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ABSTRACT
This paper presents an approach to model building airtightness pressurisation tests and to

quantify uncertainties due to a periodic wind. Our approach assumes the building under test
can be represented as a single zone with two sharp-edged openings, one on the windward side
and one on the leeward side of the building. We detail the system of equations obtained which
deals with stack effect, air compressibility, and inertia of the air subjected to unsteady
pressure conditions at the boundaries of the openings. Solving the system of equations gives
the dynamic behaviour of the airflow rates and state variables in the enclosure and in the
leaks, making it possible to estimate the uncertainty of the air leakage coefficient in one-point
pressurisation tests. Our analyses show that: a) the wind fluctuations can yield much larger
uncertainties on the air leakage coefficient than the average wind alone; b) the wind frequency
influences significantly the uncertainty when it is smaller than the sampling frequency; and c)
the contribution of the zero-flow pressure uncertainty to the uncertainty of leakage airflow
rate error is of about the same size as that of the flow and pressure uncertainties at the

pressure measurement station.

KEYWORDS
Airtightness; air leakage; building; pressurisation test; infiltration; periodic wind

HIGHLIGHTS
*  We present an approach to model building airtightness pressurisation tests and to

quantify uncertainties due to a periodic wind.
* The approach, based on an idealised building and physical models of the airflow rate
through the leaks, gives the airflow rates and state variables as a function of time.

e Our analyses show the limitations of steady-wind approaches.

NOMENCLATURE

A Area of opening (m?) Subscripts and superscripts
1,2 Pertaining to opening number 1 or 2




Lbuita

u(x)
Vi

35

Speed of sound (= JYR Te) (msh)

Specific heat capacity at constant pressure
(=1004JTkg! K

Specific heat capacity at constant volume
(=14c,) Jkg'Kh

Air leakage coefficient at standard
conditions (m? s™! Pa™)

Wind pressure coefficients defined in
Table 2 (-)

Wind pressure coefficients (-)
Discharge coefficients (-)

Wind frequency (s

Coefficient defined in Table 2 (-)
Froude number (-)

Acceleration of gravity (= 9.81 m s!)
Coefficient defined in Table 2 (-)

Length (m)
Reference building length (m)

Leakage distribution ratio (-)
Effective length of opening (m)
Flow exponent (-)

Polytropic exponent (-)

Absolute pressure (Pa)
Pressure relative to external atmospheric
pressure (Pa)
Volumetric airflow rate (m3 s!)
Volumetric airflow rate at standard
conditions (m? s)

Specific gas constant (= 287.058 J kg! K-
1

)

Time (s)

Temperature (K)

Wind speed at the building level (m s™)
Uncertainty of a quantity x (units of x)
Internal building volume (m®)

Altitude above ground level (m)

pd Pertaining to pressurisation measurement
device

down Pertaining to leeward facades

e Pertaining to outside the building

est Estimated value

f Pertaining to wind fluctuations

i Pertaining to inside the building

[ Pertaining to leakage path

[ Pertaining to leakage path

mean Mean value

nowindstack No wind or stack effect

ref Referring to reference

s Referring to target pressure station

spl Referring to values averaged over
sampling interval

up Pertaining to windward fagades

w Pertaining to wind

zf Zero-flow pressure measurement

* Non-dimensional quantity

0 Referring to standard conditions (293.15
K, 101325 10° Pa)

Greek symbols

ax) Error of x (units of x)

Ax) Difference in the value of x between the
outside and the inside of the building (Pa)

) Heat flux (W)

Yy Ratio of specific heats (y = z—p =1.4)

0 Air density (kg m™)

) Phase lag (s)

Terms

Error (of a Measured quantity value minus a reference

quantity) quantity value

Uncertainty ~ Dispersion of values that could be

(of a reasonably attributed to the quantity of

quantity) interest

Sign convention
The air flow rates are counted positive when air travels
from outside to inside




36
37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

1 INTRODUCTION
Airtightness is an important building characteristic that influences the amount of air passing

through building zones and walls. This is why there exists a significant body of literature
dealing with building airtightness impacts on energy use [1-6] and indoor air quality [5,7].
The general consensus that can be drawn is that, except maybe in mild climates without
cooling needs or moisture issues, building airtightness can greatly affect energy performance
and indoor air quality. Because the energy use impact is proportionally more significant in
low energy buildings which many policies aim to generalise to answer energy conservation
and climate change issues, an increasing number of regulations and programmes have
recently included requirements on building airtightness [8,9]. These regulations can include
requirements for minimum airtightness or default values that strongly penalise poor
airtightness; they can also include quality management requirements aiming at securing good
airtightness [10].

In this context, quantifying airtightness has become a key issue for building professionals
because failure to reach minimum targets can have significant legal and financial
consequences. Subsequently, there has been over the past 10 years a revived interest among
researchers and professionals concerning the reliability of pressurisation tests performed to
quantify building airtightness. On the practical side, this has led to revise the international
standard to perform building pressurisation tests (ISO 9972) [11] as well as a range of
additional details spelled out at national or local levels to specify conditions to perform such a
test, including certification programmes for testers [12]. As for the ASTM E779 standard
commonly used in North America, it has been revised in 2019 [13]. On the research side,
several authors have recently investigated uncertainties in building pressurisation tests [ 14—
18], building on previous work performed in the 1980s and 1990s including evaluations of the
impact of climatic conditions, calibration and variation on the value of the flow exponent [19—

29]. Note that pressurisation tests are commonly performed at a single or a series of pressure
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stations. These are also called DC pressurisation tests. However, considerable research and
development are ongoing on pulse pressurisation [30], an alternative method consisting in
analysing the pressure decay of a pulse released in an enclosure to derive its airtightness

characteristics at low pressure.

