On the applicability of quantitative infrared ther mography on
window glazing

Kim Carbonez, M.S¢.

Nathan Van Den Bossche, Assistant Proféssor
Marijke Steeman, Assistant ProfesSor

Sven Van De Vijver, MEnd.

Arnold Janssens, Full Professor

! Ghent University, Belgium

KEYWORDS: infrared thermography, glazing, quantitative ars$y U-value,

SUMMARY

Energy efficient buildings are an essential fadtoreduce the energy consumption by 2020. New
buildings have to meet severe requirements, wherleles buildings need renovation to reduce the
heat losses through the building envelope. Infratedmography (IRT) might be an improvement
over existing methods to assess the thermal pesdiocmof an existing wall in a non-destructive way,
or to check upon the as-built quality, specificaiiythe case of window glazing. The technique
instantly visualises the surface temperature ohaler building part, and in turn might allow to
deduce the thermal transmittance accordingly. H@xemany parameters can influence the surface
temperature and lead to distorted conclusions. Phiser reports on the impact of different indoor
and outdoor boundary conditions for the assessmgtite U-value of glazing, using the results from
a numerical simulation model. After an analysi$ aypes of windows, it is concluded that for
specific conditions, IRT might allow to estimate thvalue with an acceptable accuracy, based
upon the instantaneous indoor surface temperataréuture research, experiments will be
performed to validate this conclusion and the assEsnt methodology will be improved.

1. Introduction

Energy efficiency and sustainability are major amnes of our time. In 2011, the European
Commission decided that the energy consumptiorireral should decrease with 20% by 2020
(compared to 1990) (EC, 2011). To reach this gbalbuilding industry has to comply with stringent
regulations in respect to insulating performanagigatness quality, renewable energy sources, etc.
However, new buildings only constitute a minorifittee building stock. In Belgium, 62 % of the
buildings have been constructed before 1970 (WTZDBS), and typically do not comprise any
insulation in the building envelope. Consequertbep energy renovation and refurbishment has
become essential to hit the target by 2020.

To verify whether the thermal performance of adinid envelope meets the requirements, or to
determine where renovation is necessary, the disdtatie has to be evaluated. To this end, it is
generally accepted to consider the thermal tramangé (U-value). This value can be calculated for
steady-state conditions from technical standart#6{B3, 1997, ISO6946, 2007) or be measured on
site by means of heat flux sensors (ISO9869(E)4)L9he latter technigque determines the U-value of
a building element by measuring the heat flux oa side and the surface temperature on both sides.
It is important to collect data during a considéeabme span (preferably about 2 weeks) as intyeali
the boundary conditions are always fluctuating.Aitsubstantial dataset it is typically possible to
derive a precise U-value. This method is time caorisg, and in principle different points on the wall
should be analysed to exclude singularities, whéctders this approach rather elaborate. Infrared



thermography (IRT) could potentially improve #ifficiency of on-site U-value determination. The
duration of the measurement procedure with a thgraphic camera is short, and this technique
allows to analyze the surface temperature of a evhallding part at once. In this way a more
complete overview of the heat flows of a buildisgttained, which is a clear advantage over the
point wise data of the existing methods. Evidertig, instantaneous measurement only yields a
single value in time, thereby limiting its applidiity and accuracy.

Nowadays, IRT is a popular tool for qualitative ldirig diagnostics (Lucchi, 2011, Kalamees, 2007,
Straube and Burnett, 1999, Burn and Schuyler, 198@lor et al., 2013, Balaras and Argiriou, 2002),
either for supervision of the building quality cagiconstruction or to detect defects after
completion. The temperature gradients on a buildimface can indicate e.g. missing or damaged
insulation, air leakages or sources of moistureteMecent studies focus gaantitativeapplication

of IR-images: Asdrubali et al. (2012) used IRT lassify thermal bridges, other researchers tried to
derive the U-value of building components (Dall'Gak, 2013, Fokaides and Kalogirou, 2011,
Lehmann and Ghazi Wakili, 2013). However, this tomplex procedure due to the fact that many
variable parameters influence the instantaneodacitemperature of the object, such as solar
radiation, atmospheric long wave radiation, wintbeity, outside temperature fluctuation, material
characteristics, indoor heating. Lehman et al. 8@krformed a sensitivity analysis for a large
number of parameters on 6 differevdll types (brick cavity wall, concrete wall, timbearfned wall
and 3 types of plaster-brick walls). They conclutieat the external surface temperature strongly
depends on the wall assembly and its thermal pegnce. Solar- and IR-radiation turned out to
impose the strongest restrictions for quantitaiv’g, because these introduce a direct temperature
increment on the surface of the objdttvas concluded that sunshine had to be avoidegtadere
between 1 hour and 2 days before the measurendemsnding on the thermal capacity and assembly
of the wall.

