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Abstract. Nowadays, many countries include requirements for building airtightness in their current national
regulations or energy-efficiency programs, mainly for concern about reducing building energy consumption
due to air leakage. Moreover, more and more countries impose a mandatory justification with an air leakage
measurement at building commissioning. Therefore, the uncertainty of the measurements results has become
a key concern in several countries over the past year. More specifically, the influence of wind speed has been
identified as one of the major sources of error on the measurement result. The goal of this paper is to present
the experimental facility we design and built to improve the uncertainty estimates and the measurement
protocol based on model scale experiments in controlled laboratory conditions. We first present the similarity
criteria we identified for our model scale experiment. Secondly, we present the experimental design. Finally,
we characterize the wind speed inside the wind tunnel and we present the preliminary results regarding the
reproduction of fan pressurization tests on the model for different leakage distributions.

Nomenclature pd Pertaining to pressurisation measurement
device
A Area of opening (m?) 1,2 Pertaining to opening number 1 or 2
Cp Specific heat capacity at constant pressure (=
1,004 J kg K )
Cy Specific heat capacity at constant volume 1 Introduction
= 1 ye-1
(_. L4c)) Tkg' K ) Since the 1970s, many authors have discussed the impact
Cow Wmd pressure °0§fﬁcwnt5 () of poor airtightness on building energy use, indoor air
(& Dlsgharge coefficients (-) : quality, building damage, or noise transmission [1-7].
ELA, | Equivalent leakage area at 4 Pa (according to Nowadays, because poor airtightness affects significantly
ISO 9972) (m?) the energy performance of buildings, and even more
L Length (m) significantly with low-energy targets, many countries
Tip Leakage distribution ratio (-) include requirements for building airtightness in their
m Mass (kg) national regulations or energy-efficiency programs [8].
Di Pressure relative to external atmospheric Building pressurization tests are increasingly used for
pressure (Pa) compliance checks to energy performance requirements
q Volumetric airflow rate (m?s™) and may result in severe penalties [9]. Therefore, the
qm Mass airflow rate (kg s™) uncertainty of the measurement results has become a key
¢ Time (s) concern in several countries over the past few years. More
T Temperature (K) specifically, several studies [10—14] have shown the
U Wind speed at the building level (m s™) significant  uncertainties induced by the wind.
% Internal building volume (m?) Nevertheless, we need further investigations to
2 Altitude above ground level (m) understand how the wind affects pressurization tests and
> Air density (kg m”) to characterize the. error induced by the Winq on the test
. - results. One solution is to perform pressurization tests
Ap Pressure difference between the outside and . . .
o 1 using model scale experiments. Indeed, this method led to
the inside of the building (Pa) .
- - perform tests on a model for which we know the exact
0 Referring to standard conditions (293.15 K, 1 tioh Th bl | h
101,325 10° Pa) envelope airtightness. Thus, we are able to evaluate the
- —— — — exact error induced by the wind on a measurement result.
i Pertaining to inside the building

Another advantage of model scale experiment is the

* Corresponding author: adeline.melois@cerema.fr

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).



E3S Web of Conferences 172, 17005 (2020)
NSB 2020

http://doi.org/10.1051/e3sconf/202017217005

possibility to study various configurations of wind speed
and airleakage distribution in laboratory conditions. The
objective of this study is to reproduce fan pressurization
tests at model scale in a wind tunnel in order to study the
impact of the wind on the results.

2 Methodology for experiment sizing

In order to reproduce fan pressurization tests at model
scale, we need to define sizes and characteristics for:

- The model that will reproduce a single-zone building;
- The measuring device that will replace a blowerdoor;
- The wind tunnel that will reproduce the wind.

2.1 Simplified description of a pressurization
test on a single-zone building

We design a model able to conduct controlled
experiments in laboratory conditions. Similarly to Carrié
and Leprince [11,12], we assume that the building can be
represented by a single zone model that consists in only
two types of wall regarding pressure behaviour: the
windward walls and the leeward walls. Thus, we assume
that all leakages can be represented by only two leakages:
a first one on the windward side and a second one on the
leeward side. One specific challenge in model scale
experiments is to achieve similarity conditions. To this
end, we analyse the fundamental equations governing the
pressurisation tests we defined in a previous work [15].

