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ABSTRACT

A field measurement study of the airtightness of 73 - less than 5 year old - French dwellings
was led between 1999 and 2000. Buildings have been selected and classified according to the
construction structure, the thermal insulation and the occupancy mode. Using a fan-
depressurization technique, we assessed the air leakage rate of each dwelling with two
depressurization tests. Meanwhile quantifying air leakage rates, we observed qualitatively the
most frequent locations of air leakage paths using a smoke detection method and infrared
thermography. We assessed the ratio of the air leakage rate weighted by intrinsic dimensions
of each construction, namely : the unheated surfaces and the heated volume. From our results,
we compare the performances of the different types of dwellings and we assess the impact of
the envelope airtightness on the building ventilation efficiency. We show that thermal
performances of buildings can be dramatically affected according to the dwelling construction
characteristics. Finally, we discuss the potentials for reducing indoor air infiltration with a
view to improve the indoor air quality and the energy efficiency of buildings.
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LI1ST OF SYMBOLS

AP [Pa] Differential pressure between indoor and outdoor
Q [m¥h] Airflow rate

S [m3] Envelope unheated surface area

Vv [m7] Heated volume

K [m¥h/Pa’]  Leakage parameter

n [-] Flow exponent

Two [h] Infiltration airchange rate under 10 Pa

l4 [m¥h/m?] L eakage indes under 4 Pa

n [-] Ventilation efficiency

DDys [°Cday] Degree days (base = 18°C)
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BACKGROUND

Recent studies on buildings airtightness have shown that several types of problems can arise
from uncontrolled leakages in buildings, namely higher energy cost, therma comfort and
health of occupants or material degradation resulting in building components and equipment
damage. Although these impacts have been recognized as of key importance, work is still
needed to better charaterize the airtightness of buildings.

Since building airtightness performances can play a significant part in indoor air quality
(IAQ) and energy efficiency (EE) related issues, many European and North American
countries have recently decided to explicitly require airtightness mandatory levels for their
buildings. For example, the next French New Thermal Regulation (NRT), applicable in 2001,
will require airtightness levels according to the type of building (single-family dwellings,
multi-family dwellings, non residential or large volume buildings) [4]. These levels were
selected as a function of the actual knowledge of the French building performances, namely
through the results of field measurement campaigns led in France in the 80s[1], [2] and in the
90s [10] and throughout the expertise gained with numerical modelling. As a matter of fact,
during the last two decades, modelling efforts have led to improve our knowledge on
infiltration mechanisms and on the impact of building airtightness on IAQ and EE. A recent
review of literature has listed numerical models for air infiltration and ventilation calculations
[13]. Simplified models, that consider buildings as monozone volumes, allow the assessment
of the whole building airtightness with much lower numerica efforts. However for these
models as well as for more detailed multizone models, building intrinsic data (e.g. building
characteristics, weather, site topography, etc...) are needed for inputs of the numerical codes.
Y et such datais very often impossible to assess without field measurement campaigns.

OBJECTIVES

The objective of this study is to quantify the actua performance of French dwellings in terms
of the envelope airtightness, with aview to compare the observed levels with the requirements
ot the NRT. In this work, we aim at establishing a classification among buildings based on
different construction types. For that, we analyzed 73 measurements of the airtightness of less
than 5 year-old French dwellings, performed by the CETE de Lyon between 1999 and 2000.
The work presented here is part of a 18 month study that aims at improving our knowledge of
the actual thermal performances of French dwellings in terms of ventilation and airtightness
impacts. The overall results of the study are reported elsewhere [5]. A companion paper in the
proceedings of the 21% AIVC conference presents the results related to ventilation
performances of the same dwelling sample [6].

THEORY

Leakage modelling

The modelling of airflow patterns through cracks of the building envelope follows from the
theory of Fluid Mechanics adapted to single elementary orifices. The early works on

hydronamics of pipes allowed to assess the airflow rates through elementary holes, given by
(2). It is demonstrated that the flow coefficient nin (1) variesin the range [0.5-1.0] (alaminar
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airflow pattern corresponds to n = 1.0, whereas a turbulent airflow pattern corresponds to n =
0.5), [15].