More specifically on wind induced uncertainties in DC pressurisation tests , Modera and
Wilson (1990) [25] recommend four-surface pressure averaging and time-averaging of
pressure and airflow data to reduce scatter in windy conditions. Later, Walker et al. (2013)
[14] and Carrié and Leprince (2014; 2016) [15,31] have analysed the impact of wind on
uncertainties based on large experimental datasets for the former and an analytical model for
the latter. Walker et al. (2013) recommend multipoint testing at low wind speeds (< 3 m s™)
when the reference pressure is 4 Pa to avoid extrapolation errors due a fixed flow exponent;
however, for the same reference pressure (4 Pa), both Walker et al. (2013) and Carrié and
Leprince (2016) recommend single point-testing at high wind speeds (above 5-6 m s™!)
because using a default value of the flow exponent is better than trying to estimate it with low
pressure points. Prignon et al. (2019) [32] have investigated uncertainties in zero-flow
pressure measurements and have concluded that, because these could seriously impact
pressurisation test results, these should be accounted for in test standard ISO 9972. However,
to our knowledge, understanding the physics involved in the influence of wind on building
pressurisation tests remains unclear. There exists a threshold for the zero-flow pressure in ISO
9972 (5 Pa) beyond which the test is not valid. A wind speed of 6 m s! is mentioned in ISO
9972, but only to state that it is unlikely to have a zero-flow pressure of less than 5 Pa with
wind speed beyond that value. We are unaware of a thorough justification either for using the
zero-flow pressure criterion, or for linking a wind speed of 6 m s™! to a zero-flow pressure of 5

Pa. Although the work of Carrié and Leprince (2014; 2016) gives a simple physical model
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enabling the analysis of influencing parameters, one important limitation of their work lies in
the hypothesis of a steady wind. In the field, it is well known that wind speed fluctuations
influence pressure measurements used in the analysis of building pressurisation tests and

therefore the resulting building airtightness results.

In two papers [33,34], Ethridge focusses on fluctuating wind pressures in a naturally
ventilated enclosure with two openings. He lays down fundamental equations of four models
to address his problem. The flow equations of the most rigorous model—the “Quasi-
steady/Temporal inertia model”—are of interest to model other problems involving
fluctuating wind pressures, including pressurisation tests with unsteady wind. Note also that
in his book ([35], pp. 96-99), Ethridge explains how the quasi-steady assumption and time-
averaging can influence the error in the airflow rate. He details the case of an orifice plate
meter in a pipe and gives the error in the airflow rate as a function of the Strouhal number in
that specific case. However, the natural ventilation and orifice plate meter problems tackled
by Ethridge [33,34] are clearly different from that of a pressurisation test involving air forced
into or out of an enclosure by a pressurisation device and multiple openings subjected to

different pressures because of wind and stack effects.

In summary, we are unaware of previous work to model pressurisation tests with unsteady
winds or to analyse the uncertainty due to wind in such tests. The present paper extends
Carrié and Leprince’s model in order to characterise the influence of periodic wind on
building one-point pressurisation tests with leaks acting as perfect orifices. We start with
physical equations that give the airflow rates in cracks with unsteady pressure boundary
conditions in an idealised building and analyse the results of our physical model for several

cascs.
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2  QUASI-STEADY TEMPORAL INERTIA MODEL EQUATIONS

2.1 Idealised building
In accordance with Carrié and Leprince (2016), we assume that the building can be

represented by a single zone separated from the outside by two types of walls: walls on the
windward side of the building which are subject to the same upwind pressure; and walls on
the leeward side which are subject to the same downwind pressure (Figure 1). We further
assume that all leaks on the windward (respectively, leeward) side can be represented as a
single opening at a given height—e.g., z; if opening 1 is on the windward side (respectively,

leeward) —subjected to the same pressure difference.

In the field, the roof, the sides (fagades n°3 and n°4 in Figure 1) and the leeward facade (n° 2
in Figure 1) have negative pressure coefficients on average; the windward facade (n°1) has a
positive pressure coefficient on average. In our idealised building, only one average pressure
coefficient is considered for all leaks on the windward (resp. leeward) facades. Similarly, only
one average height is considered for all leaks on the windward (resp. leeward) facades. This is
of course a crude representation of the complexity of real airflow paths. Nevertheless, it has
the advantage of remaining relatively simple while allowing us to calculate the airflow rates
in leaks subjected to different pressures during a pressurisation test, which is the key problem

in presence of wind. The system of interest can be represented as shown in Figure 1.