In order to study only the wind impact, we consider
initial isothermal conditions. As we will perform the tests
in laboratory conditions, we expect that the temperatures,
and thus the air densities, will not significantly vary
during each test. Thus, we can neglect the impact of the
density differences in the pressure differences definition
given in equations (1) and (2).

Equations (3) and (4) give the airflow through
respectively the windward side opening and the leeward
side opening. The mass balance applied in our model
gives equation (5) and the energy conservation gives
equation (6).

U(t)?
Ap1(t) = Cpw % - pi(©) (1)
U(t)?
8pa() = Cpup 25— = pi(®) @
4'Cz,1A13/Z dq,(t) 2 . A
—Vr a4 @ (t) sign(q(t)) + 2C2, A2 o ()
4C, 2‘423/Z dq,(t) Ap,(t)
T th =—q3(t) sign(q2 (t)) +2C2,A5 ppo )
dm;(t) dp;(t)
dt =V dt = qm,pd(t) + Qm,l(t) + Gm,2 ® 3)
d(pl(t) T,(1))

Vic dt = Ppa CpGpa TpatP1Cp 1 T1+ 26,92 T (6)

2.2 Equation in non-dimensional form

To define similarity conditions between real scale tests
and model scale experiment, we need to perform a
dimensional analysis that will bring out non-dimensional
numbers. The conservation of the values of these numbers
between the scales will guarantee the similarity. In order
to identify these numbers, we introduce a reference size
Xrr and a non-dimensional variable X* for each
dimensional variable X of these 6 equations, according to
the method described by N. Le Roux [16]. Equation (7)
gives the relation between X*, X and Xer.

X

X* =
Xref

(7

As the purpose of our analysis is to define the sizes of
our experiment in similarity conditions, we first study a
specific configuration with two identical openings (same
size and same height) in isothermal initial conditions.
Equations (1) and (2) are similar, one for each opening.
Thus, we introduce dimensionless variables in a generic
equivalent equation. We obtain the first dimensionless
number in equation (8). Equations (3) and (4) are also «
similar » for both openings. Thus, we introduce
dimensionless variables in one generic equivalent

. L
equation. We define t,..p = Ur“’f
re

with L,..¢ a characteristic

length. We then obtain a second and a third dimensionless
numbers in equation (9). Now we introduce the
dimensionless variables in the mass balance and the
energy conservation equations. We obtain the fourth
dimensionless number both in equations (10) and (11).

p U 2 p*U*Z
Ap* — < refYref >pr 5 _ pi* (8)
pref

3 *
\/ ref prefArefZ prerrefz 4'CzA* /2 dq

ref prefqref \j pref \/E dt*

)

2 oy PrefArer” 2 2807

=— 72C;A
1 Slgn(q ) * prefqref P
ViyerU
( ref ref> 1 . Zp e
refqref dt (10)
(R e

refqref 06 dt* P (] ])

Thus, we have identified 4 dimensionless numbers:
equations (12) to (15).

m, = prerrefz _ prefArefz
Pref (12) pref‘lrefz (13)
A T
Lref (14) ref Qref (15)
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2.3 Definition of the scales ratios

To meet similarity conditions, the values of the
dimensionless numbers I1; to I1, have to be identical at
both model scale and real scale. For each variable, we

Xref model

define a scale ratio X = . We consider that the air

Xref real
has the same properties at model scale than at real scale:
the scale ratio of air densities is equal to 1. Thus, the
conservation of II; to Il4 leads to the relation between
scale ratios given in equations (16) to (19).

U=7 (16) pad’ = g (17)

A =1 (18) VU = Ig (19)

2.4 Definition of the varying parameters of the
experiment

We design a model scale experiment for fan
pressurization tests in order to study the impact of a steady
wind for these tests. Thus, we need to define the physical
parameters that we will need to vary for this study.