Q=K AP (1)

The modelling of airflow patterns through elementary orifices was adapted from (1) to the
cracks and holes of the building envelope as a whole, under conditions that consider : 1) the
air as the fluid of the flow, 2) pressure differentials in the range [0 : +100 Pa] and 3) orifice
diameters larger than their respective length. Hence, for an entire building, the airtightness
governing equation assessing the total infiltration airflow rate is given by (2).

Qbuilding = 2 (Ki AP ™) (2

In genera, the infiltration airflow rate of a building is assessed following the classic form of
(1) (the parameters K and n representing the airtightness and flow coefficient of the whole
building). The equation (1), relative to a whole building, enables to qualify the airtightness
quality of thewalls: namely, if 0.7 < n < 1.0, the construction can be considered as having no
major infiltration pathways (the value of K allowing to quantify the airtightness of the
construction). On the contrary, the presence of one or more large openings within the walls is
characterized by 0.5<n<0.6. Asamatter of fact, the value of n = 2/3 is commonly accepted
in the literature as representative of the average flow coefficient observed accross buildings
envelopes.

Airtightnessindicators

To compare building infiltration performances among themselves, one needs to assess the
ratio of the (measured or theoretical) infiltration air flowrate assessed at a refence pressure
AP, weighted by an intrinsic dimension of the construction. Several dimensions are used in
the literature : the envelope surface, the heated volume, the unheated walls surface, etc...

The infiltration airchange rate Tap [h™] is a commonly used indicator to compare the
airtightness of buildings. It is equal to the ratio of the air leakage flowrate at AP, divided by
the heated volume of the building. On the other hand, for their specific requirements, some
European countries have decided to consider the leakage index /4 [m*/h/m?, defined as the
infiltration airflow rate at AP, weighted by envelope surface areas the most susceptible to
promote the infiltration of air leakages. For our study, and in accordance with NRT objectives,
we considered the specific unheated surfaces, defined as the « surfaces that separate the
indoor heated volume from the outdoor air and indoor unheated air ».

It is possible to link 110 and /4, if one knows the flow coefficient n and the ratio V/S of the
building. The relationship between both indicators leads to (3).

Vv
I, = 04" xo xT, ©)

To date, the most reliable manner to determine the airtightness of a building consists in
measuring its infiltration airflow rate. A standardized method, using a fan-depressurization
technique (known as the « bloower-door » method), is commonly used by many countries and
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follows the procedure described in the international norm 1SO 9972 [7]. The « blower-door »
technique is particularly adapted to measure the air leakages in small buildings. For larger
constructions and/or extremely leaky buildings, the building depressurization usually becomes
impossible, due to the power limitation of the fan. For this reason, tests involving multi-
family buildings were performed only on single dwellings in our study.

Estimation of energy impact of infiltration

Since thermal insulation of buildings is becoming more and more efficient, the energy relative
impact of infiltration will necessarily increase. As explained in arecent literature review [12],
the heating degree-day concept has been extended to incorporate both effects of air infiltration
and latent heat changes. Average specific infiltration rates are used to account for ventilation.
Using this concept, a study on the residential ventilation and energy characteristics in the
United States [14] estimated the energy savings or penalties associated with tightnening or
loosening the building envelope while still providing ventiation for adequate indoor air
quality. This study showed that for a typical US dwelling the cost-effective saving potentials
isabout 38 GJ - the average annual ventilation energy use being approximately 61 GJ.

METHOD
Selection and classification of dwellings

The airtightness of 73 French dwellings have been measured between June 1999 and May
2000, using the same fan-depressurization equipment (the «blower-door » technique) and
following the protocol described in the international norm ISO 9972. The buildings were
chosen to be less than 5 year old. They were classified according to the type of construction,
namely by the occupancy mode (multi- or single- family), by the thermal insulation (inner,
outter or integrated to the walls) and by the type of structure (metal/timber frame or
concrete/masonry structures). Dwellings were selected by pairs; therefore, 35 residential
constructions were selected in total, with 2 dwellings per site (for one case we tested 5
dwellingsinstead of 2).

One should note that in order to have samples with a minimum statistical significance, we had
to account for dwellings with different construction structures for a given thermal insulation.
Here, the groups Cr and le respectively include 4 (out of 8) and 7 (out of 11) metal or timber
frame dwellings.