PLAN VIEW OF IDEALISED BUILDING

°3 Leeward facad
Windward fagade Fagade n°3 eewar(noza;; ace
" K /

U= wind speed at building level Inside air properties at ground
-
level : psi, Piv T
q; q-
D
Building volume : V;
Pw,1 Pw,2
Outside air properties at ground -q
level : poyse Por Te o

g; = volumetric airflow rate through windward facades L
qg, = volumetqc a%rﬂow rate through leewargl fagades . Fagade n°4
gpa = volumetric airflow rate through pressurisation device

Dy,; = wind pressure on windward fagade
Pw2 = wind pressure on leeward fagade

132

133 Figure 1: Plan view of idealised building with wind facing facade 1

134 2.2 Temperature and density of airflows entering and leaving the building

135  To remain consistent with the complexity level of our idealised building, we assign a density
136  and temperature to the airflow paths entering or leaving the space as if air was directly

137  transferred in or out of the enclosure, without interaction with the building fabric or

138  pressurisation equipment. This leads to the equations detailed in Table 1.

139
Density Eq. Temperature Eq.
n° n°
if sign >0 T, if sign =0
ppa = fFe st (e) 1) 1=l Fionlap) @
p; if szgn(qu) <0 T; if szgn(qu) <0
_ pe if sign(qy) = 0 _ {Te if sign(q.) =0
P = {pi if sign(q,) <0 ©) L= T; if sign(q,) <0 @)
_ (pe if sign(qy) =0 _ {Te if sign(q,) =0
P2 = {pi if sign(q,) <0 ) L= T; if sign(q,) <0 ©)

140 Table 1: Density and temperature equations at airflow paths

141

142 2.3 Pressure difference at leakage sites
143 The pressure difference at the windward opening is:




Ap1(t) = pw1 — (pe — pi)gz1 — pi(t) (7
144

145  Similarly, at the leeward opening:

Ap,(t) = pwz — (Pe — Pi) gz, — pi(t)
(8)

146 2.4 Flow through leakage sites

147  In his analysis of unsteady flow effects due to fluctuating wind pressures, Ethridge (2000a,
148  2000b) [33,34] proposes to use a so-called “Quasi-steady/Temporal inertia model” (or QT
149  model) to describe the flow through the leaks. Applying the same approach in our case leads

150  to the following flow equations through the leaks:

(t) ®)
2C, 14114 q;t = —q2(t) sign (ql (t)) + 2CZ, A% Pp1 o
2C,A5le —— 44:(t) = —q5(t) sign (qZ (t)) + 26221‘12 A (1)

151  We assume the cracks in the envelope behave like sharp-edged orifices the discharge
152 coefficient is commonly assumed to be 0.6:

CZ,l = CZ,Z = 06

Regarding the entry length, Ethridge (2000a) used Modera’s experimental data (11)
(Modera, 1989) [36] to show that the opening diameter was a reasonable estimate

of this parameter. Therefore, we write:

4 4, 44,

le,l = T )y te2 — T (12)




153 2.5 Equation of state

154  We assume that the air behaves like a perfect gas, therefore:

Pabs,0 = Po R T (13)
Pabs,e = Pe RT, (14)
Pabs,i = Pabs,e T Pi = Pi RT; (15)

155

156 2.6 Continuity equation

157  The mass air flow rates through the leakage sites and the pressurisation device are:

Am,pd = Ppd Qpd (16)
Am1 = P1q1 (17)
Amz2 = P2 42

(18)

158
159  Writing the mass balance of the internal volume gives:

160

dm(t)  dp(t)
dt - Vi dt - Qm,pd(t) + Qm,l(t) + qm,2 (t) (19)

161 2.7 Energy conservation equation
162 Ethridge (2000a; 2000b) assumes that the bulk behaviour of the internal volume follows a
163 polytropic process, yielding:

P(t)
pi(O" (20)
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where K is a constant. For a perfect gas, if the process is adiabatic, n,, = y; whereas, if the
process is isothermal, n, = 1. In the adiabatic case, this relationship stems from applying the
state equation and the first principle of thermodynamics to a closed system with homogeneous
state variables. This assumption is convenient because it reduces the energy conservation
equation to a simple mathematical form (equation (20)). Although the air pressure and
temperature inside values differ from outside values, this assumption can be justified with the
Boussinesq approximation—i.e., the density variations are considered only in the buoyancy
terms, in other words, in the terms where gravity appears in equations (1) and (3)—and since

the absolute pressure is nearly identical inside and outside the building (see Figure 2).

System considered at time t Same system at time t + dt

Material system =V, + dV, + dV, Material system =V; + dV,,

av,

1
1
pd,
1
T
1

v

Figure 2: Closed system considered with the Boussinesq approximation and with P; = P, (the air is
assumed to enter the building through openings 1 and 2 and leave through the pressurisation device).

However, in the more general case, the internal volume is an open system and air at different
temperatures flows in and out of this volume. When we apply the energy conservation
principle to the internal volume, accounting for energy exchanges due to the air entering and
leaving the building, but neglecting other energy transfer through the walls, mechanical stress

or internal sources, we obtain:
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= Dpa(6) + 04() + D0
e

i

Ve, d(Pi(g Ti(1))

Where:

(Dpd = Ppd Cp Qpa Tpd (22)
O =p1c, 1 Th (23)
Dy, =py¢,q2 T, (24)

2.8 Zero-flow pressure

Depending on wind speed and temperature conditions, the pressure in the building when all
intentional openings are closed is not null. This pressure is called the zero-flow pressure. It is
subtracted from the measured pressures at the pressure stations to derive airtightness

characteristics (see ISO 9972 [11] or ASTM E-779 [13]).

We obtain the zero-flow pressure with equations (1) through (19) and (21) through (24),

where we set @y pq 10 0.