2.4.1 Leakage distribution

Carrie and Leprince [11] have shown that whereas the
total leakage area is not a parameter of influence in the
impact of the wind, the distribution between windward
leak and leeward leak has a large impact on the error due
to wind. Thus, we will design a model with different leak
sizes to study different leakage distributions. We define a
leakage distribution ratio r;j according to equation (20).
M o
TLp A +4, (20)
As the leakage distribution in real buildings is
extremely variable, we will study 9 configurations: from

2.4.2 Pressure difference sequence

The requirements of the ISO 9972 [17] regarding the
pressure difference are 10 Pa for the lowest and 50 Pa for
the highest; a pressure difference up to 100 Pa is
recommended. In order to reproduce pressurization test
according to this standard, we define two ranges of
pressure differences:
- [10; 70 Pa] is the range we have to be able to
reach
- [10; 100 Pa] is the range we might be able to
reach.

2.4.3  Wind velocity

The ISO 9972, indicates that for a meteorological wind
speed above 6 m s!, the zero-flow pressure difference
requirement is unlikely respected. In literature, the impact
of the wind has been studied for wind speed up to 10 m s
'[11] and 12 m s*!' [13] and the limit of 6 m s! is often
mentioned. In order to be able to confront our results to
these studies, our objective is to vary the wind speed from
0 to more than 6 m s\,

3 Design of the experiment

3.1 Definition of real scale conditions

We consider a generic 2-storeys house whose geometrical
characteristics are presented in Fig. 1. We consider this
building to be representative of real single detached
dwellings. The value of the ELA4 = 0.014 m? corresponds
to the limit value required for new house in the current
French EP-regulation Qupasurr = 0.6 m* h'! m* (leakage
airflow rate at 4 Pa dividing by the envelope area
excluding low basement )[18].

5.0

x().o
Fig. 1. Sizes of the generic 2-storey house at real scale [in m]

3.2 Design of the reduced model

3.2.1  Definition of the scale ratio

The size of the model is constrained by the dimensions of
the wind tunnel to be constructed. As the wind tunnel has
to fit into the laboratory, the maximum cross section of its
testing chamber has to be 1.0*1.0 m2. In order to avoid
blockage analysis and correction, the cross section of the
model has to be below 5% of testing chamber cross
section, so 0.05 m?. This limit is defined by the ASCE as
indicated by Choi and Kwon [19]. The cross section of the
real house is 6*5=30 m?. Thus, we design our model from
the real house sizes implementing a scale ratio of 1/25%.
The geometrical characteristics of our model are
presented in Fig. 2. The cross section of the model is
0.20*0.24=0.48 m?, which respect the 5% limit.

0.20

0.A0

W

Fig. 2. Sizes of the reduced model [in m]
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3.2.2  Definition of the openings size

If we implement the 1/25" scale ratio to leaks, we obtain
small leaks with diameters less than 0.04 mm. The airflow
through one opening of this size will be completely
laminar and we will not reproduce behavior of the airflow
through real leaks. In order to reproduce the behavior of a
real airflow, we decide to design only two openings in our
model. This simplification is consistent with the
numerical model we described in paragraph 2. The total
leakage area of the model remains consistent with the real
house characteristics (equation (21))

1 -5_2
Al,model + AZ,model = EELAAt,real =2310 m (21)

In order to study the wind impact with different
leakage distributions, we define different diameters of the

openings for a leakage distribution ratio r; from 10% to
90%.

3.2.3 Technical solutions

We design plastic facades fixed on a metallic frame with
screws and seals. This solution offers the possibility to
design in future experiments new facades with more
openings for example. Each of the two facades with the
openings integrates a large circular opening. We design
several metallic cylinders, each of them is drilled to
correspond to one leakage distribution ratio defined in
paragraph 2.4.1. These cylinders can be plugged on the
large circular opening like corks (Fig. 3). This solution let
to design in future experiments as many different opening
sizes and forms as possible.

In order to fix the model in the tunnel, the floor of the
model is constituted by a large circular plane which
includes:

- One block: it lets to place the model in a specific

position

- Two clamps to fix the model on the wind tunnel
and prevent it to move during one test.

In order to easily measure physical parameters inside

the model, the floor of the model includes (Fig. 4):

- 2 taps on which we can connect flexible tubes to
measure pressure differences or to supply air to
pressurize the model;

- 17 circular openings to insert thermometer for
example. For each opening, a sealing system is
implemented to ensure the airtightness when the
opening is not used.

