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Abstract

The leakage characteristics of a building can be described by a leakage-pressure relationship,
which sometimes is referred to as flow-pressure relationship. This relationship provides the
leakage rate through the building envelope when it is subject to a certain pressure difference
across it and this can be represented by a mathematical equation. The most widely used form
is a power law equation, which gives a good empirical description of this relationship. However,
an alternative in the form of a quadratic equation is preferred by some researchers for various
reasons. The pros and cons of both equations have been compared and discussed for a number
of years. The argument usually lies in the accuracy of the equations in representing the flow at
low pressures. This paper aims to interpret the theoretical understanding of the envelope flow
from the fluid mechanics’ perspective and provide some insight as to how both equations
perform when predicting the leakage flow at low pressures using test data obtained in sheltered
environments. The accuracy of the predicted leakages at low pressures is then assessed by
comparing them with directly measured values. It was found that both equations provide good
curve fitting to the measurements. However, the power law equation gave slightly more
accurate predictions (by up to 6%) on the leakage at low pressures than the quadratic equation
in most scenarios in this study.
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NOMENCLATURE

Symbol

a,b Coefficients of quadratic equation
C Flow coefficient (m3.s.Pa™)
d Diameter of opening (m)

Dy, hydraulic diameter (m)
I Depth of opening (m)

m A factor in acceleration term in eq.(1)
n Pressure exponent in eq.(5)

AP Building pressure (Pa)
Q Air leakage rate (m%/s)
Qm Measured air leakage rate (m3/s)
Qp Predicted air leakage rate (m%/s)
P Dimensionless pressure

S Resistance coefficient
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Si Resistance coefficient in the i™ leakage pathway
u Flow velocity (m/s)

Greek letter

U Viscosity (Pa-s)
p Liquid density, (kg/m?)
Y Specific heat ratio of air, 1.4
Flow resistance coefficient of components such as bend,
¢ constriction and expansion, etc.
A Darcy friction factor
v Kinematic viscosity, (m?/s)
OE Measurement error of leakage rate, (%)
OF Measurement error of fan flow rate, (%)
6G Combined error of model and building pressure measurement, (%)
oM Error due to modelling specification, (%)
op Accuracy of building pressure sensor, (%)
oq overall error in obtaining the leakage rate, (%)

1. INTRODUCTION

As an important indicator of build quality and building energy performance, the building
airtightness, which fundamentally determines the infiltration-caused building energy losses,
has been one of the focuses in the fields of building performance research since 1970s [1]. The
term ‘air leakage’, another way of quantifying airtightness, has often been used to describe the
integrity of the building envelope. It fundamentally determines the building infiltration rate,
which is responsible for a significant amount of energy losses during heating or cooling the
building [2, 3, 4, 5, 6, 7, 8,9, 10, 11, 12]. In the long term, it also affects the indoor air quality
and building durability [13, 14]. Therefore, the measurement of building air leakage is an
important procedure that allows us to understand this building property and its impact on the
building operation, which informs us to take necessary measures to achieve the desired fabric
airtightness and determine the right ventilation strategy for a healthy and comfortable indoor
environment in an energy saving way. The building leakage characteristic is usually described
by a leakage-pressure relationship that enables us to quantify the amount of air flowing through
the building envelope at the pressure of interest. This relationship comes in a mathematical
form that provides the context for us to gain analytical understanding of practical measurements.

The power law equation is the most widely adopted mathematical form for representing the
relationship of the flow through building leaks and the corresponding pressure difference that
the building envelope is subject to. It is able to provide a reasonably good empirical description
of this relationship, but some researchers [1, 20] think it does not correspond to any physical
paradigm. Due to the nature of leakage pathways present in the envelope of typical buildings,
it is reasonable to think that the flow through the building envelope is not purely a single type
of flow, but rather a mixture of multiple types of flows, for which developing laminar flow in
short pipes was a preferred equivalence [15]. Standard techniques were utilised by Sherman [1,
15] to characterise this problem and come up with the same form of equation with other authors
[16, 17, 18] by linearizing the Navier-Stokes equation. The pressure difference (AP) through
the pipe where the flow occurs consists of the pressure drop associated with friction losses and
acceleration of the fluid, which is mathematically represented by eq.(1):
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Where, Q is the corresponding flow driven by established AP, m%s; 1 and d are the pipe length
and diameter, m; p, u and m are the air density (kg/m?), viscosity (Pa-s) and acceleration factor,
respectively.

Hence, the flow through the pipe and the corresponding pressure drop has a quadratic
relationship. However, a power law relationship can also be obtained as described by eq.(2)
when the pressure becomes a dimensionless form as given by eq.(3):

Q=P @
Where, P is a dimensionless pressure, n is the pressure exponent;

P= MAP [15] (3)
Where, n is also determined by the dimensionless pressure as described by eq.(4);

n=1(1+(1+8p) 50 (4)

Therefore, the flow through short pipes can be described by both power law and quadratic
equations and the flow regime is respectively indicated by the weight of friction term and
acceleration term in eq.(1) and the n value in eq.(2).

There have been debates on the suitability of the equations on representing the leakage-pressure
relationship for a number of years [19, 20, 21, 22, 23, 24, 25]. Etheridge [20] believed the
quadratic equation is more accurate and easier to use than the power law and it also gives an
accurate representation of the envelope flow over a wide range of pressures. Etheridge [20, 25]
pointed out that the power law can give a good fit but only over a limited range of pressures
and the quadratic equation should be used in preference to model the behaviour of adventitious
openings. However, such conclusion was not supported by research studies carried out by
Walker [23, 24] who compared the two equations on extrapolating the results measured at high
pressures down to low pressures. It was found that the power law better represented the
leakage-pressure relationship for buildings with three different types of leakage pathways. In
response to this finding, Chiu [22] conducted a numerical study to further explore the question
and concluded that power law only provides a good fit at high pressures and at least 40%
difference were observed at low pressures between the two equations.

