect air leakage by monitoring the expansion of cold areas during the
depressurization process, it is important to note that the method still relies on mechanical extraction fans, and no tests were done then
[12]. Additionally, although recent literature has explored time-dependent IR images, they have primarily been used to monitor the
surface temperature change over a long period (e.g., 30 min to reach a steady state) to study the effects of pressure rather than
transiently detecting air leakage [11]. The remainder of the manuscript is organized as follows. In Section 2, we introduce the
developed new method. In Section 3, we demonstrate the feasibility of the new method on a testing door and window. In Section 4, we
demonstrate the imaging processing method and demonstrate the generation of air leakage maps. In Sections 5 and 6, we demonstrate
our method in various conditions. Section 7 provides an outlook, and Section 8 draws conclusions.

2. Theoretical methodology

Instead of analyzing the static IR images, we propose a novel technique called transient IR imaging or “TIRI”, which involves
analyzing time-dependent IR images. We assume the interior of a building is maintained at a given temperature (for example, 23 °C),
and the outdoor air is at a different temperature (being either higher or lower than 23 °C). When the building’s HVAC system un-
dergoes operational changes, such as turning on or off or changing the blower speed, the air leakage rates at the locations with cracks,
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Fig. 1. Sketch of the heat transfer processes around the exterior surface of a crack.
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gaps, or openings will change immediately due to the sudden pressure pulse induced by HVAC. Immediately after the change of HVAC
operation happens, the locations with air leakage should have a noticeable temperature change over time (within ~minutes) due to the
convection airflow through the leakage spots. In contrast, the locations without leakage should not experience a temperature change.
Therefore, we propose that by taking the transient IR images over time and tracking the temperature change at various locations, we
can identify the locations of air leakage.

The TIRI method can effectively distinguish thermal bridges from leakages. Thermal bridges exhibit temperature patterns similar to
those of air leakage locations in static IR images, making it hard to differentiate between the two in the conventional IR imaging
methods. However, the TIRI method offers an effective means to distinguish them by focusing on tracking the temperature changes
(relative temperature) rather than the absolute temperature. The thermal bridge location’s temperature should stay constant after the
change of HVAC operation happens. In contrast, leakage locations’ temperature should change rapidly.

Fig. 1 shows a crack on a building’s exterior wall and its simplified model. In the TIRI method, after the HVAC is turned on, the
surface temperature close to the crack is controlled by the heat transfer equation:

P‘sl(sw PC%—TZ hinélP(Ta.in - T) + hautéwP(Ta,out - T) - kP&l?;TZ (1)
Here, P is the perimeter of the crack cross section. §, is the width of the tiny area of interest near the crack. §; is a small portion of
wall thickness of interest near the exterior surface. T,;, is the temperature of the air inside the crack near the exterior surface. h;, is the
air convection coefficient inside the crack. T, is the air temperature for the external convection of the surface surrounding the crack
(i.e., the annular band-shaped area shaded in the diagram). T, ., is a mixture of the outdoor air and the air flowing out from the crack.
The value of T,,, depends on the wind speed and leaking speed and but should be in between T,;, and Toudoor- how iS the convection
coefficient on the exterior surface near the crack, which depends on the outdoor wind. T is the temperature of the exterior area around
the crack that is to be measured by the TIRL. p, c, k are the density, heat capacity, and thermal conductivity of the exterior wall.
The first term in Eq. (1) is the energy change rate of the control volume studied around the crack. The second term is the heat gained
by convection from leaking air inside the crack. The third term is the heat gained by convection from the exterior surface. The last term
is the heat loss due to conduction inside the wall. Radiation is ignored since it is small compared to conduction and convection during a
short time. During the short time of TIRI, we assume the conduction is neglected, compared to convection, and Eq. (1) is reduced to
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The solution to Eq. (2) is an exponential function as follows:

A\ B: A
T= <T07§>e pe +E (5)

At time 0, the exterior surface temperature is Ty. After a long time, the temperature gradually approaches the final steady-state
temperature A/B, which is not the interest of our work. In the TIRI method, we are only interested in very short time after time 0.
Within a short time (small t), the exponential function can be approximated by a linear function:

T=T, -1-E (é— T0> t, (tis small) 6)
pc \B

which indicates that the exterior surface temperature should change linearly after turning on the HVAC system, and the temperature
change rate is

dT, B (A
E‘short t :/TC <E - TO) @

Here, for simplicity, we assume hj; ~hoy and & ~ 8y, and Eq. (7) can be reduced to

dT ~ hin + hou[ (Ta,in + Ta,out T )
— 1o
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Here h;, and h,, are very complex and dependent on many factors. For example, a rougher, narrower, and more winding crack should
have higher friction, lower air flow speed, and lower convection coefficient near the exit (hy,). hoy depends on leaked air flow rate and
the outdoor wind speed and direction. T, ;;, depends on the crack length and roughness. T,y is the temperature of the mixed air that
consists of leaked air and outdoor air, and depends on the air leaking rate and wind speed. Higher leaking rate can bring T, ,, closer to
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Tq,in, which will increase the absolute value of dT/dt. It is unlikely to find the exact analytical expression of hin, hout, Ta,in, and Ty our,
which is also not the focus of this work. As a rule of thumb, h;, can be roughly approximated by the fully-developed turbulent flow in a
rough tube [32-34],
4 4/5p.n
hy, = %Nun ~ % ReEPr“ ~ %v:{f ()
Dsyus

Here, Nup, Rep, and Pr are the Nusselt, Reynolds, and Prandtl numbers of air, respectively. y, Vair, p, kqir are the dynamic viscosity,
velocity, density, and thermal conductivity of air leaking out from the crack. D is the diameter of the crack. The exponent 4/5 is written
as 0.78-1 in the literature for different types of rough tubes [32-34], and we take 4/5 just as a first order approximation. Equations
(6)-(9) indicate that the temperature changes linearly with time in the TIRI regime, and the change rate is positively correlated to air
leakage velocity and indoor-outdoor temperature difference, inversely proportional to wall density and heat capacity.

After collecting IR images, we will conduct a linear fitting of the temperature of each pixel, T;(t), as a function of time (¢):

Ti(t):KitJrCi (10)

to obtain the temperature change rate K; = dT;/dt of each pixel i. The air leakage map can be obtained by using the amplitudes of |K;|.
The brightness of each pixel represents the relative amplitude of |K;|, or the relative leakage rate. Since the measured absolute tem-
perature of different IR images may not be consistent due to the intrinsic limitations and fluctuations of the IR camera, we also propose
to use a more advanced method to process the transient IR images using a normalized temperature rather than absolute temperatures.
We define a normalized dimensionless temperature of each pixel, T} (t), as

Ti(t) - T()

T () = (11)

Here T;(t) is the temperature of the pixel i at time ¢, and T(t) = % Zfi 1 Ti(t) is the average temperature of all the pixels in one IR image at

time t. For each time t, T; (t) represents the derivation of each pixel’s temperature from the average pixel temperature. After fitting
T; (t) as a linear function,

() =Kt+¢ (12)
we can obtain the leakage map by plotting the amplitudes of |K:‘| as an image.

3. Case studies on an exterior door

3.1. Temperature as a function of time

We tested the TIRI method on a closed door of a residential building in February in Salt Lake City, UT, with an outdoor temperature
of around 6 °C and an indoor temperature of 24 °C. The IR camera used was the FLIR T420, which is a common medium level IR camera
with 320 x 240 pixels. There is no special requirement for the camera. We expect the TIRI method to work for general IR cameras, and
the spatial resolution depends on the camera itself. As shown in Fig. 2, the camera was placed about 1.2 m from the door, and 0.8 m
from the floor. The height and angle do not matter significantly as long as the camera focuses on the detected area. The IR video was
recorded at 1 fps for 22 min with the HVAC status: off initially, on at 1 min, off at 10 min, on again at 14 min, and finally off at 18 min.
The wind speed was monitored by an anemometer. The temperatures of the leaking spot and two references points as a function of
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Fig. 2. Case study of the TIRI method on a door in Salt Lake City. The locations with air leakage showed clear temperature change while the locations without air
leakage remained at a constant temperature during the operational change of HVAC.
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temperature are shown in Fig. 2. Clearly, the leaking spot temperature changed rapidly with time as the HVAC was turned on or off,
while the temperatures of the non-leaking spots remained nearly constant.

When the HVAC was first turned on, the temperature of the leaking spot rose linearly within 2 min. Any time frame within this 2-
min window can be used to detect and quantify air leakage. After 10 min, the spot gradually saturated to the maximum temperature
that it could reach. This approaching speed is an exponential function, which is consistent with our model solution, Eq. (5). When we
turned off the HVAC, the leaking spot rapidly cooled back to its original temperature, also in an exponential decay format, consistent
with Eq. (5). Before the experiment, it was expected that the cooling curve following HVAC OFF is symmetric to the heating curve
following HVAC ON. However, we found that the time spent for cooling back was much shorter than that spent for heating up. This is
understandable because the detected spot is on the exterior wall rather than the interior wall, and therefore, the speed of cooling back
to environment is faster. After that, we turned on/off the HVAC once again and found that the temperature curve was similar. With that
being said, both directions (i.e., turning HVAC on and off) can be used for air leakage detection, providing more flexibility and ef-
ficiency for practical applications. It is noted that, whenever there was a strong wind, the temperature change slop decreased
remarkably. This also agrees with our model, Eq. (8), i.e., the temperature change rate depends on the external heat convection co-
efficient. The impact of wind speed is only discussed qualitatively in this work. Future studies are expected to be conducted to
comprehensively quantify the leaking rate in various environments.