2.9 Leakage airflow rate error
Assuming a flow exponent of 0.5 (sharp-edged orifices), the estimated airflow rate through

the leaks at the target pressure station is:

Ql,est(ps) = Cl,est\/ |ps| Sign(ps) > (25)

where, accounting for temperature and pressure corrections as described by Carrié (2014)
[37], the estimated leakage coefficient of the building for a one-point measurement test can be

calculated as follows, in pressurisation mode:
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205
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209

210

211

212

213

214

_de
Crest = ( (26)
. /pzf pi| sign(pzs- pl)

and in depressurisation mode:

=L CIpd
Cl est — (27)
/ Dzf — pll sign(pzs — pi)

The error in the estimated leakage airflow rate at the pressure station is:

5 ( l) _ 56[1 ql,est — Qi nowindstack (28)

q q1,nowindstack
where q; o5+ and q; powindastack are estimated at the same pressure. The leakage airflow rate in
no wind or stack effect condition q; nowinastack 18 the leakage airflow rate that would be
observed in standard conditions applying a perfect orifice equation. It is obtained with

equation (25) by substituting q; ¢s; and C; o5 With q; nowinastack a4 Cp nowindstack Where:

’ 2
Cl,nowindstack = p_ (Cz,l A+ CZ,Z AZ) (29)
0

Note that, in the case of a pressurisation with a unique pressure station, we can infer the air
leakage coefficient error by calculating the error in the leakage airflow rate compared to no

wind or stack effect condition as follows:

% — % — Cl,est - Cl,nowindstack (30)
Cl q Cl,nowindstack

3 QUASI-STEADY COMPRESSIBLE AND ISOTHERMAL MODELS
Based on the QT model equations detailed above, we have derived two other models with

additional assumptions. These additional models are simpler. They are meant to evaluate the
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added-value of the complexity introduced with the inertia term in the flow equations, as well

as with variable air density and temperature.

The “Quasi-steady Compressible” (QC) model neglects the inertia term in equations (9) and
(10), i.e., the temporal derivative on the left-hand side of the equations. The temporal
derivatives of the air density and pressure (equations (19)(21)) remain to be solved. Still, it
reduces the dimension of system of ordinary differential equations from 4 in the QT model to

2.

Last, the “Quasi-Steady isothermal » (QS) model neglects the inertia term, the air
compressibility, and temperature differences. By construction, this model violates the perfect
gas law, therefore the equations listed in § 2.5 do not apply. Its key advantage is that its
solution can be derived analytically, with an approach similar to that of Carrié and Leprince

(2016).

Note that the QT and QC models defined in this paper are based on the same assumptions as
those derived by Ethridge (2000a), except for the Boussinesq assumption and closed-system

assumption implicit in the use of the polytropic law.

4 PRESSURISATION TEST CONDITIONS

4.1 Wind conditions

Users of the present model could use time series of upstream and downstream wind pressures
measured simultaneously as model inputs. This could be interesting for comparing measured
and model results for real test cases. However, to predict errors in the leakage airflow rates

without wind pressure measurements on a specific test case, the users must assume a given
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form for the wind pressure series. We are not aware of previous work giving simultaneous
upstream and downstream wind pressures for given building characteristics, including the
time lag, without wind measurements. To overcome this problem, we have assumed in such

cases that the wind speed fluctuates around a mean value as follows:

U () = Upoan <1 +-2 sinQ2r f, t)), 31)

Umean
and that the wind pressures could be inferred from the wind speed with:

pe U% (1)
Pw1 = Cpwy ———— > (32)

pe U% (1)
Pw2 = CpW,ZeT (33)

In other words, the wind speed fluctuation is reduced to a single mode of a Fourier transform

and the wind pressures are derived from wind pressure coefficients available in the literature.

4.2 Sampling interval

ISO 9972 requires the zero-flow pressure to be measured over 30 seconds with at least 10
points but does not detail requirements for sampling intervals at pressure stations. In this
paper, we chose to take the same sampling interval for the measurement at zero-flow and for

the measurement at the pressure station.

4.3 Air temperature and pressure
The outside air temperature 7e and pressure paps, are constant during the pressurisation test.
The difference between inside and outside air pressure is controlled by the pressurisation

device (see § 4.4), whereas the inside air temperature is an output of the model.

4.4 Pressurisation device pressure control

We assume an ideal pressure control of the pressurisation device, i.e.:
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Ve, pi(t) = ps
(34)
In other words, at all times, the pressurisation device controller sets the building pressure to

the target pressure station by ideally adjusting the pressurisation device airflow rate.

4.5 [Initial conditions
In order to simulate pressurisation tests with the QT or QC models, one must specify initial
conditions for the following internal air temperature and pressure, as well as for the leakage

flows through the leaks and the pressurisation device.

Nevertheless, to avoid unrealistic behaviours of the internal air conditions and leakage
airflows, we set the initial conditions to the values obtained after a time step short enough to
have little variations of the state variables and a steady wind to avoid inertial effects in the

leaks.