In general, the time that is needed to reach atmitemperature over the section of a wall is calle
the time constant, which is proportional to the square root of tihermal conductivityA), the

density p) and volumetric heat capacitg)( The larger the time constant, the more stringjeat
boundary conditions for IRT become in order to @the impact of transient effects. Windows
typically have a low time constant (30min for a 4miass pane vs. 12h for a cavity brick wall), hence
the restrictions for quantitative thermographygtezingare perhaps less severe. The use of IRT on
windows could be a powerful application in the cabeenovation or energy audits, because flux
measurements on glazing units are not evident. Bwgsual inspection of the thermal performance
of the glass is hardly possible on site, contrargrt insulated brick wall. Next to that, IRT cobiave
the potential to reveal degradation in time dugase leakage.

In this paper, the investigation to suitable boupd®nditions for quantitative IRT on glazing is
presented. As explained before, an IR-image isardeof one moment under specific circumstances,
which typically does not correspond to the steddtes A robust assessment method of the U-value
should thus include a confidence interval. Six iglgzypes are analysed, using numerical
simulations. A sensitivity analysis to internal andernal climatic variations is performed.

2. Method - numerical analysis

Every object emits radiant thermal energy fronsitdface as long wave radiation (heat). Hence the
energy received by an infrared sensor of a thecaxalera consists of the emitted energy of the target
But also the surroundings emit energy, which igiglly reflected by the object and in this way
captured by the camera as well. Furthermore, thargd emission of the atmosphere between the
camera and the object contributes, and in the afasansparent elements, long wave radiation from
behind the element is partially transmitted throagld should be taken into consideration as an
additional term (FIG. 1). The standard equationificident radiation of the camera becomes:
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FIG. 1 Aspects of incident thermal radiation on thermal sensor of an IR camera
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Where ¢ transmittance
& emissivity of the surface
| irradiance
° blackbody

a, o0, suri atmosphere, object, surroundings, interior

The incoming energy is then converted to tempeeatatues according to the Stefan-Boltzmann law.
In other words, when the parameters for atmospdwetesurroundings are correctly set to the camera
software, thermography allows to determine theamistneous surface temperature of a construction
(either interior @) or exterior ¢se).

Next to that, the internal and external air tempes@; andbd.,) can easily be measured on site as
well. With these data and an appropriate internaixternal heat transfer coefficiefit or hy), the

heat flux Q) through the wall can be calculated from the va@ltemperature difference.

Q=h 8 -6,) or Q=h, 8, -6..) @)

The heat flux can also be expressed in functiah@indoor-outdoor air temperature difference,

Q=Ug -6.) ®)
leading to the following expression of the U-value:
6 -6, 6.-6
U= ————Sl)=h R /(m2.K 4
N ) =1 ") [Wi/(mz2K)] (@)

By definition, Eq. 4 is only valid under staticlr@ary conditions, but it will be applied to traerst
conditions to assess to what extent it might prewideful information. Since the value fqrs

function of the strongly varying wind velocity (Enefret al., 2007), this study emphasises on the
determination of the U-value from the interior sidesensitivity analysis ofg; to variations irg, is
performed by subjecting six types of windows taf8edent types of indoor temperature regimes.
Additionally, the influence of the most critical towor parameters is analysed. Note that specific
constraints in respect to thermography on glazimtsware not addressed here. It is assumed that the
surface temperature can be determined accuratétyanilR camera. Evidently, uncertainties in
emissivity and background temperature will propagatthe uncertainty interval of the estimated U-
value, as well as the accuracy of the camera itself

2.1 Cases

FIG. 2 illustrates the different glazing assembilest are studied. These configurations are
representative of those found in the Belgian boddstock, and the broad variety of thermal
performance levels ensures the wide applicabifityhe results. The properties of each layer are



derived from the European and international stadgldEN673, 1997, 1ISO10456, 2007), and listed in
TABLE 1.

[ lglass [ ]air [ ]argon i coatng | foil
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FIG. 2 Overview of the 6 investigated glazing tyf@#sersity in glass thickness, cavity fill and
coating broadens the scope of the analysis.