Fig. 3. Design drawing of the model - Details of the openings

Fig. 4. Design drawing of the model - Details of the model floor

3.3 Specifications for the pressurization device

The pressurization device has to be able to:

- Impose pressure differences from 10 to 100 Pa
for all configurations of leakage distributions
and for wind speeds up to more than 6 m s°!

- Precisely measure the provided airflow.

We evaluate the airflow rate it will have to provide
for the different wind conditions at each of the pressure
differences of the test sequence, for all configurations of
leakage distribution. In this study, we only consider a
steady wind during a test. Then, for each leakage
distribution configuration, each wind speed and each
pressure difference imposed by the pressurization device,
we calculate the theoretical airflow provided by the
pressurization device using:

- equations (1) and (2) to determine the pressure

differences at each opening;

- equations (3) and (4) to determine the airflow
through each opening;

- equation (5) to determine the airflow rate
provided by the pressurization device.

The range of this airflow is [2.0; 20.0 I min™']. We
identify a flow controller which meets these requirements:
it provides airflow rate from 0.4 1 min™' to 100 1 min'' and
its uncertainty is £ 0.5% of the measured value + 0.096
L.min™".

3.4 Design of the wind tunnel

We design the wind tunnel in order to provide a steady

wind from 0 to more than 6 m.s™! in the test chamber. With

this range of wind speed, our wind tunnel is a “Low speed

wind tunnel” [20]. We apply the methodology explained

by Mauro et al. [21] to design our wind tunnel. It includes:

1. A settling chamber with a honeycomb and 2
screens

2. A contraction

3. A testing chamber
4. A diffuser

5. Afan

3.4.1  Testing chamber (TC) design

As we explain in paragraph 3.2, the area of the cross
section of the testing chamber is 1.0*1.0 m? in order to fit
into the laboratory. In order to easily install our model and
different sensors, we fix the length of the TC at 1.5 m. It



E3S Web of Conferences 172, 17005 (2020)
NSB 2020

http://doi.org/10.1051/e3sconf/202017217005

respects the condition given by Stefano et al.: the length
is between 0.5 and 3 times the hydraulic diameter of the
TC (1 m). The floor of the TC includes a circular opening
in which the model will be placed.

3.4.2  Contraction design

The contraction is the component that aims to 1)
accelerate the flow in the TC and 2) profile a flow inside
the TC with a uniform velocity profile. First, the ratio
between the cross-section areas of the contraction should
be in the range 4-6 [22] for a TC whose cross-section is
bigger than 0.5 m. For space considerations, we design a
contraction with a ratio of 4: this leads to an upstream
cross-section of 2.0*2.0 m2 Then, the form of the
contraction is given by the Bell-Metha fifth order
polynomials [23](Fig. 5). In order to reduce the difficulty
of fabrication, we tested simplified forms with a CFD
calculation. These CFD simulations compare wind
behaviours with various angles of the contraction, from
25° up to 45° (Fig. 6). We choose the 30° simplified
contraction that offers an acceptable compromise between
a small deviation in the velocity field in the flow direction
(less than 3% discrepancy from the Bell-Mehta form) and
no difficulty of fabrication in our case.

217 866 217
S
“ —_
g
s : g g
(=] o
o -
1300 L
1300

Fig. 5. Bell-Mehta
contraction [in mm]

Fig. 6. Simplified
contraction [in mm]

3.4.3 Settling chamber design

The cross section of the settling chamber is equal to the
maximal cross section of the convection 2.0%2.0 m?. The
settling chamber includes a honeycomb and two screens;
each of these components is 2.0%2.0 m?.

According to Mauro et al., the honeycomb has to respect
two conditions:

- Its porosity has to be above 0.8;

- The ratio between its length and the hydraulic

diameter of its cells have to be between 6 and 8.

We identify a honeycomb in aluminium with the
following characteristics:

- Alveolus diameter = 6 mm

- Sheet thickness = 0.7 mm

- Length =45 mm

- Cross section =2.0%2.0 m?

The porosity of the honeycomb is 0.8 and the ratio
between length and hydraulic diameter is 7.5, which is
consistent with the conditions presented by Mauro et al.
According to Prandtl [24], it is more efficient to have a
series of screens with different porosities. Their porosity
has to be between 0.58 and 0.8. We identify two types of

perforated plate: one in galvanized steel with a porosity of
0.64 and one in steel with a porosity of 0.74.