4.6 Range of input parameters
The sensitivity analysis performed further in this paper is restricted to the following ranges of

the input parameters:
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— The mean wind velocity Umean varies between 0 and 10 m sl
— The wind fluctuation Uyis set to 20% of the mean value;

— The pressure measurement station is set to a target value of 10 or 50 Pa; or to the

maximum between those target pressures and a multiple of the zero-flow-pressure.
This latter option allows us to simulate the constraint |pg| = 5 |pzf| required in ISO
9972 for a test to be valid;

The wind pressure coefficients are set to Cp,,; = 0.25 and C,,,, = — 0.5 inspired
from Liddament (1996) [38] (page 242, data for a low-rise building with a length-to-
width ratio of 2:1 and surrounded by obstructions equivalent to half of the building
height);

Cz2 Az

The leakage distribution ratio Ld = is set to 4. Because we have one windward

21 A1
facade and four leeward facades, this means that the leakage area is equally distributed
on all facades of the building;

The initial air conditions are set to standard conditions;

The outside air conditions are set either to standard conditions, or in anisothermal test

cases, with T, = 273.15 K.

We do not apply the zero-flow pressure constraint |pZ f| < 5 Pa set in ISO 9972 for the test to

be valid. This allows us to analyse the influence of the input parameters on the leakage

airflow rate error without discarding results a priori.
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S NON-DIMENSIONAL EQUATIONS

5.1 Dimensionless groups and reference values

The equations below are given in non-dimensional form, which reduces the number of inputs
and unknowns and helps identify governing dimensionless variables. Let the non-dimensional
numbers defined in the appendix. The reference values can be set arbitrarily, but it is
convenient to define the reference wind pressure, p., s, the reference wind speed, U..s, and the

reference length, L.s, as follows:

Pwrer = Ds
(35)
Uref _ 2 |pw,ref| _ qu,ref (36)
Po (Cz,l A1+ Cyp Az)
V.
Lyos = l (37)

(Cz,l Al + CZ,Z AZ)

This choice of reference values implies that:

— the relative pressures, including the pressure exerted by the wind on the facades, are
compared to the pressure set by the pressurisation device;

— the wind velocity is compared to the velocity of the air passing through the leaks;

— the time is compared to the characteristic time of air renewal of the enclosure during the

Vi

dpd,ref

pressurisation test,

5.2 Key QT-model equations
With the non-dimensional groups defined in the appendix and reference values defined in §

5.1, the non-dimensional pressure differences and airflow rates at the leakage sites are:




2
Ap; = p1 _F_le (pe — pi) - Cp,i

(38)
* 2 * *
Ap; = Cpz =7 (Pe = pi) = Cpi
Fr; (39)
dq; F ] i Ap;
=5 ( q;? sign(q;) + f)
2 2! (40)
dq, F. Ap;
Lo ( 452 sign(q;) + i)
dt 2 o 41)
314  The continuity and energy equations become:
dpl _ 1 Ld
22 dt* = Ppa Tpa Qpa + 1+1Ld P11 q1 1+ Ld P2 12 q; @)

315  Assuming a closed system with homogenous state variables, which is implicit in the energy
316  equation (20) used by Ethridge (2000a), the dimensionless air densities and temperatures are
317  equal to unity. Logically, with this assumption and with only two openings (no pressurisation
318  device), the energy equation becomes strictly identical to the equation derived by Ethridge
319  (2000a) (QT model) (referenced (28) in his paper, with L,.r = H, see appendix).

320

321  When the pressure inside the building is perfectly controlled, the left hand-side of equation

322 (43) vanishes, yielding:
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340

deTpdqu+mP1T1q1+1+—LszTzCIz=0 (44)
Taking the resulting model as a whole, the dimensionless quantities during the measurement
(i.e., dimensionless airflow rate, pressure, temperature, and density) are function of 17

parameters:

Qpar Tpar Ppar 41, 15 1,42, T2, P2, 07, Ti L Pi
- (45)
= f(t*: Ur*nean: U;: fw*' pr,l: pr,z' Frl' FTz' Ld: Fl: FZ' p:s‘kl C*' p;;bs,w: p;;bs,e' Te*' ,0;‘

In addition, in equation (45), g,4 and p; are linked by the pressurisation measurement
control. For the zero-flow pressure measurement, the device airflow rate is set to zero and the
output quantity of interest is the internal pressure, whereas for the measurement at the
pressure station, the internal pressure is controlled depending on the target pressure and the
output quantities of interest include in particular the airflow rate through the pressurisation

device.

5.3 Uncertainty of zero-flow pressure and leakage airflow rate error
Because in real conditions the zero-flow pressure is estimated with independent
measurements before and after the measurements at the pressure station, assuming the wind

probability distribution remains the same, the uncertainty of the zero-flow pressure is:

u(psy) = —u(pf/%s’”) (46)

Equation (28) allows us to calculate the leakage airflow rate error for each measurement
point, which is identical to the leakage air coefficient error in a one-point measurement

pressurisation test. Using dimensionless variables, the relative error in the leakage airflow rate

for a given sampling interval and a given measured zero-flow pressure is, in pressurisation:
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) (ql) = ’pl spl Qpd,spl —_— Slgn(pzf - pi,spl) -1 “47)
pl ,spl pzf bi spll

and, in depressurisation:

*

- Pispl |ps | . . .
6r(Ql) = —+/Pe % pa,spi *—S*lﬂgn(pzf - pi,spl) -1 (43)
e — Fispl

where p; 1> Gpa,spr » and P sy are values averaged over the sampling interval. Note that
there is an infinite number of possible values of the error 8,.(q;) (and of p) depending on
when the sample starts relative to the wind fluctuations. In our case, the wind gives a leakage
airflow rate error that has both: a random component that depends on when the zero-flow and
pressure-station samples start relative to wind fluctuations; and, a systematic component due
to the effect of wind which can be characterised with equations (47) and (48) for given
sampling intervals. Here, the quantity of interest for our uncertainty analysis is the systematic

component (the systematic error in the leakage airflow rate) and its associated uncertainty.