This study aims to compare these two equations on the accuracy of predicting the leakage at
low pressures based on the measurements taken by utilising the steady state pressurisation
technique by means of the standard blower door test, i.e. a range of high pressures, 10-63 Pa.
These tests were carried out under sheltered environments, where the impact of the outdoor
weather condition has a reduced impact on the measurements and therefore offers a clear
comparison. According to the aforementioned studies both equations are able to provide a
mathematical representation with reasonably good accuracy. It could therefore be considered
that further research on assessing the margins of accuracy of one equation versus the other
might therefore provide little benefit to practical testing. However, from the authors’
perspective, understanding the theoretical background and practical performance between the



two is of high importance because it would allow us to decide which mathematical form to use
for flow analysis and practical measurement in the relevant research [26, 27, 28, 29].

2. THEORETICAL BACKGROUND AND INTEPRETATION

The measurement of building airtightness can be implemented by recording the rate of supplied
airflow that is used to pressurise the building to a required pressure. This measurement is
usually done over a range of building pressures to obtain a leakage-pressure relationship, which
is then used to describe the building characteristics in the form of a mathematical representation.
The widely accepted form is the power law equation, as described by Eq.(5) [23].

Q = CAP™ (5)

Where, Q is the required rate of airflow to produce the building pressure difference AP, C is
flow coefficient (m®/s/Pa"), n is the pressure exponent. The value of n lies in the range of 0.5-
1, governed by the regime of airflow going through the building leaks. To approximately relate
it to the flow regime in fluid mechanics, the flow through the building leakage pathways is
equivalent to being turbulent when n is 0.5 and laminar when n is 1. But in reality, developing
laminar flow and turbulent flow usually coexist in the building leaks. That combination of leaks
changes the effective pressure exponent and the average value of n is normally found to be in
vicinity of 0.66 [30].

The power law equation has been found to give a reasonably good empirical description of the
flow-pressure relationship [31]. Another mathematical representation of the leakage-pressure
relationship is the quadratic form [20], which is described by eq.(6).

AP = aQ? + bQ (6)

This equation provides analytic description of the flow through leakage pathways in the
building envelope. The first term on the right of eq.(6) represents momentum change, while
the second term corresponds to surface friction. This is somehow similar to the power law
equation, whose pressure exponent n provides the indication of flow regime. However, it also
provides a relatively clearer description of the flow regime of the flow experienced by the
building as it isolates the friction term from the momentum term while in the power law
equation the pressure exponent on its own describes the flow regime and it can be also a
function of pressure [15]. Therefore, it was believed by Etheridge that the power law equation
is less analytic than the quadratic equation.

However, the power law has a high flexibility in representing the leakage-pressure relationship
due to the fact that the flow coefficient and the pressure exponent are able to independently
govern the magnitude and shape of the leakage-pressure curve. Hence, it inherently provides a
good accuracy in the curve-fitting exercise to the leakage-pressure data points obtained in the
airtightness measurement.



Considering the theories of the envelope flow had already been discussed in depth by previous
researchers and scientists [15, 20, 23], assessing the validity of them is neither the purpose or
within the capacity of this paper. This section only aims to understand the envelope flow
theoretically from a different perspective and see how both equations differ and correlate with
each other.

Figure 1 illustrates typical locations of leakage pathways that are commonly present in a typical
UK dwelling. In a house with more functional spaces and services, extra leakage pathways are
in existence, such as leaks through crawlspace, basement, boiler flues and air-source/ground
source heat pump system. Therefore, building leaks usually come in various types in terms of
their geometry and size, which suggests typical building leaks are a mixture of openings with
different hydraulic properties.
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Figure 1 Locations of typical leakage pathways in a residential building [32]

Due to the use of various materials and construction methods [33] as well as ageing process,
many different types of leakage pathways can be formed in the envelope of a typical dwelling.
They, as three dimensional and irregular openings, not only vary from dwelling to dwelling,
but also lead to various leaking routes depending on the workmanship [34]. The characteristic
of the building envelope flow can be considered as that arising from an array of individual
openings in parallel and in series [20, 23]. For instance, a door often contains two or more
different geometries of component opening in parallel [21] and an air vent in a wall can be
treated two openings in series. More complex examples are treated by Kronvall [35] where
graphical and numerical versions of procedures are described.

Due to the complex nature of building leakage pathways, practical methods are usually adopted
to describe the flow characteristics [15, 23, 24] based on simplifications and assumptions. This
section aims to interpret the leakage-pressure correlation from the viewpoint of fluid mechanics
and revisit current theoretical descriptions to seek for dissimilarities and correlations.



The geometry and dimensions (width and depth) of the leak are useful indicators [36] for
characterization due to their direct impact on the hydraulic property of the flow through the
leakage pathways driven by pressure difference. They can be generally classified into a number
of categories, such as short narrow gap, long narrow gap, convoluted narrow gap, long varying
gap, short and sharp-edged opening, short large opening etc. All of them have different
hydraulic property due to their different geometries, dimensions, and surface roughness. This
is reflected in the hydraulic resistance coefficient. Therefore, when a building is subject to a
given pressure difference, different amount of airflows through each individual leakage
pathway in the building envelope depending on the corresponding flow resistance. Figure 2
illustrates the schematic diagram of a building leakage pathway with all typical geometries
under pressurisation. The resistance components in the flow channel are categorised into
various types of hydraulic elements including entry, exit, flow channel with same cross section
(C1, C2 and C3), varying geometry such as bend (B1 and B2), constriction (Co) and expansion
(E). For instance, a gap between door panel and door frame can be represented by the
combination of an entry, C1, B1, B2 and exit. The leakage characteristics of this leakage
pathway is highly governed by the one with the highest hydraulic resistance due to its weighted
impact on the flow rate under a given pressure difference. However, at the building level where
multiple leakage pathways in parallel are subject to a given pressure difference, the leakage
characteristic of the building envelope is governed by the one with the smallest hydraulic
resistance because most of the flow goes through it. This analogy potentially allows us to
determine the type of leakage pathway or even the leakage location more accurately when the
construction process becomes standardised in future, such as prefabricated or modular
buildings.
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Figure 2 Schematic diagram of a building leakage pathway with typical hydraulic elements (under
pressursiation)

Despite the varying dimension and complex geometry of each leakage pathway, it retains
sufficient accuracy to presume the resistance components of each leakage pathway consist of
all or a combination of the elements shown in Figure 2. The overall flow resistance of the
leakage pathway consists of the resistance of the flow through entry, exit, flow channel with
varying cross sections such as constriction and expansion, etc. and the resistance caused by the
friction between air and the internal surface of the pathway with the same cross section.