3.4.4 Diffuser and fan design

In order to create a wind up to more than 6 m s! in the
testing chamber, we need a fan providing an airflow rate
up to around 40,000 m? h''. We need to control the speed
of the fan in order to stabilize the wind inside the testing
chamber at different velocities. We identify an axial fan
with a maximum airflow rate which can reach around
43,000 m® h!, depending of the pressure drop. This fan
can be controlled with a frequency converter. Its diameter
is equal to 1.0 m. As the diameter of the fan corresponds
to the size of the testing chamber, we do not have a
minimum length for the diffuser.

3.4.5 Final design of the wind tunnel

Fig. 7 shows the key components of our wind tunnel. Our
wind tunnel is 4.11 m long with a maximal cross-sectional
area of 4.0 m2

Honeycomb 2 Screens

2000

300 217 866 217 1500 500 510

Settling chamber Contraction Test chamber Diffuser Fan

Fig. 7. Final dimension of wind tunnel [in mm]

4 Results

4.1 Model scale reproduction of a fan
pressurization test

We first test the airtightness of the model without
voluntary leaks by submitting the model to a pressure
difference AP=200 Pa, then we stop the pressurization and
we analyse the evolution of the pressure inside the model.
Fig. 8 compares the decrease of the pressure inside the
model without voluntary leak to the decrease with the
smallest one voluntary leak we have: a 1.7 mm diameter
leak. With only the smallest leak, the pressure inside the
building drops from 200 Pa to 0 Pa in less than 4 seconds.
Without any voluntary leak, it takes more than 19 minutes
to go from 200 Pa to 0 Pa. This test shows that our model
is extremely airtight.
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Pressure decrease inside the model
200
180
160 — Without voluntary leak
140 With 1 leak ©=1.7mm
= 120
: 100
<

0 500 1000 1500
t[s]
Fig. 8. Characterization of the airtightness of the model without

voluntary leaks - Observation of the pressure decrease inside the
model

Secondly, for each leakage distribution, we perform
5 pressurization tests under repeatability conditions with
10 steps from 10 Pa to 100 Pa without any wind in order
to determine the exact airtightness of each configuration.
Fig. 9 presents results of the five tests performed without
wind under repeatability condition for the leakage
distribution r.p=50%. We notice no significant variation
from one test to another: the airleakage coefficient Cy is
equal to 0.09 m® h'! and the flow exponent n is equal to
0.51 for the 5 tests. We observe the same repeatability for
all airleakage distributions.

Fan pressurization tests results without wind
for i =50%

MTest 1 Test2 ATest3
= Test4 ®Test5 _a-ii'i'
£ A
> e
E e -
= _.-®'R?=0.9996
% ¥
3 x

Pressure difference [Pa) 100

Fig. 9. Fan pressurization tests results without wind for the
leakage distribution rLp=50%

Table 1 presents the results of these tests including
the leakage airflow rate at 4 Pa q4 and at 50 Pa qso, the
values for the airleakage coefficient C. and the flow
exponent n, and the values for the correlation coefficient
R? for all airleakage distributions. We notice no
significant variation of the airtightness of the model from
one configuration to another: the maximal variation is
0.02 m? h'! for the gso. The specific effective airleakage
area at 4 Pa ELA4 we obtain (mean measured = 2.06*10%3
m?) is smaller than the value we use to design the model
(2.3*10° m?). This is due to the limit of precision during

the manufacturing of the leaks. Our model is thus more
airtight that the one we had designed. As we previously
indicated, the airtightness does not significantly influence
the impact of the wind during airleakage measurements.
This difference between designed airtightness and real
airtightness of our model will not have an impact on the
future experiments.