3.2. Processing of TIRI images to obtain leakage map

With the transient IR images, we are able to obtain the leakage map. The temperature change rate, or dT/dt, of each pixel in the IR
image series can be viewed as an indicator of the leakage rate. By tracking the change of a series of IR images, we can also effectively
eliminate the disturbance caused by thermal bridges and different materials’ emissivity. Fig. 3 shows the results after processing five IR
images taken at an interval of 10 s after the HVAC was turned on. We conducted a linear fitting of the temperature of each pixel Tj(t) as
a function of time and obtained the temperature change rate, K; = dT;/dt, for each pixel i. Fig. 3 (b) shows the amplitudes of |K;| of all
the 320 x 240 pixels, which is an air leakage map. The brightness of each pixel represents the relative amplitude of |K;|, or the relative
leakage rate. Here, to eliminate the noise and increase the signal-to-noise ratio, we have eliminated the pixels that show a negative K;
value or a K; value smaller than the fitting error. It is seen that the processed TIRI image can clearly show the leakage locations and
relative rates by using only five images (taken within 40 s). We have also tested using the normalized temperature T; (t) and plotted the
amplitudes of |K;| as an image shown in Fig. 3 (c), which shows a similar accuracy to Fig. 3 (b). This indicates that the IR measurement
is stable and consistent throughout the five IR images. In order to determine the shortest time needed to detect leakage, we took
another video with 30 fps for 10s. As shown in Fig. 4, the leaking spot has a clear temperature increasing trend, compared to the non-
leaking spot even within 10s. The obtained leak map using the 10s data can clearly identify the leaking area. When further shortening
the time to 5s, we find that it can still obtain a good leak map, but with a bit larger noise. This is because the natural temperature
fluctuation of each frame overwhelms the overall temperature change trend.

4. Case studies in different seasons and weathers

To test whether the TIRI method also works in the summer season, we have conducted another set of tests in July in Salt Lake City
when the outdoor temperature is 36 °C. It is well accepted that leakage is much less serious in summer compared to winter due to
thermal expansion. Using either ten or five IR images, we have successfully obtained a clear air leakage map, as shown in Fig. 5.
Interestingly, we find that the leakage at Location 5 seen in the winter in Fig. 3 disappear in Fig. 5. This is because the door is thermally
expanded in the summer and sealed on the edge. This is also why air leakage is more serious in the winter than summer. This again
demonstrates the broad applicability of our TIRI method. We have also tested using absolute temperature instead of normalized
temperature and obtained similar results, which are not shown here redundantly.

To further test the limit of our TIRI method, we conducted more experiments at different outdoor temperatures. As shown in Fig. 6,
we have done independent tests with outdoor temperatures of 31, 29, 28, and 26 °C. Surprisingly and inspiringly, we find that the TIRI
method can effectively detect air leakage even with a small indoor-outdoor temperature difference of 2 °C. This is because the TIRI
method only relies on the relative temperature change rather than the absolute temperature. Even though IR cameras have an intrinsic
temperature measurement accuracy, often in the order of 2-3 °C depending on the emissivity of the surface, our method can detect

Outdoor: 4 °C

Absolution T

Fig. 3. Testing of the TIRI method on a closed door of a residential building in Salt Lake City in winter with an outdoor temperature of 4 °C. (a) An IR image. (b, ¢) The
obtained air leakage maps were processed by using five IR images in a row with 10 s interval between each two images. The brightness represents the relative air
leakage rates. In (b), the brightness is proportional to the absolute temperature change rate. In (c), the brightness is proportional to the normalized temperature change
rate. Note that the outdoor temperature mentioned in this paper and labeled in the figures is the outdoor air temperature instead of the exterior wall surface tem-
perature or the measured temperature by the IR camera.
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Fig. 4. Testing of the TIRI method with 30 fps for 10s on a closed door of a residential building in Salt Lake City in winter with an outdoor temperature of 4 °C
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Fig. 5. Testing of the TIRI method on a closed door of a residential building in Salt Lake City in a summer with an outdoor temperature of 36 °C. (a) An IR image. (b, )

The obtained air leakage maps were processed by using ten (b) and five (c) IR images in a row.
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Fig. 6. Testing of the TIRI method on a closed door of a residential building in Salt Lake City at the outdoor temperature of (a—c) 31 °C, (d-f) 29 °C, (g-i) 28 °C, and
(-1 26 °C. Note that the “outdoor temperature” is the outdoor air temperature, which is different from the exterior wall temperature or the temperature given by the

IR camera.
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temperature below 0.1 °C. Even if the IR camera does not measure the absolute temperature accurately, it does not affect the accuracy
of the TIRI method as long as the IR images were taken using the same IR camera. We note that using the normalized temperature
gradient can obtain better results than using the absolute temperature gradient when the indoor-outdoor temperature difference is
small, as shown in Fig. 6(e and f). This is because the normalization of temperature can eliminate the small temperature fluctuation
intrinsically caused by the camera.