Therefore, mathematically the overall pressure drop of the flow through a leakage pathway can
be described by eq.(7) according to the Darcy and Weisbach equation [37].

Al pu? u?
2 (7)

AP =
D, 2 2

Where AP is the pressure difference across the building envelope in Pascal, 4, D;, and [ are the
Darcy friction factor (dimensionless), hydraulic diameter (in m) and length (in m) of the
leakage pathway in the building envelope, ¢, p and u are the local resistance coefficient
(dimensionless), density (in kg/m?®) and velocity (m/s) of the flow through the leakage pathway
driven by AP. The first term on the right of eq.(7) represents the pressure loss caused by friction
and the second term represents the pressure loss caused by local resistances. Hence, the
effective speed of airflow (u) through each leakage pathway driven by AP can be obtained by

eq.(8).

(8)

The Reynolds number (Re) of the flow through the leakage pathway takes the form of eq.(9).

D AP
"Alp P
D,27¢2 9)

v

Re =

Where v is the kinematic viscosity in m?/s.

Re, which only indicates the flow regime of the airflow through each leakage pathway, is
determined by the pressure difference that it is subject to, the geometry and dimensions, i.e.
Dy, Aand [. In typical building adventitious openings, the Reynolds number tends to stay at a
lower level (around 2000) and therefore it is highly unlikely to experience turbulent flow within
them [36]. Hence, for instance, long narrow gaps tend to produce laminar flow. For the short
wide cracks and gaps, the flow tends to be turbulent due to separated flow at the exit. Greater
pressure difference and larger surface roughness can also contribute to the formation of
turbulent flow in the leakage pathway.

For the airflow through all the cracks, gaps and adventitious openings in the whole building
thermal envelope, it would be crude to simply characterize the flow regime into either laminar,
turbulent or transitional because the overall envelope flow consists of flows through a large
number of leakage pathways. Each flow has a different Reynolds number, and hence gives
different flow regime. However, in order to understand the hydraulic property of the flow



through the building envelope in a simple term, simplifications and assumptions are made
herein.

Eq.(7) can be rearranged to Eq.(10) to show the relationship between the established pressure
difference across the building envelope and the required airflow rate. It seems to resemble the
form of a square law, but it is not a square law relation due to the fact the friction factor (A) is
determined by flow velocity (u) and therefore this equation can be transformed further when A
is represented by the flow velocity through a 2 — u relationship.

2Al 2
8P = (o + 6 p)0? (10
h

Assuming the number of leakage pathways in a building is N, the relationship between the air
flow rate through the i leakage pathway and the resulting pressure difference can be described

by eq.(11).

- (i)

Therefore, eq.(11) can be rearranged into eq.(12) and eq.(13) by treating one variable as the
function of the other.
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In both eqg.(12) and eq.(13), the friction factor A is a dimensionless Darcy friction factor that is
determined by the Reynolds number (Re) of the flow and surface roughness of each leakage
pathway. In the laminar flow (Re < 2000), the friction factor A becomes independent of
surface roughness and is a function of Re, given by eq.(14).

A=— (14)



In the turbulent flow (Re > 4000), this correlation gains dependence on the surface roughness
€ and its relationship with the Re also changes. This correlation comes in various forms but all
describe A as a function of €, D;, and Re. A widely used one is Colebrook-White equation, an
explicit form of which was described by Swamee-Jain equation [38] for full-flowing circular
pipe and is presented herein in eq.(15) as an example.
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When a building experiences laminar flow, eq.(12) changes its form using eq.(14) to quadratic
correlation given by eq.(16).
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AP = Dy, Q; + ¢;0; (16)

Therefore, eq.(12) is able to resemble the quadratic equation described by eq.(6) when a
building experiences laminar flow. While, eq.(13) strictly speaking is a square law equation
and can be transformed to the power law form with simplified assumptions made [15].

The validity and applicability of both equations have been discussed by the two academic
parties [20, 21, 23, 24] with the opposite views on the accuracy of each equation when the
openings are in parallel and series. Because the leakage pathways in a typical building are
distributed at multiple locations and the pressure distribution within the internal space is
uniform during a leakage test, it is reasonable to think the leaks in parallel and in series coexist.
But for simplicity, leaks in series can be treated as a single leak with varying cross section,
which makes leaks-in-parallel a reasonable approximation of all the leakage pathways in a
building. When subjected to the same pressure difference in the air leakage test, the flow
through each leakage pathway is determined by its flow resistance.

Therefore, provided the number of leakage pathways in a building envelope is N, the overall
rate of the flow through the building envelope can be given by eq.(17):

Q=0 +0Q;+ Qi+ +0Qy (17)

Assuming the resistance coefficient of the i" leakage pathway is S; when treated as an effective
single local resistance that is equivalent to the combination of all the resistance elements in the
leakage pathway, the relationship between the pressure difference across the leakage pathway
AP and the corresponding rate of airflow Q; can be described by eq.(18) according to the
Bernoulli equation.
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Where, S; can be described by eq.(19)
Aili
Si = D—; + i (19)

Then the effective resistance coefficient of all the leakage pathways in a building envelope can
be expressed by eq.(20) using the electrical analogy.
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When the overall envelope flow Q is considered, the root of eq.(16) can be solved and
substituted into eq.(17) to give eq.(21), which is essentially a quadratic relationship.

N N
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However, when the envelope flow experiences turbulent or transitional flow, the nonlinear
relationship between Darcy friction factor A and Re described by eq.(20) would create a new
friction element and change the form to being proportional to Q175 [36, page 81 and 87].
Therefore, the flow regime has an important bearing on the flow equation for the opening. This
makes the quadratic equation less representative of the leakage-pressure correlation when the
flow regime is not predominantly laminar. Nevertheless, in a general term, both equations
provide a reasonably good mathematical representation of the complex flow through the
building envelope.

The accuracy of describing the flow at low pressures by both equations is going to be assessed
using experimentally obtained data in a series of testing scenarios where various leakage
characteristics were established under sheltered environments.

Based on the aforementioned discussions and the findings reported in previous research, the
following questions are established and assessed herein:

e Prediction of the leakage at low pressure using both equations and comparison with the
measured data.

e Comparison of curve fitting to the leakage-pressure data points using both power law
and quadratic equations at low pressure, high pressure and full range, respectively.



e Assess the relationship between the pressure level and pressure exponent and check if
this finding agrees with Etheridge’s theory on the impact of the pressure level to the
pressure exponent.

e Understanding of hydraulic properties of the envelope flow based on both equations.