To find out a reasonable range of possible values of this leakage airflow rate error—that is, its
uncertainty—with a perfect controller, we set p; o,) = ps and we neglect air density variations
which are expected to be small in the vast majority of test conditions. Therefore, in
uncertainty analysis, 8,(q;) may be viewed as a function of g, s, and p,¢. Applying
uncertainty analysis principles as described in “GUM - Guide to the expression of uncertainty
in measurement”[39], assuming no correlation between the airflow rate and the zero-flow

pressure, we obtain the uncertainty of 6,.(q;) as follows:

*

Ps

4 (pz —p2)”

qu

u?(8,(q) = W (qpaspr) + u?(p;r) (49)

pzf pS




359  where p;f, qpq and their associated standard uncertainties represent the expected values of

360 these quantities, i.e., their average value over possible sampling intervals.

361

362 5.4 Boundary conditions
363  The dimensionless wind velocity is:
364
U (t) = Unmean + Uf sin(2m £y, t*) (50)
365  f,, is a dimensionless frequency also known as Strouhal number.
366  As for the pressure boundary conditions, the definitions of the reference wind speed and

367  pressure yield:

368
Cp,l = pr,l Pe U — Ds; Cp,z = pr,z Pe U — s
(5D
369  The perfect pressurisation device controller gives:
pi (t") =ps (52)

370

371  The boundary conditions for the outside air temperature and pressure, at any time, including

372 £'=0, are:
T, =2,
° (53)
* _ Pabs,e
pabs,e )
Pabs,0 (54

373  whereas the inside air temperature and pressure boundary condition is only set for ¢ "=0:




374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

T;(t = 0)

To (55)
\ \ Pabs,i(t = 0)
pabs,i(t = 0) = s
pabs,o (56)

The model also requires initial conditions for the airflow rates through the pressurisation

device and the leaks which are obtained as explained in § 4.5.

6 RESULTS ON TEST CASES

6.1 Code development and checking procedures

We have implemented the model equations detailed above in a numerical code in Python
using the scipy package for the numerical integrator (“odeint” functions), with the range of
input parameters given in § 4.6. While the kernel of the models implementation uses
dimensionless variables, dimensional inputs/outputs can be specified/returned to compare our

results with field experience.

It is good coding practice to cross-check the consistency of results obtained with various
methods. In the following sub-sections, we have compared QT-model results obtained with

the other models presented in § 3.

6.2 Anisothermal conditions

In our test cases, the external temperature remains constant over the measurement period.
Therefore, as expected, the internal temperature converges towards the external temperature
with our QT-model (Figure 3). In the test conditions of Figure 3, the temperature and the
airflow rate through the pressurisation device take about two hours to converge. The resulting

leakage airflow rate is over estimated by about 5% at the beginning of the simulation
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compared to the true value, whereas it is underestimated by about 2% at the end of the
simulation due to the wind effect alone (Figure 4). To obtain Figure 4, we had to assume a
given zero-flow pressure. In our case, it was set to the mean zero-flow pressure in the test
conditions of Figure 3 and on same simulation interval (7200 s). Note also, for code checking
purposes, that the QT-, QC-and QS-model results shown in Figure 3 are consistent in

isothermal conditions.

Anisothermal conditions influence pressurisation test results: depending on when the
technician starts averaging results, the air temperature conditions change and thereby the
measured zero-flow pressures or leakage airflow rates. Therefore, although there is no
intrinsic limitation to our QT model for anisothermal conditions, such conditions considerably
complicate the analysis of the results, including uncertainty estimates. For these reasons, the

analyses of test cases in the following sub-sections focus on isothermal conditions.

Pressure station = max(50 Pa, 5 p;) - Perfect controller
Building volume = 250 m3, Leakage area = 300 cm?, Leakage distribution = 4.0, Wind fluctuation = 0.2, Sampling interval = 30 s
Cpw,1 = 0.25, Cpyy, 2 = -0.50, Paps,e = 101325 Pa, To = 273.15 K, Tj(t=0) = 293.15K, z; =0.5m, 2z = 1.5 m, Wind Speed =5 m 57
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Figure 3: Leakage airflow rate and temperature time series in isothermal and anisothermal conditions
(Umean =5 m S-l,fw =120 5s).
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Pressure station = max(50 Pa, 5 p;) - Perfect controller - Assumed zero-flow pressure = -8.6 Pa
Building volume = 250 m?, Leakage area = 300 cm?, Leakage distribution = 4.0, Wind fluctuation = 0.2, Sampling interval = 30 s
Cpw,1 = 0.25, Gy 2 = -0.50, Paps,e = 101325 Pa, Tp = 273.15 K, T(t=0) = 293.15K, 2, =0.5m, z, = 1.5 m, Wind Speed =5 m s1
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Figure 4: Leakage airflow rate error in anisothermal conditions (Ui =5 m s, f;, = 120 s).