5. Case studies on a window

Since glass usually has mirror-like IR reflectance and is extremely hard to measure using IR cameras, we conducted a case study of
TIRI on a window of a residential building, as shown in Fig. 7. The test was done in February in Salt Lake City, UT, with an outdoor
temperature of around 0 °C and indoor temperature of around 24 °C. The window was opened with a 1-mm slit for testing, as shown in
Fig. 7 (b). After turning on the HVAC at time = 0, IR images were taken every 10 s. As shown in Fig. 7 (a), it is difficult to observe the
temperature changes from the IR images using the naked eye. However, after extracting the temperature data as a function of time, it is
clearly seen the different temperature changes at different locations in Fig. 7(c and d). The temperatures at Locations #2 and #3, which
are near the slit, changed rapidly, while Locations #1 and #4 did not change.

We have also tested the TIRI method on a window at different outdoor temperatures. As seen in Fig. 8, the 1 mm open slit of the
window can be clearly detected by the TIRI method. As a control experiment, the closed window does not show any air leakage in the
obtained leakage map. Since glass has a mirror-like IR reflection, the temperature detected by IR camera of the window is not trustable.
As seen in Fig. 8 (a), (d), and (g), the window reflects the IR light emitted by the iron railing and the tester. To resolve this issue, we
have masked the glass area as shown in Fig. 8 and successfully obtained the leak map.

6. Case studies on a suspicious spot

Last, we tested TIRI on a suspicious area between the wall and floor, where a bright spot suggested the possibility of air leakage, as
shown in Fig. 9. However, by taking the transient IR images after the HVAC was turned on, it was evident that the temperature of the
spot did not change over time, indicating that the white spot was simply a thermal bridge rather than an air leakage. We confirmed the
white spot was metal exposed to the exterior. These results further showcase the reliability of the TIRI method, which can effectively
distinguish thermal bridges from air leakages.

7. Outlook

Looking forward, the TIRI technique has the potential to revolutionize the way building owners, contractors, and energy auditors
identify air leakage sources. In the tests, the TIRI technique reaches a scan upper limit speed of about 0.2 m?/s considering that the scan
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Fig. 7. Test data using the proposed TIRI method on an open-slit (1 mm) window in Salt Lake City. The locations with air leakage show clear temperature rise within a
short time (100s). In contrast, the locations without air leakage show flat temperatures.
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Fig. 8. Testing of the TIRI method on a closed (a—c) and open (d-i) window of a residential building in Salt Lake City at the outdoor temperature of (a—f) 36 °C and
(g-i) 31 °C.
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Fig. 9. Inspection of a suspicious area. In a single IR image, it looks like there is an air leakage. However, after taking transient (time-dependent) IR images, it was
found that the temperatures of all spots are flat, indicating there is no air leakage. The white spot was verified to be an aluminum foil, which was just a thermal bridge.
This evidence further demonstrates that our TIRI method can effectively distinguish thermal bridges from air leakages.

area is about 2 m? and the shortest needed scan time is 10s (with IR video fps = 30). This scan speed can be significantly improved by
optimizing the image processing algorithm. The current spatial resolution, 0.5 cm?, can also be significantly improved if a higher-
resolution IR camera is used. These tests are beyond the scope of this work.

8. Conclusions

In conclusion, we have proposed and demonstrated a novel Transient IR Imaging (TIRI) method to detect the air leakages of
building envelopes in different seasons and at different times of the day. We have shown that the TIRI technique can accurately and
efficiently identify the leakage locations and relative rates within tens of seconds even when the indoor-outdoor temperature dif-
ference is 2 °C. Since the TIRI method does not rely on absolute temperature but on relative temperature changes, it offers a robust and
high-fidelity way to detect air leakage in building envelopes. Compared to the static comparison between IR images before and after
pressurization in tradition, our method is different since it tracks the transient change trajectory of temperature as a function of time.
This is why our TIRI method can detect leakage within 10s, for temperature difference as small as 2 °C and works in all seasons. Since it
does not require any other equipment or disrupt the inside of the buildings, it offers a simple, low-cost, portable, and non-intrusive way
to detect air leakage. This work will have a broad impact in the building air leakage detection, retrofitting, and energy savings. We
expect our method to accelerate the improvement of airtightness in buildings, reduce greenhouse gas emissions, and save energy for
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millions of residential buildings, especially those owned by low-to-medium-income families.
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