3. METHODOLOGY

There is no precise definition of high or low pressures in the measurement of building air
leakage and they overlap to some extent [36]. For the comparison purpose, the low and high
pressures are taken as 0-10 Pa and 10-60 Pa, respectively. Leakage measurements in an
extended pressure range were taken in two sets of air leakage tests [39, 40] performed
independently in two chambers of different sizes, both of which were enclosed by a larger
building to minimize the impact of outdoor weather conditions. The study presented in this
paper is drawn from test results of these two different studies where the primary objective for
testing in these chambers was to compare the standard blower door method and the novel Pulse
technique on the measurement of chamber leakage under sheltered conditions. For that
comparative testing of the two air leakage test methods it was necessary for such tests to be
performed in an environment where the impact of outdoor weather conditions was minimized
and therefore measurements at low pressures using the blower door method was feasible. In
this study, the blower door measurements in an extended pressure range taken in both studies
are utilised to compare the accuracy of the power law and quadratic equations in predicting the
leakage at low pressures using the measured leakage at high pressures. However, it should be
noted that due to the construction of these indoor chambers, typical leaks found in traditional
building construction are not present within the structure. Therefore, leakage points had to be
introduced and therefore due to the nature of these intended openings the setup herein may only
provide insights into the scenarios where turbulent flow is predominant in the envelope flow.
The two chambers introduced herein are named as chamber 1 and chamber 2. Test scenarios
in chamber 1, denoted as Test 1 and test scenarios in chamber 2 denoted as Test 2.

3. L Test equipment and chambers

Chamber 1, in which test 1 was performed, is an environmental chamber built inside a large
two-storey building at BSRIA Ltd, UK. The chamber envelope, made of insulated cold-store
panels, has dimensions of 6.0 mx4.6 mx7.2 m (LxWxH) with a 50 mm wall thickness. The
doors in monitoring room and observation room were left open with the air supply, extract and
instrumentation holes sealed during testing. The other two walls were exposed to the interior
of the sheltering building.
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Figure 3 Chamber 1 for testing (the photo is not included herein due to confidentiality) [40]

There are three doors in the chamber envelope, a main entrance door and two smaller doors.
The main entrance door was used for access while the small doors were used for the
installations of the blower door unit and a compressed-fibreboard (MDF) sheet. In the sheet,
plates with different openings were mounted to provide tests with different leakage
characteristics and levels. The chamber plan is shown in Figure 3 with the test space indicated
by the red rectangle, which is a cuboid space. The installations of the testing plate and blower
door unit are shown in Figure 4.

7.20 m

" Entrance

lower door

Figure 4 Setup of the test equipment in the chamber [40]

The air leakage of the chamber was tested using the blower door test in two different
approaches, one taking measurements in the typical pressure range of 10-60 Pa to comply with
the ATTMA technical standard L1 [41],and a non-standard route which takes the readings of
the chamber pressure down to 4Pa, i.e. the aforementioned extended pressure range.

Chamber 2, as shown in Figure 5, was sheltered in a large detached building and has dimensions
of 4.0 mx2.0 mx2.0 m (LxWxH), giving a volume of 16 m® and an envelope area of 40 m2.
The volume ratios of chamber 1 and chamber 2 to the corresponding sheltering buildings are
about 1:20 and 1:100, respectively.



Figure 5 Chamber 2 for testing

Duct Blaster B (DBB), a low-range Minneapolis blower door unit manufactured by ‘The
Energy Conservatory’ in the United States, was used in both studies. As shown in Figure 6 and
Figure 7, DBB comprised of an adjustable doorframe, a flexible canvas panel, a variable-speed
fan, and a DG700 pressure-flow gauge, is set up in both chambers. However, in chamber 2, the
flexible canvas panel was replaced by a rigid wooden panel to minimise the impact of blower
door installation to the chamber leakage considering the volume of chamber 2 is much smaller

than typical dwellings.
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Figure 6 Setup of DBB in chamber 1 [40] Figure 7 §‘etup of DBB in chamber 2

3. 2. Setup and test arrangement

In chamber 1, 8 fibre-board plates with two thicknesses and four different openings were
prepared to provide different leakage characteristics and levels as shown in Table 1. By
modifying plates 2 and 3, three additional plates were produced to provide testing scenarios
with varied leakage characteristics on top of the 8 scenarios. This was achieved by adding a
long air duct to plate 2 and modifying the openings in plate 3 with tape and tightly packed
straws. The details for these modifications are listed in Table 2, therefore giving 11 testing
scenarios overall.

Table 1Specifications of testing plates [40]
Scenario Plate No. Thickness (mm) Description Measured Area (cm?)




1 1 18 Blank plate 0

2 2 18 Circle 318
3 3 18 Four squares 315
4 4 18 Slots 230
5 5 50 Circle 308
6 6 50 Four squares 307
7 7 50 Slots 329
8 8 50 Angled circle 381

Plate 1 Plate 2 Plate 3 Plate 4

Table 2 Additional testing scenarios with modifications made to plates 2 and 3 [40]

Plate No. 9 10 11
Scenario 9 10 11
A 410 mm circular duct is Three squares were Straws in one square with others

added sealed sealed

Modification

The individual testing plates were installed into the chamber envelope by means of an MDF
panel sealed into a doorway. This MDF panel as shown in Figure 8, had a square opening with
rubber gaskets installed along its edges. A testing plate could therefore be compressed against
these gaskets to achieve an airtight installation. Four lateral press type clamps were used to
compress the test plate against the gaskets to achieve easy, repeatable and airtight installation.