TABLE 1 Properties of the 6 investigated glasgsyp

Material Properties t [m] A WIm.K]  p[kg/m3] ¢ [J/kg.K] g []

A Soda lime silica glass 0.004 1 2500 750 0.837
B Air 0.012 0.025 1,232 1008 -

C Argon 0.012 0.017 1.699 519 -

D Low e-coating - - - - 0.04

E PVB-interlayer 0.0038 - - - -
Glass type Assemblgxterior - interior) U-valudW/(m2.K)]
1. Single Glass (Si) A 5.75
2. Double Glazing-air (Do+Ai) A-B-A 2.85
3. Double Glazing-argon (Do+Ar) A-C-A 2.67
4. Low E Glass (LE) A-C (0.015m)-D-A 1.09
5. Acoustic Glass (Ac) A (0.006m)-D-C (0.015m)-AEE=A 1.08
6. Triple Glazing (Tr) A-D-C-A-C-D-A 0.7

Q

with standard internal and external heat transbefficient h= 7.7 W/(m2.K) and h= 25 W/(m2.K)

2.2 Simulation mode

The numerical simulations are performed with theriiral analysis software VOLTRA . This program
calculates transient heat transfer in 3D-objeatspaling to European and international standards. A
solar processor takes into account of dynamic gwat gains, based on the actual temperature and
long wave radiation (Physibel, 2011).

The main purpose of the simulations is to calcuatéace temperaturég andfse from which U-
values will be deduced to evaluate the use of Egudt under dynamic boundary conditions. Heat
transfer through conduction, convection and ragliets considered separately, according to EN 673
(1997): the radiative heat transfer is view fadtased, whereas the convective heat transfer in the
cavity is proportional to the Nusselt number of ¢fas and its thermal conductivity. The external
convective heat transfer coefficiehtd expressed in function of the wind speed (v) (Tealdl

Loveday, 1996), the internal convective heat transbefficient [i;) is calculated iteratively, using
the temperature difference between the indoorradrsarface (Thomas et al., 1990) :

h.. = 5850y %2 h =1771%/6 -6,
ec 585 ic i si (5)

2.2.1 Outdoor boundary conditions
The simulations were carried out for a 10-daysqueduring winter (December 17 - December 26).
The meteorological data of a reference year of &)dklgium was used as input. The chosen period



contains considerable variations in wind speeddwiny and overcast dayg) @nd variable outdoor
air (8¢ and sky @s,) temperature, as can be seen from FIG.3.
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FIG. 3 Variable outdoor climate data for the patiof Decemberl7-26, Uccle, Belgium, and 3
different temperature regimes for the indoor a*=Dec 17 0h00, 10= Dec26 24h00 )

2.2.2 Indoor boundary conditions

In this study, special attention was paid to tHiénce of variations in indoor air temperature.
Because an IR-image shows the thermal state e§eatttor one specific moment, the thermal
transmittance is derived by assuming these instaptas circumstances as a steady-state condition.
Nevertheless, in reality the indoor and outdoorgeratures are constantly fluctuating. To assess the
effect of this assumption on the estimated U-vaduraplations for each glazing assembly were
carried out for 3 different indoor air temperatvegimes (FIG. 3)

* 0 constant temperature of 20°C
*  0_sn fluctuating temperature 20+1°C, introduced asassfunction with a period of 12h

* 0 s variable temperature with night setback (measergrdata of a Belgian family
house)

3. Resultsand discussion

3.1 Derivation of thethermal transmittance
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FIG. 4 U-value assessment basedgior 3 6- regimes and 6 glazing types. Note: in some ctmes
estimated U-value became negative, but these vaheesxcluded from the graph.

For each indoor temperature regime, the U-valughfe6 types of glazing is estimated every 10
minutes, based on the internal surface temperataieg Equation 4 with;lequal to 7.7 W/(m2.K). In



FIG. 4 the distribution of the estimated U-valuedported. In general, it can be noticed that 58% o
the assessed values (grey boxes) approximatesdbaeetical (red dots) thermal transmittance (an
average deviation of 0.2W/(m2.K), maximal 0.5W/{{)3. Even though no restrictions to the
boundary conditions are made yet, this alreadycatds the potential of quantitative IRT on glazing.
However, strongly diverging outliers (up to 4W/(Kgmake it impossible to rely on the result of one
specific moment, neither to determine the corngee tof glazing based on a single measurement
without any constraints.