Type Reference | Number of dwellings
multi- family / inner thermal insulation Ci 14
multi- family / integrated thermal insulation Cr 8
multi- family / outter thermal insulation Ce 8
single- family / outter thermal insulation le 11
single- family / integrated thermal insulation Ir 8
single- family / inner thermal insulation li 12
single- family / metal or timber frame Ib 12
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Experimental protocol and data collection

Before each depressurization test, the openings provided to the dwelling for natural or
mechanical ventilation were intentionally sealed with duct tape. A first depressurization of the
dwelling enabled to inspect visually, either by smoke detection method or by infrared
thermography, the potentials for air infiltration accross the enveloppe. For each test, the speed
of the fan was increased by stationary steps of 10 Pain order to depressurize progressively the
dwelling, until a maximum generally close to 70 Pa. The experimental protocol is
exhaustively described elsewhere, [9].

The eguipment is mainly composed of 4
elements:

INDOOR OUTDOOR
DT Pressure sensors e thevariable speed fan, that depressurizes the
&Py building
* the «blower door », afake-door which has a
@ flexible structure that allows to adapt it to the

door-frame of the dwelling, and through which
the fan extracts the air from the building

the pressure sensor, that measures the pressure
difference

daphragm |« aflowmeter system, that determines the

dimmer airflow rate through the fan that depressurizes
the building

Door frame

air diffuser

Figurel Description of the experimental protocol

Two consecutive depressurization tests were carried out. In afirst test, the airtightness of the
sole envel ope was measured by sealing intentionally the openings provided to the dwelling for
natural or mechanical ventilation. In a second test, the test was repeated with the inlet air
ventilation openings unsealed. During the depressurization tests, the pressure difference AP,
(between indoor and outdoor) and AP, (at the diaphragm) were recorded at each stationary
step. The airflow rate through the fan (i.e., the infiltration airflow rate) was determined by (4).
Finally, the parameters (n, K) were determined by linear regresion (for more than 7 points, and
rz2> 0.99) of the collected data{AP;, Q}. Then, (1) was solved to assess the infiltration airflow
rate at 10 Pa and 4 Pa, and the corresponding 110 and /5.

Q:kX,IAPZ (4)

RESULTS
Qualitative results : air leakage locations

The most frequent air leakage pathways were carefully investigated under the test
depressurization conditions, by using visua smoke detection techniques or infrared
thermography. The observations have been reported for each building and were classified
according to the occurrence of different air leakage pathway types [5]. The most frequent
locations observed for infiltration are the indoor chests of shutters (in 82% of dwellings with
shutters), the bonding between window frames and walls (77%), the electrical outlets (in 73%
of the dwellings) and the bonding between floors and walls (56%). No significant link was
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found between the construction type and occupancy mode and the infiltration locations
reported here.

Airtightness parameter K and airflow exponent n

The leakage parameter K and the flow exponent n of (1) were assessed for 68 dwellings
following the depressurization technique. The airtightness of 5 dwellings could not be
determined due to the fan power limitations, since the maximum depressure achieved for
these dwellings was less than 20 Pa. Four dwellings among the latter shown air leakage flow
rates that we considered to be greater than 5 h™ for 110 (and 4 m¥h/m? for 1), by experimental
estimates from one-point measurements under 10 Pa (although the uncertainty is high for a
single point measurement, the assumption of having T,0>>5 h* and 1, >> 4 m¥h/m2 was
found to be reasonable for these dwellings, due to the extremely low measured AP levels). For
the last dwelling, the leakage air flow rate was aso too high to be measured from an
extrapolation to 10 Pa of (1). However, since for this dwelling the maximum measured AP
was about 20 Pa, we proceded to a single point measurement at 10 Pa of the leakage airflow
rate, that we approximated to be the Qo value.
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Figure2 K asafunction of n. Blank patterns represent single family
dwellings. Filled patterns represent multi-family dwellings.

The results collected for this field measurement campaign are in good agreement with the data
published in the literature concerning the theoretical flow modeling of building airtightness.
Namely, the median flow exponential found here is equal to 0.65, see Figure 5, while the
commonly average value found in the literature is 2/3.