Figure 8 Framdesign for assemblin the plates [40]

In chamber 2, eight different testing scenarios were established by sealing up various
combinations of openings using the two testing plates (A+B). Figure 9 shows how the eight
testing scenarios were prepared using sealing tapes. Each testing scenario was named according
to the testing order, i.e. starting from scenario TO and ending with scenario T7. For instance,
the first blower door tests were carried out in scenario TO. After the scenario TO was completed,
a piece of sealing tape was removed to introduce one more opening to the scenario T1, and this
testing procedure was repeated until the scenario T7 was completed.
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Baseline (T0): Panel A — 1xcircular
opening

T2: Panel A — 3 circular
openings
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T3: Panel A — 4 circular openings T4: Panel A — 4 circular openings T5: Panel B (White' blocked
plus 2 square openings grey open)




T6: Panel B (both pipeswpen)
Figure 9 Testing scenarios in the small chamber

4. RESULTS AND DISCUSSIONS

Due to being sheltered in a large building, it became possible in both chambers to test the
leakage over a range of pressure (approx. 4-60 Pa) that is wider than that obtained in a standard
blower door test (in a range of approx.10-60 Pa) where the impact of environment conditions
would have not been sheltered.

In order to assess the accuracy of both equations on representing the leakage at low pressure,
the data points obtained in the standard blower door tests are fitted with both power law and
quadratic equations. Then the leakage at low pressure (4-10 Pa) is calculated using the
equations derived in the curve fitting and compared with the measured values. To illustrate
how that is done, Figure 10 and Figure 11 show the curves fitted to the points measured at high
pressures (10-63 Pa) in the scenario 1 (chamber 1) using both equations with the measured
low-pressure points alongside. Both power law and quadratic curves have been fitted to the
measurements in both high pressure and full range. As indicated by the R-squared values, both
equations give an excellent coefficient of determination at high pressure and in the full range.
The extended trend lines of both fitted curves seemingly give a reasonably accurate projection
at low pressures. The overall error in obtaining the air leakage rate using both equations has
also been given in Figure 12 when the instrumentation accuracy and model error are accounted
for, more details on how they are derived are introduced in error analysis in section 5. The
overall error lies in 3.0%-8.82% and 3.1%-3.45% when the quadratic equation and power law
equation are used to represent the leakage-pressure relationship in the full pressure range,
respectively. Interestingly, both equations give a similar overall error when the pressure is in
10-60 Pa as indicated in Figure 12. But in the pressure of interest, i.e. in low pressure range (1-
10 Pa), the quadratic equation provides an overall error that is 5.4% greater than that given by
the power law equation. Considering the instrumentation accuracy is the same, this finding
suggests the quadratic equation experiences higher modelling error at low pressures than the
power law equation in this scenario.
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Figure 12 Overall error in obtaining leakage rate at different pressure using power law and quadratic equations
(plate 1 in chamber 1)

Table 3 lists coefficients for both equations with 95% confidence intervals obtained by fitting
the curves to the points measured at high pressure and the relative percentage difference
between predicted value (Q,) using either equation and the measured values (Q,,) at low
pressures, as described by eq.(22):

Qp - Qm
RPD = ———— 22
o (22)

Where, RPD is the relative percentage difference between @, and Q,.

Both predictions deviate from the measured values by less than 10%, but the power law
equation provides a better accuracy in the prediction by up to 5.7%. As indicated by the
pressure exponent (n) which is below 0.6 in most of the scenarios, the flow regime showed the
tendency of turbulent flow except scenario 1 and 11, where a blank test plate and a plate with
small opening that has high aspect ratio were present, giving a pressure exponent close to 0.66
identified by Orme [30]. This arrangement provided two different leakage characteristics for
testing, i.e. adventitious leakages in the chamber envelope and in combination with manually
introduced well-defined opening.

Table 3 Derived equation coefficients (with 95% confidence intervals) and comparison of prediction at low
pressures (plate 1 in chamber 1)

Equation Power law Quadratic
Coefficients ¢ n R* a b R*
4251  0.637 0.9996 0.000126  0.0333 0.9993
4390 0.646 RPD 0.000132  0.0359 RPD

S
Confidence limit (35%)  — 7760628 (-0.6%)(:6.6%)  0.000110 0.0307 _ 3.3%-3.8%

RPD: stands for the relative percentage difference between predicted leakage and measured leakage, as defined
in eq.(22).

For other plates, similar coefficient of determinations were obtained and therefore the fitted
curves of them are not illustrated for brevity. The equation coefficients with 95% confidence
intervals and accuracies of predictions using both equations in all scenarios are summarised in
Table 4. It shows both equations are able to provide an accurate description of leakage
measurements and agrees with the finding of a previous research by Etheridge [47], who stated
both equations are able to provide a good fit to a network of openings in buildings. However,
the power law equation provided better accuracy in predicting the leakage at low pressures than
the quadratic equation; which echoed the findings reported by Walker et al [23] under a similar
setup, where the two equations were compared on extrapolating the results measured at high
pressures down to low pressures. The finding showed the power law better represented the
leakage-pressure relationship for buildings with three very different leakage characteristics.
This suggests the power law, despite a simpler approach, seems to provide a more accurate
representation for the case study [20].

Table 4 Accuracy of predictions at low pressures in all test scenarios in the chamber 1

Equation Power law Quadratic
Scenario 1 c L R* a b R*
4251  0.637 0.9996 0.000126  0.0333 0.9993

4387 0.646 RPD 0.000132  0.0359 RPD
4119 0628 (-9.6%)-(-6.6%) 0.000119 0.0308 3.3%-3.8%

Confidence limit (95%)




Scenario 2 C n R? a b R?