It can be seen that the effect of a different inddimates only has a minor influence for less
insulating windows (type 1-3). As their time comdtss small enough, the surface temperature can
adapt at (almost) the same frequency as the amdiiet@mperature. For the better insulating
windows (type 4-6), the error level becomes lardeg to the higher time constant. For type 1-3, the
error interval increases with about 0.2W/(mz2.K) endas for type 4-6, it augments up to 0.8
W/(m2.K). This is especially true for glazing typewhere the thickest glass pane is situatedeat th
interior side.

3.2 Restrictionsto the boundary conditions
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FIG. 5 Influence of the boundary conditions for #ssessment of the U-value, illustrated for window
type 3. During sunshine hours and clear skiesdneation to the theoretical value increases.
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FIG. 6 Distribution of the assessed U-value(based.p) for 36, - regimes and 6 glazing types. The
results are either only excluding sunny periodsgnn) or also moments of clear sky(cloudy) .

To increase the reliability of the estimation, egethat cause extreme aberrations should be exdlude
from the data. From FIG. 5 it is clear that thgéet deviations of the estimated valUg; come to



front in the presence of sunshing (grey circles). Due to theolar radiation the internal surface
temperatured) of the glazing augments. It gives the impressiba better insulating quality, leading
to an underestimation of the U-value. As soon asstin disappears, this effect fades quasi instantly
Next to that, théong wave radiation from the sky one of the most influencing factors. This hize a
been pointed out by Lehmann et al. (2013) in tlee cd wall assemblies. Clouds reflect the earth's
long wave radiation, leading to warmer surface erapres of exposed objects. Consequently, a
clear sky corresponds to a low sky temperatéyg) (which reduces the surface temperature of the
glazing and therefore leads to a higher estimatedlUe (FIG.5). To assess the influence of these
two outdoor parameters, the data at moments of sadization (1# 0 W/m?) are excluded from the U-
value assessmerih@ sun, FIG. 6). This roughly corresponds with the exidnsof data between

9AM and 5PM. Additionally, the data obtained durtigar skiesfs,<-5 °C ) are also excluded
(‘cloudy; FIG.6).

3.3 Main findings

« The range on the results decreases substantialiy dinect solar radiation is avoided. Apart
from single glazing, the maximal deviation frone timeoretical U-value diminishes from 2.85
to 1.05 W/(mz2.K). It improves even more when clgley moments are excluded, to only 0.81
W/(m2.K). On average, the median deviation is dhB4 W/(m2.K), which is very accurate.
Note that these values refer to the worst caseasiceof internal heating pattern: night setback.

« In absence of solar radiation, this method allawdistinguish between poor insulation value
(type 1), moderate insulation value (type 2, 3) higth insulation value (type 4, 5, 6).

« Assuming that the indoor temperature is kept caristaking minor fluctuations of the heating
system into account (sinusoidal regime — stilligi@l for on-site measurements), the U-value
can be estimated with an uncertainty of at mosh\W/4/mz2.K) when the data is collected under
the right circumstances (cloudy), except for sirglézing.

« In general, the estimated U-value is systematidatiper than the theoretical value. This can be
attributed to a higher; that is used for the estimations (7.7W/(m2.K)) paned to the variable
value in the simulation model, which is typicallgpending on the type of glazing and
boundary conditions and in the range of 7.0 - 7(W/K). This means that for 70 to 100% of
the cases this approach yields a conservative &stimof the U-value.

4. Conclusions

This paper discusses the application of quantidtifrared thermography on window glazing. Based
on numerical simulations for 6 window assembliethwlifferent thermal performances, a sensitivity
analysis has pointed out the most critical restms to the boundary conditions for a reliable
assessment of the U-value from the interior surfaogerature. Assuming that this temperature can
be determined correctly, the limited simulationutesshow that the thermal transmittance can be
estimated within a minor confidence interval of DW/(m2.K) when direct sunlight and clear skies
are avoided (except for single glazing). The regiriihe indoor air temperature turned out to be of
minor importance for the quality of the resultse$h findings are promising for the applicationRf |
thermography in assessing the insulation qualitylaZing, but further research is needed to extend
them to other types of windows and other periodhefyear. Of course, the confidence interval will
enlarge for on-site measurements bec@ysan only be determined within a certain range, dug.to
the accuracy of the camera, the variability in aiwisy, and the influence of the background. Future
research will extend the error estimation by measHrexperiments, to verify the presented conclusions
and include additional noise. Furthermore, theaisxternal surface temperatures for the assess-
ment of the U-value will be investigated. Up tomthis data is ignored in the analysis, but inaigd
them might improve the methodology as informatibbath sides of the assembly is used. Also,
consecutive measurements in a short time span dthtoahe accuracy of the U-value calculation.
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