Table 1. Airtightness of the model for each leakage

distribution
Leakage
S S q4 qso | ELA4 CL 2
dlstr:butlon [ ] | [m 0] [m?] [m?.h.Pa"] n R
LD

10% 0.19 | 0.68 |2.08E-05| 0.10 [0.50]|0.9998
20% 0.19 | 0.68 |2.07E-05| 0.10 [0.50]|0.9997
30% 0.19 | 0.69 |2.06E-05| 0.09 [0.51]0.9998
40% 0.19 | 0.67 |2.04E-05| 0.09 [0.50]|0.9997
50% 0.19 | 0.69 |2.04E-05| 0.09 |0.51]0.9998
60% 0.19 | 0.67 |2.04E-05| 0.09 [0.50]|0.9997
70% 0.19 | 0.69 |2.05E-05| 0.09 [0.51]0.9998
80% 0.19 | 0.68 |2.08E-05| 0.10 [0.50]|0.9998
90% 0.19 | 0.68 |2.09E-05| 0.10 [0.50]|0.9998

Then in order to verify that it is possible to reach and
stabilize pressure steps from 10 Pa to 100 Pa under windy
conditions, we tested all leakage distribution. We perform
fan pressurization tests for different wind speeds (from 0
m.s! to the 7 m s!). We observe that we are able to
perform all the tests up to 100 Pa (Fig. 10 presents the
pressure steps for rip=20% with a mean wind speed
Unean=4.3 m.s"). Thus, we are able to reproduce fan
pressurization tests on our model for all the designed
leakage distribution and for all wind speeds created in the
wind tunnel.

Evolution ofthe pressure difference Ap during a
fan pressurization test
perform on our model in the wind tunnel

Upear=2.3 m.sY/ 7, ;= 20%

00

oo
(=1

(=
=

Aptarget

Pressure difference &p [pal

Apmeasured

0 200 400 600 800 1000
Time [s]
Fig. 10. Pressure steps for a fan pressurization test perform with

a leakage distribution rp=20% and a mean wind speed
Umean=4.3 m.S-l
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4.2 Variation of experimental varying parameters
for the wind impact study

We test the homogeneity of the wind speed inside the
testing chamber by measuring it at 42 equally spaced
locations. We measure the wind speed at 25 cm from the
ground of the testing chamber, for different wind speed
configurations, during 1 min with 1 point per second.
Fig. 11 gives the results of the measurements perform on
10 points for a wind speed around 4.6 m s'. The
maximum standard deviation of the 42 locations during a
1 min measurement is 0.087 m s™!: this result confirms the
temporal stability of the wind speed for each loca tion.

The minimal wind speed measured is 4.43 m s and the
maximal wind speed is 4.90 m s™': we observe a maximal
distribution of wind speeds in the test chamber of 10%.

50
L

é%%%ﬁ+ ¢ ===

f

35 4.0
L

0

3

Wind speed |m.s-1|

25

20
L

Measured points

Fig. 11. Distribution of the wind speeds for 10 points in the
testing chamber

5 Conclusions

In order to evaluate the impact of the wind during building
airtightness measurements, we designed a model scale
experiment based of the reproduction of fan
pressurization tests. To respect similarity conditions, we
defined sizes and characteristics for:

- The model that reproduces a single-zone building;
- The measuring device that replaces a blowerdoor;
- The wind tunnel that reproduces the wind.

First, we designed and built a complete low speed
wind tunnel (length=4.11 m, maximal cross section = 4
m?) in order to vary wind speed from 0 m s to more than
6 m s!. The wind speed inside the testing chamber
presents good temporal and spatial stability: for a mean
wind speed around 4.6 m s, the maximum standard
variation at one point is 0.087 m s™! and we observe a
maximal distribution of wind speeds in the test chamber
of 10%.

Secondly, we designed and built a model
representative of single family houses with a scale equal
to 1/25%. This model includes two openings: one the
windward wall and one on the leeward wall. The openings
can be adjustable in 9 different leakage distributions that
correspond to the same q4=0.19 m*® h''. The model without
the voluntary leaks is extremely airtight: we know that the
total leakage airflow goes through the two voluntary
openings.

We gathered a flow controller and a manometer that
reproduced a pressurization device. With these materials,
we have been able to reproduce fan pressurization tests on
the model for different wind speeds and different leakage
distributions. For all those tests, we have been able to
stabilize the pressure difference for steps up to 100 Pa.

Thus, we are able to reproduce fan pressurization
tests on our model in various wind situations and for
different leakage distributions. Our experiment facility
will now be used to evaluate the impact of the wind during
airtightness measurements.
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