125.72 0.562 0.9993 0.000032 0.0081 0.9987
Confidence limit (95%) 130.74 0.574 RPD 0.000034 0.0100 RPD
12089 0551  (-0.1%)-0.3%  0.000030 0.0062  (-12.5%)-(-5.9%)
Scenario 3 C n R? a b R?
129.97 0.558 0.9991 0.000031 0.0076 0.9987
Confidence limit (95%) 135.67 0.570 RPD 0.000033 0.0094 RPD
12450 0.546 (-0.2%)-1.4% 0.000029 0.0059  (-10.2%)-(-5.5%)
Scenario 4 C n R? a b R?
120.28 0.555 0.9962 0.000037 0.0084 0.9966
Confidence limit (95%) 131.65 0.529 RPD 0.000041 0.0120 RPD
109.89 0.581 1.1%-1.5% 0.000033 0.0048  (-11.8%)-(-5.7%)
Scenario 5 C n R? a b R?
134.69 0.548 0.9982 0.000032 0.0068 0.9983
Confidence limit (95%) 143.57 0.566 RPD 0.000034 0.0093 RPD
126.37 0.530 2.0%-4.8% 0.000029 0.0043 (-8.4%)-(-4.5%)
Scenario 6 C n R? a b R?
136.32 0.550 0.9988 0.000031 0.0064 0.9989
Confidence limit (95%) 143.16 0.564 RPD 0.000033 0.0084 RPD
12981 0.536 1.2%-5.6% 0.000029 0.0045  (-5.6%)-(-4.2%)
Scenario 7 C n R? a b R?
147.31 0.561 0.9994 0.000024 0.0064 0.9994
Confidence limit (95%) 151.98 0.571 RPD 0.000025 0.0077 RPD
142.78 0551 2.1%-2.4% 0.000023 0.0052  (-7.9%)-(-3.2%)
Scenario 8 C n R? a b R?
105.70 0.561 0.9991 0.000045 0.0095 0.9984
Confidence limit (95%) 109.96 0.573 RPD 0.000048 0.0119 RPD
101.60 0.549 1.3%-4.5% 0.000042 0.0071 (-8.7%)-(-4.9%)
Scenario 9 C n R? a b R?
153.61 0.554 0.9991 0.000023 0.0060 0.9992
Confidence limit (95%) 160.66 0.567 RPD 0.000025 0.0076 RPD
14687 0541  (-1.2%)-0.3%  0.000022 0.0044  (-10.4%)-(-6.1%)
Scenario 10 C n R? a b R?
71.09 0572 0.9979 0.000091 0.0145 0.9968
Confidence limit (95%) 76.70 0.594 RPD 0.000099 0.0191 RPD
65.89 0.551 1.8%-5.1% 0.000083 0.0099 (-0.8%)-0.8%
Scenario 11 C n R? a b R?
47.87  0.640 1 0.000098 0.0292 0.9997
Confidence limit (95%) 48.36  0.643 RPD 0.000102 0.0310 RPD

47.37  0.637 1.0%-3.8% 0.000093 0.0273  (-9.4%)-(-7.5%)
RPD: stands for the relative percentage difference between predicted leakage and measured leakage, as defined
in eq.(22).

For the power law equation, the flow through building leaks can be considered laminar when
the pressure exponent is 1 and turbulent when it is 0.5. In reality, the pressure exponent always
lies at somewnhere between these two extreme ends due to the aforementioned fact that the flow
through the building envelope consists of various types of flows due to the presence of leaks
in different types. There is no clear threshold in the pressure exponent that can be used to
determine the exact regime of the flow occurring through the building envelope but only
indicate the tendency of the flow regime. However, Wolf [42] characterised the type of
leakages individually that are commonly seen in residential buildings. The pressure exponent
of leakages, experimentally measured individually in a lab, ranged from 0.524 in a light switch
to 0.929 in vertical sheathing-to-stud. If an effective pressure exponent is to be used to describe
the leakage characteristic of building leakage pathways, it should lie within this range but its
value depends on the proportion of each leak type. In this study, the proportion of each



introduced known opening in the overall envelope leakage in both tests can be calculated from
the blower door test result of each scenario, as listed in Table 5. Therefore, by introducing the
known openings, the n value is decreased and moves towards 0.5 (except scenario 11 in test 1),
which suggests the proportion of short and sharp-edged opening is increased. The introduced
opening represents at least 50% of the overall chamber leakage in most scenarios in both tests,
this is especially so in the test 2 where the introduced opening stands for most of the chamber
leakage. Therefore, the leakage characteristics of the introduced testing scenarios mainly
represents the cases where the predominant leakages are short and sharp-edged.

Table 5 n value and proportion of introduced openings in the overall chamber leakage in test 1 and 2

Scenario 1 2 3 4 5 6 7

ELA (m?) 0.026 0.057 0.058 0.053 0.058 0.059 0.066

RPD (%) n/a 54 55 51 55 56 61
Test1 n value 0.627 0.588 0.583 0.606 0.582 0.576 0.578

Scenario 8 9 10 11

ELA (m?) 0.048 0.067 0.033 0.029

RPD (%) 46 61 21 10

n value 0.595 0.576 0.548 0.631

Note: scenario 1 in test 1 is the baseline scenario where no known opening is installed,;
ELA: stands for the equivalent leakage area reported in a standard blower door test;
RPD: stands for the relative percentage difference of the introduced opening in the overall leakage.

Scenario Baseline 1 2 3 4 5 6

Test 2 ELA (m?) 0.002 0.004 0.007 0.009 0.032 0.013 0.015
RPD (%) n/a 50 71 78 94 85 87

n value 0.557 0.533 0.526 0.527 0.515 0.520 0.530

Research carried out by BRE on 35 houses [43] pre- and post-sealing of components indicated
in the whole house air leakage, 16% was contributed by the unintended gaps in openable
windows and doors, 13% was contributed by loft hatch, window/door surrounds and permanent
vents and 71% was contributed by gaps and cracks in the building envelope. This suggests the
likelihood that adventitious openings are responsible for the majority of building leakage.

Sherman [1] summarised the key leakage pathways in buildings of different types. The location
of the leakage is affected by building geometry and construction method [44], it can also change
from building to building. For instance, in multi-floor apartments, it was found there was a lot
of background leakage other than the usual leakage pathways [45], balcony door was found to
be the main source of leakage in multi-family dwellings [46] and using of plasterboard and wet
plastering in masonry builds led to very different leakage levels and types. Hence, the answer
to the question of which equation is more suited for mathematically representing the leakage-
pressure relationship is not clear-cut considering the complex nature of building leakage
pathways.

However, it seems both equations share similarity. Etheridge [47] correlated them by showing
how the pressure exponent in the power law equation varies for quadratic equation, as described
in eq.(23), which, same as eq.(4), suggests the pressure difference that the building is subject
to has impact on the pressure exponent [15, 36].
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Where, a/b?> somehow indicates the ratio of turbulent flow component to the laminar flow
component. The higher proportion of turbulent flow is in the envelope flow, the closer the
pressure exponent is to 0.5. This same trend is also applicable to the pressure difference that
the building envelope is subject to. As shown in Figure 13 which is derived from eq.(23), the
pressure exponent is the greatest when the pressure difference is at the lowest level. As the
pressure difference increases, the pressure exponent decreases and approaches a stable level.
This trend is also reflected in the pressure exponents obtained in the power law curve-fitting to
the low pressure data, high pressure data and full range data shown in Figure 11, where the
pressure exponent at the low pressure is greatest (0.658), followed by the full range data (0.649)
and the high pressure data (0.637). Although they are reasonably close to each other, such trend
is shown to be possible considering both pressure exponents at low pressure and in full range
lie outside the 95% confidence intervals of that at high pressure, as listed in Table 4. The same
results were obtained in other plates but not plotted for the sake of brevity. Figure 14 shows
that the difference between power law and quadratic equations at low pressure is close to
approximately 10% (for instance at 4 Pa), which falls into the similar range of the results
experimentally obtained in Table 4. Taking the plate 1 as an example, the relative percentage
difference between the results given by both equations lies in the range of 10.4%-12.9%.