Although, from our results, the leakage parameter K does not show a significant correlation
with the flow exponent n, see (1), for multi-family dwellings K appears to approximately
decrease exponentially with n, see Figure 2. This figure shows also for al dwellings an
accumulation of values of n < 0.7 and K > 10 m¥/h/Pd".
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Airtightnessindicators

The factor shape ratios V/S for the multi family sample vary in the range [1; 5], while this
range is much narrower [0.8 ; 2] for the single family sample, see Figure 4. This observation
leads us to suggest that a linear correlation between 1,0 and /, is difficult to obtain for multi-
family dwellings, when one considers the sample median values of V/S and nin (3). As a
matter of fact, the lack of acceptable correlation between 110 and /4 (see Figure 2) obliged us
to consider both indicators separetely for all construction types.
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Figure3 Correlation between 110 and /4
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Figure 6, Figure 7 and Figure 8 show the range and median values of 119 and /4 as a function
of construction types. From these results, we show that :

* Ty0 and /, have similar trends as a function of construction types : namely, single-
family and metal/timber frame dwellings appear to be much less airtight than their
complementary type do;

» no significant trend for thermal insulation types, due to the bias caused by the
simultaneous presence of concrete/masonry and metal/timber frame dwellings in
the same type;
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« among the different construction types, variations of performances are larger when
expressed with 1y instead of /,(i.e., the range of 110 median values is much wider
than the one relative to 1, median values).

« if one considers the NRT requirement for dwelling airtightness of 0.8 m*h/m? at 4
Pa as a reference, only 52% of the dwellings of our sample would comply with the
future regulation; besides, only 39% of the single family dwellings would be
eligible, against 70% for the multi family dwellings.

Ty [h7] 14 [m¥hYm?]
Type of dwelling (number of dwellings) (number of dwellings)
Ci 0.3 (14 dw.) 0.6 (14 dw.)
Cr 0.7 (8dw.) 0.9 (8dw.)
Ce 0.3 (8dw.) 0.3 (8dw.)
Total (multi family dw.) 0.4 (30dw.) 0.7 (30dw.)
le* 1.8 (11dw.) 1.3 (9dw.)
Ir 0.7 (8dw.) 0.6 (8dw.)
li 1.1 (12 dw) 0.8 (12 dw.)
Ib* 1.8 (12dw.) 1.6 (12dw.)
Total (single family dw.) 1.4 (43dw.) 0.9 (41dw.)
TOTAL 1.0 (73 dw.) 0.8 (71dw.)

Figure 6 Airtightness performance of buildings as afunction of construction types.
* Two dwellings of this construction type have Ty >> 5 h™ and 1, >> 4 m*h/m2.
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Figure 7 Airtightness performance of buildings as afunction of construction types.
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I mpact of airtightness on ventilation

We analyzed the impact of building airtightness on the ventilation efficiency by dividing the
incoming airflow rate through the ventilation inlets under 10 Pa by the total incoming airflow
rate under 10 Pa (i.e., originating from the ventilation inlets and the envel ope |eakage defects),
see (5).

K Ny —N.
Mopa = K_le v (5

where the indexes 1 and 2 refer to the two depressurization tests, respectively the sole
envelope depressurization test and the global (ventilation inlets + enveloppe) test. Among the
44 dwellings for which n was assessed, we show that :
o for the multi-family dwellings (21 cases) : a least 1/3 of the incoming air
systematically originates from the enveloppe leakage defects (the nio median value
is 50%)
o for the single-family dwellings (23 cases) : at least 2/3 of the incoming air
systematically originates from the enveloppe leakage defects (the n1o median value
is 80%)

DISCUSSION

From Figure 2 and Figure 5, we see that a large majority of dwellings (63 out of 68) have a
flow exponent n in the range [0.6:0.7]. These values suggest the presence of large orifices in
the enveloppe of the concerned buildings, causing large turbulent infiltration airflow rates.
Only 5 dwellings show a value of n > 0.75, which allows us to suggest that their envelope
does not have important leakage defects (i.e., large orifices). Three single family dwellings
show n > 0.7 and large values of K = 100 m*h/Pa" ; we explain this phenomom by the
presence of numerous sharp orifices or micro-cracks in the latter dwellings envelope, that can
create important laminar airflow rates. On the contrary, the multi-family dwellings for which n
> 0.75 revea excellent airtightness performances for these dwellings (K < 10 m3/h/Pa).
Appart from the occupancy mode, we found no significant trend between (K,n) values and the
structure or thermal insulation types.