6.3 Inertia in the leaks

In the previous example, the QS, QC and the QT models give nearly identical results in
isothermal conditions. However, for the zero-flow pressure time series, the inertial effects
become visible at high frequencies as shown in Figure 5. We observe the same trend if we
increase the building volume, which we expected from the dimensional analysis since the
time derivatives of equations (40)(41) scale with F; and F, which increase with increasing
volume. For the pressure station time series, we have to set the frequency or the building
volume to higher values to observe similar trends as with the zero-flow pressure time series.
This result is likely influenced by the pressure control strategy of the pressurisation device,
i.e. the algorithm that controls the pressure during the test. Inertial effects could be more
visible with more realistic control strategies because these yield an unsteady internal pressure.
This would merit further research using realistic wind spectra to find out in which cases

accounting for inertial effects is useful.
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Pressurisation test simulation - Zero-flow pressure
Building volume = 250 m?, Leakage area = 300 cm?, Leakage distribution = 4.0, Wind fluctuation = 0.2, Sampling interval = 30 s,
Cow1 = 0.25, Cpy 2 = -0.50, Pops. e = 101325 Pa, T, = 293.15 K, Tj(t=0) = 293.15 K, Wind speed : 5 m s~

Wind period = 35 Wind period 7= 30's

Zero-flow pressure (Pa)

0 é 4 6 é lb 12 é 7'0 1'0 EIO Bvﬂ 160 17’0
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Figure 5: Zero-flow pressure time series (Umean =5 m s, f, = 3,30 s).

6.4 Zero-flow pressure uncertainty

Figure 6 shows the standard uncertainty of the zero-flow pressures obtained from two
sampling intervals. Logically, the uncertainty increases with decreasing wind frequencies:
indeed, we expected the range to be small for wind periods smaller than the sampling time
intervals because averages are biased when performed on sampling time intervals which are
not multiples of the time period. This observation is consistent with the field results of
Prignon et al. (2019) who concluded that longer sampling periods yielded lower uncertainties.
Prignon’s field measurements made under relatively low wind speeds (mean wind speed over
10 minutes lower than 3.8 m s™') showed estimates on the order of 0.4-1.5 Pa of the zero-flow
pressure standard uncertainty. However, we must exercise caution comparing these field
results with our numerical results because of model limitations (e.g., wind modelling with a
sinusoidal signal versus real wind with many modes and changes in direction) and several
inputs not assessed in the field, including: wind fluctuation amplitude, pressure coefficients,
or leakage distribution. For these reasons, we have not tried to match our test cases with the

inputs available from Prignon’s study.
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For our test conditions, our QT model gives zero-flow pressure standard uncertainties in the
range of 0.3-2 Pa for wind speeds in the range 3-6 m s™' and wind periods larger than the
sampling time intervals, as shown in Figure 6. This figure also shows that the standard
uncertainty can be much greater, for instance, greater than 5 Pa for low-frequency winds (or

high wind periods) at 10 m s

Pressurisation test simulation - Zero-flow pressure standard uncertainty
Building volume = 250 m?, Leakage area = 300 cm?, Leakage distribution = 4.0, Wind fluctuation = 0.2, Sampling interval = 30 s,
Cpw,1 = 0.25, Cpu, 2 = -0.50, Pabs.e = 101325 Pa, Te = 293.15 K, T(t=0) = 293.15 K

v

Wind period
—— 30s —— 1080s
— 180s

N w IS

-

Zero-flow pressure standard uncertainty (Pa)

o

(=}
N
IS

6 8 10
Mean wind speed (m s~1)

Figure 6: Zero-flow pressure standard uncertainty (averaged over 2 sampling intervals) as a function of
wind speed for various wind periods.

6.5 Leakage airflow rate error

Figure 7 shows the leakage airflow rate times series for various wind frequencies as well as
the uncertainty estimated with equation (49). The smaller bars represent the uncertainty in the
error due to the zero-flow contribution, while the triangles represent that of the leakage
airflow rate at the pressure station. In these specific cases, the contributions of the zero-flow
pressure measurement (third term of equation (49)) and the leakage airflow measurement
(second term of equation (49)) at the pressure station to the combined uncertainty of the
leakage airflow rate error are comparable (Figure 7). In Figure 7, as logically as for the zero-
flow pressure uncertainty, the uncertainty of the leakage airflow rate error increases with

increasing wind periods (or decreasing wind frequencies).
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Note also that, for code checking purposes, our QT-model results with Us = 0 and those

obtained with the steady model developed by Carrié and Leprince (2016) are identical.

Pressurisation test simulation - Pressure station = max(-50 Pa, 5 p;) - Perfect controller
Building volume = 250 m?, Leakage area = 300 cm?, Leakage distribution = 4.0, Wind fluctuation = 0.2, Sampling interval = 30 s,
Cpw,1 = 0.25, Cpy,2 = -0.50, pabs e = 101325 Pa, T, = 293.15 K, T(t=0) = 293.15K
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Figure 7: Leakage airflow rate error for various wind speeds and wind periods. The larger bars represent
the uncertainty (coverage factor = 2) in the error due to wind fluctuations.