1.0 60
0.9 50-
0.8
40-
S
3 0.7 =
301
@
o
0.6 <
2.000 o 204
0.5 o
10
? T T T T T 0 T T T T
0 10 20 30 40 50 60 1 2 3 4
ap (Pa) &p (Pa)
Figure 13 Impact of pressure difference and a/b? onthe Figure 14 Percentage difference between power law
pressure exponent [36] (5 is the pressure exponent) and quadratic equations at low pressure differences
after fitting the equations at high pressure difference
[36]

With the aid of eq.(23), how the pressure exponent for each scenario varies with the pressure
level and the value of a/b? can be understood as shown in Figure 15. The values of a/b? are
grouped into two categories, a low value at 0.10, which is represented by the scenarios with
the test plate 1 and test plate 11, and a range of high value in 0.33-0.52, which are represented
by the other scenarios where well-defined openings are present. Therefore, both groups are
supposed to have different pressure exponents. However, the pressure exponent derived
directly from the blower door test in the standard practice is a constant and independent of the
pressure difference. In this case, they are 0.64 and 0.55-0.57 for the a/b? of 0.10 and 0.33-0.52



respectively. They seem to lie in the variation range of pressure exponent shown in Figure 15
when the chamber is subject to high-pressure differences. Nevertheless, with the aid of a/b?
and pressure exponent, both equations are able to make an approximate indication and
explanation for any change in the flow regime.
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Figure 15 Pressure exponent under different pressure difference in all scenarios (Scenario 1D-a/b?)

Table 6 shows the results of the predictions based on the data experimentally obtained in
chamber 2 with 95% confidence intervals. Both equations provided accurate curve fitting with
a similar level of coefficient of determination. The predictions of the leakage at low pressures
given by both equations have similar level of deviation from the measurements. However,
overall a better accuracy (by up to 4%) was achieved with the power law equation despite the
opposite trend was observed in scenario 4 and 6. Interestingly, same with the results in chamber
1, the power law equation gave higher leakages at low pressures consistently in comparison
with the quadratic equation, which is in agreement with the analysis by Etheridge et al [36,
page 107].

Table 6 Accuracy of predictions at low pressures in all test scenarios in the chamber 2

Equation Power law Quadratic
Baseline ¢ n R® a b i
5.35 0.567 0.9996 0.016784 0.1890 0.9985
. . 5.64 0.583 RPD 0.018517 0.2576 RPD
Confidence limit (95%) —5 5a=4 557 1.04% 0.015052  0.1204 -2.68%
Scenario 1 C n R? a b R?
10.83 0.542 1 0.005519 0.0589 1
Confidence limit (95%) 11.36  0.556 RPD 0.005673 0.0701 RPD
10.32 0.528 (-0.06%)-2.39%  0.005364 0.0477 (-4.05%)-1.21%
Scenario 2 C n R? a b R?
16.92 0.525 0.9998 0.002571 0.0372 0.9998
Confidence limit (95%) 1743 0.534 RPD 0.002669  0.0483 RPD
1642 0517 (-0.91%)-0.83% 0.002474 0.0261 (-5.22%)-(-1.70%)
Scenario 3 C n R? a b R?
22.10 0.530 0.9999 0.001468 0.0262 1
Confidence limit (95%) 22.56  0.536 RPD 0.001501  0.0313 RPD
2166 0525 (-1.44%)-055%  0.001434 0.0210 (-4.07%)-(-0.45%)
Scenario 4 C n R? a b R?

146.42  0.514 0.9997 0.000040 0.0018 0.9997




Confidence limit (95%) 150.79  0.523 RPD 0.000042  0.0030 RPD

142.18 0.505 0.22% 0.000039 0.0006 0.01%
Scenario 5 C n R? a b R?
204.60 0.529 0.9993 0.000018 0.0022 0.9996
Confidence limit (95%) 214.43 0.542 RPD 0.000019 0.0033 RPD
195.22 0.515 -1.31% 0.000017 0.0012 -1.37%
Scenario 6 C n R? a b R?
293.87 0.510 0.9931 0.000010 0.0006 0.9930
Confidence limit (95%) 332.86 0.546 RPD 0.000012 0.0032 RPD
259.44 0.474 -1.49% 0.000009 -0.002 -1.19%

RPD: stands for the relative percentage difference between predicted leakage and measured leakage, as defined
in eq.(22).

Figure 16 shows how the pressure exponent changes with the achieved pressure difference in
the blower door test. Similar to the findings in the chamber 1, the pressure exponent approached
a steady level at high pressures and varied significantly at low pressures. However, when the
a/b?reduced, both the level of pressure exponent and the pressure range over which the pressure
exponent has greater gradient increased. Such trend suggests the chamber envelope
experienced more laminar flow in the scenario with smaller a/b? than other scenarios, which is
in agreement with the increased pressure exponent, i.e. smaller a/b? implies an increased
percentage of laminar flow.