The above analysis of the flow exponent and leakage parameter results give valuable
information concerning the construction quality of the dwellings. In other words, it allows us
to draw primary conclusions concerning the types of envelope |eakage defects as a function of
the construction characterisitics (i.e., the occupancy mode).

Furthermore, the analysis of the infiltration performances throughout the indicators values
also showed that some construction types are more likely to be airtight than others. One
should note that experimental results are obtained under calm weather conditions (namely, for
wind speeds < 2 m/s). For these conditions, the dwelling outdoor surfaces are not exposed to
any (de)pressurization force except the force supplied from indoors by the fan. Yet, normal
weather conditions include outdoor positive or negative pressures (induced by the wind on
outdoor surfaces). This remarks led us to suggest that 119 IS more adapted to quantify the
performances of the building under the stationary depressurization test conditions, wheresas |,
isthe best index characterizing the building airtightness under normal weather conditions. The
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results of Figure 6 show that the significant difference of performance from one construction
type to another is lessened when using |4 instead of 1.

In order to assess cost-effective strategies of ventilation and airtightness measures, it is
essential to assess the annual energy cost of infitration among dwellings. With a view to gain
knowledge on the impact of airtightness on building annual energy requirements, many
researchers have pointed the need to correlate the one-time pressurization test results with the
annua infiltration rate. Y et, tranglating blower door measurements into an average infiltration
rate still remains a very difficult task. The rate of air infiltration constantly varies, while the
pressurization test is typically a single measurement. The modelling efforts undertaken to
assess the annual infiltration rates as a function of the depresurization tests results are mainly
based on empirical methods. Numerous experimental tests have shown that the approximate
air infiltration rate is of the order of 1/20 of the measured air change rate at 50 Pa [8]. This
simple "Qs«/20 rule of thumb" yields surprisingly reasonable average infiltration estimates,
even though it ignores many details of the infiltration process, such as the stack effect, the site
topography and the wind exposure. It is demonstrated that a smplified correction factor that
accounts for these effects when assessing the values of the infiltration airchange rate can
overestimate infiltration by a factor of 2 or underestimate it by a factor of about 3 as compared
to the Qso/20 value [11]. Although other more powerful models are reported in the literature,
we rejected them since they require specific inputs that are not compatible with the data
collected for our sample.

We compared the annual infiltration heating demand Eje of 18 dwellings of our sample, see
(6), assessed from the "Qs/20 rule of thumb", to the theorical level E. as required by the
present French thermal regulation [3], see (7).

Eleak = Qs0/20 x DD x 0.34 x 24 x10° (kWh) (6)
Ereq=0.34%xQsxDD (kWh) ()

where Qs is the infiltration airflow rate caused by the sole envelope leakage defects and
assessed according to building and site characteristics [3]. Figure 9 shows that even if we
account for the overall range of variations of E e - due to the over and underestimation of the
infiltration airflow rate - the theoretical annual infiltration heating demand assessed from the
French thermal regulations is amost systematically much lower than the energy demand
assessed from measurement results (0 < Ejey/Ejex < 0.5).
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Figure9 Comparison of the annual infiltration heating
energy demands : measurements and theory.
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CONCLUSION

In the light of our qualitative and quantitave results, we show the significant impact that
infiltration can have on dwelling ventilation and therefore on issues such as building energy
efficiency and indoor air quality. From our sample, the airtightness of single-dwellings and/or
timber/metal frame buildings appear to be much less important than the performance of multi-
family dwellings and/or masonry/concrete buildings. Plus, due to the strong influence of the
occupancy mode and construction structure on infiltration, the therma insulation
characteristics could not be analyzed as a mgjor factor of infiltration. Last, according to the
wide range of observed performances among the different constructive types of our
classification, the unigue requirement level applicable for the NRT appears to be inadapted.
Future work is needed to better characterise the performance of French dwellings, especially
with the view to develop modelling tools capable to assist in the prediction of the annual
infiltration airflow rates of the residential buildings.
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