7 DISCUSSION

Experienced technicians are aware of specific difficulties to obtain repeatable results when
performing pressurisation tests in windy conditions, including stable zero-pressure, pressure
station and flow readings. This was reported by several authors, sometimes with diverging
conclusions regarding the influence of wind. For instance, Persily (1982) [19] reports errors
of 15% for an average wind speed of 4.9 m s™! measured 6 m above the roof of a 2-storey

building, whereas Brennan et al. (2013) [40] did not find a clear bias due to wind for wind
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speeds up to about 10 m s™!. Although surprising, these diverging results could be due to the
specificities of the test cases, i.e., diverging parameters that strongly influence the leakage
airflow rate error including wind fluctuation amplitude, pressure coefficients, leakage

distribution, or leakage area as shown in our analyses.

Although we observe some deviation between the QT and QC models at high wind
frequencies and low building airtightness, the added-value of the QT model is not obvious in
our test cases. Note however that these conclusions should not be extended beyond our test
cases. In particular, more realistic control strategies yielding short term variations of the
leakage airflow rate could show more clearly inertia flow effects in the leaks. This applies to
pressurisation at a given pressure station (also called DC pressurisation), but implementing
appropriate control strategies would also allow one to simulate AC or Pulse pressurisation

[30,41-43]using the key model equations detailed in this paper.

The models detailed in this paper assume perfect sharp-edged orifices and a rough estimate of
the entry length which is a key parameter influencing inertial effects. In addition, the simple
representation of parallel orifices with one single orifice questions the validity of Equation
(12) to give a proper estimate of the entry length. Because we have a non-linear system of
differential equations, it is not possible to extrapolate our results based on two sharp-edged
orifices to alternate flow models. Modified flow equations based on power law or a quadratic
law could be useful to better represent the flow behaviour in an array of cracks. If work is
undertaken in this area, the results of Walker et al. (1998) [29] suggest that the priority should

be given to the power law approach.
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One specific added-value of our analysis lies in the quantification of the range of the
dispersion of the zero-flow pressure measurements and its contribution to the uncertainty in
the estimated leakage airflow rate. Delmotte (2017) [16] as well as Prignon et al. (2019) [32]
have recently stressed the importance of the zero-flow pressure in uncertainty analyses. Our
results show that indeed, the contributions of the zero-flow pressure measurement and the
measurement at the target pressure station have about the same size. Again, these results are
limited to the few test cases we have examined; however, they reinforce previous authors’
results as well as the need to better account for the zero-flow pressure error. Note that, to our

knowledge, present pressurisation test protocols ignore this aspect.

Without appropriate measurement wind pressure data or models, restricting the analyses to a
periodic wind with a simple relationship giving the wind pressures was convenient. Note that,
assuming there is no time lag between the upstream and downstream wind signals, our
conclusions regarding the sensitivity of the uncertainty to wind period can be extended to
each mode of any wind velocity or wind pressures decomposed in Fourier series.
Nevertheless, it is unclear how to tackle the time lag issue and how significant its impact

could be.

We have proposed a non-dimensional formulation of the problem. Besides the fact that it
reduces the number of parameters used in the kernel of the code and improves its stability, it
is useful to understand the cross-influence of parameters, as shown in the analysis of inertial
effects. This approach would also be useful for statistical analyses to identify key influencing
parameters or to determine protocols that would minimise uncertainty, possibly using local
climatic data. Finally, the dimensional analysis proves to be useful for our current work to

design a laboratory experiment to investigate the validity of our model.
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8 CONCLUSION

Our model allows one to simulate the dynamic behaviour of the airflow rates and state
variables in an enclosure with sharp-edged openings subjected to a pressurisation test with
periodic wind. This makes it possible to estimate the uncertainty on the air leakage
coefficient. The analyses are restricted to one-point pressurisation tests at a given pressure
station (DC pressurisation) in this paper but they could be extended to multi-point DC tests or
alternative test methods such as AC or Pulse pressurisation. This would be useful because
these other methods may give smaller uncertainties, in particular at low wind speed and low
reference pressure. The fundamental equations would remain the same but some new analyses
would be required to derive the airtightness characteristics from the airflow rate, pressure and
temperature time series. Extending our model to other alternate flow models to better describe
the flow behaviour in leaks (e.g., quadratic or power law) would require additional research

efforts on the flow equations.

Our analyses show that a steady approach to uncertainties in building pressurisation tests is
quite limited because the wind fluctuations can yield much larger uncertainties than the
average wind alone. In addition, we have shown the significant impact of the wind frequency
on the results and have confirmed that ignoring the zero-flow pressure uncertainty is
inappropriate because of its significant contribution to the uncertainty of the leakage airflow
rate error. Although our model has clear limitations, we expect these key conclusions

generally hold in field pressurisation tests.

Overall, our approach could be used to develop pressurisation test protocols to minimise

uncertainties, in parallel to investigating several aspects highlighted in this paper, including




555  the sensitivity of the results to the leakage flow model or the lack of adequate experimental
556  wind and pressurisation test data.
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562 10 APPENDIX

563 10.1 Dimensionless groups

564  Let the non-dimensional numbers defined in Table 2.

565
* Uref YL Lref
t=t Lref ’ fw N Ureffw
pOUEef
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Table 2: Non-dimensional numbers

10.2 Non-dimensional continuity and energy equations
The continuity and energy equations become:

dti = Gpa Ppa Qpa + G1p1 41+ G1 Ld p; q; (57)
207 drr Gpa Ppa Tpa Gpa + G1p1T1 1 + G Ld p3 T, q; (58)
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