Interestingly, compared to chamber 1, a greater a/b? value has been achieved in the tests
performed in chamber 2. This is caused by the fact the envelope area of chamber 1 is about 10
times larger than that of the chamber 2, which indicates inherently chamber 1 has greater
background leakage than chamber 2 due to the increased surface area. In addition, chamber 2
is modified from a shipping container and consequently has a better envelope integrity.
Therefore, the introduced sharp-edged openings installed in the envelope of chamber 2
represent a much greater proportion of the overall chamber leakage and lead to smaller pressure
exponent. This is more obvious in scenario 1-6 due to increased effective opening area, where
the pressure exponent approaches 0.5.
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Figure 16 Pressure exponent under different pressure difference in all scenarios in the chamber 2 (Legend
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5. ERROR ANALYSIS

The prediction of leakage rate at a pressure level that is outside the range of measurement
involves the measurement using instrumentation and subsequent calculation based on a
mathematical model that describes the leakage-pressure relationship. When a standard blower
door test is performed at high pressure, the main sources of error in obtaining the leakage rate
at low pressure include precision error (background noise), the instrumentation error (bias error)
and model error [48]. The precision error and instrumentation error fall under the measurement
uncertainty or measurement error. Therefore, the error analysis reported herein is focused on
the measurement error given by the blower door equipment and model error associated with
utilising power law or quadratic equation to describe the leakage-pressure relationship for
further calculations. Mathematically, the overall error in obtaining the leakage rate Ag can be
described by Eq.(24).

5q =\ 6E? + M2 (24)

Where, §E and 6M are the resulted errors in leakage rate from measurement and modelling
specification, which are treated independently.

The measurement error §E is determined by the pressure-flow gauge that is used to measure
the exerted airflow through the fan and corresponding building pressure. The pressure-flow
gauge used in both experimental studies is Minneapolis DG700, whose accuracies in measuring
the fan airflow and building pressure are listed in Table 7. The error in the measurement of
building fan airflow is addressed as 6F, which is usually considered to be fixed value
independent of the building pressure and equivalent to the measurement error of envelope flow.
Therefore, eq.(25) provides the calculation of measurement error of the leakage rate caused by
the instrumentation accuracy.

SE = /56G2 + 5F2 (25)

Where, 8G is the error in the quoted leakage rate due to the measurement accuracy of the
building pressure.

Table 7 Sources of error in blower door tests under sheltered conditions

Sources of error Error
Fan airflow, OF +3.0%
Building pressure, &p +0.9%

&G is determined by the combination of the mathematical representation that is used to describe
the leakage-pressure relationship and the measurement error of building pressure, ép. The
latter in this case includes the instrumentation accuracy and background noise caused by the
environmental conditions.

For the power law equation, the measurement error of the air leakage rate at the pressure of
of AP can be quantified by eq.(26).

56 = (Em"-1 (26)

1



For the quadratic equation, the measurement error of the air leakage rate at the pressure of AP
can be quantified by eq.(27).

__ yb+4aAP(1+8p)—Vb+4aAP
6G = —-b+Vb+4alAP (27)

4G is equal to 0.5% and in the range of 0.02%-0.2% for all the testing scenarios in the pressure
range of 4-60 Pa when the power law and quadratic equation is used, respectively. Therefore,
SE is predominantly determined by the measurement error of fan airflow §F and calculated to
be 3.1% and 3.0% respectively for power law and quadratic.

Regarding the model error §M, it is defined as the standard error of the regression using the
mathematical model. The results in all scenarios are listed in Table 8, which shows the power
law equation gives slightly smaller error than the quadratic equation.

Table 8 Standard error (OM) of regression using power law and quadratic equation in both tests

Test Scenario 1 2 3 4 5 6 7
1 Power law 1.04% 0.80% 0.77% 1.67% 1.31% 1.13% 0.94%
Quadratic 3.10% 3.67% 1.12% 2.00% 1.65% 1.29% 1.40%
Scenario 8 9 10 11
Power law 1.11% 0.83% 1.35% 0.51%
Quadratic 1.46% 1.28% 1.06% 0.70%
Scenario Baseline 1 2 3 4 5 6
2 Power law 0.72% 0.94% 0.59% 0.55% 0.45% 0.90% 1.75%
Quadratic 1.44% 1.83% 1.63% 1.24% 0.44% 0.98% 1.75%

Using eq.(24), the overall error §q in obtaining the air leakage rate through the blower door
measurement and subsequent calculation using power law or quadratic equation are calculated
and plotted in Figure 17.
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Figure 17 Overall error of the leakage measurement using power law and quadratic equations in both tests (PL:
stands for power law equation; Qua: stands for quadratic equation.)

For both equations, all tests have an overall error between 3.0% and 5.0% when the
measurement is taken at high pressure, i.e. 10-63 Pa. This stands true for the power law
equation even when the measurement pressure lies in the low range, i.e. 1-10 Pa. However,



when the quadratic equation is used, a detrimental effect can be observed in the overall error
in both tests at low pressures, i.e. the lower the pressure, the larger the overall error becomes.
This suggests the power law provides smaller overall uncertainty in obtaining the leakage at
low pressure than quadratic. For the tests performed in chamber No.1, the results listed in Table
4 show extrapolation error incurred in the scenario 5, 6 and 10 was greater than the overall
error when the power law equation was used. For the quadratic equation, extrapolation error
observed in almost all scenarios except No.10 was greater than the overall error, and the
extrapolation error produced with the quadratic equation is up to 6% greater than that given by
power law equation. Interestingly, for the tests performed in chamber No.2, all extrapolation
error produced with the power law equation is within the overall error, whilst for the quadratic
equation, the extrapolation error in scenario 2 was greater than the overall error. Therefore,
most of extrapolations produced with the power law equation lies within the overall
measurement error, whilst most of extrapolations produced with the quadratic equation have
an error that is greater than the overall error, suggesting the power law equation is a more
accurate mathematical representation than the quadratic equation in these two case studies.

6. CONCLUSIONS

The mathematical representations of the leakage-pressure relationship have been introduced
and the theoretical interpretation of the flow through the building envelope has been made from
the fluid mechanics’ perspective. Based on the assumption that the building leakage pathways
consist of a number of leaks in parallel, both power law and quadratic forms can be resembled.

The quadratic equation is able to provide analytic understanding of the problem of interest and
the validity of which depends on the presence of laminar flow. Previous research shows that
during an air leakage test the building envelope tends to experience laminar flow due to the
leakage characteristics of building leakage pathways, which are dominated by the adventitious
openings [43]. This can also be attributed to the fact that the likelihood for the flow to fully
develop and become turbulent is small [36]. However, short and sharp edged openings are often
seen in buildings and such leakage component leads to the formation of turbulent flow through
flow separation at exits. The power law equation, as a simplified approach to mathematically
represent an empirical relationship for complex physical phenomena, is often used to describe
turbulent flow situations [49, 50]. However, research by Sherman showed [15] that it is also
able to provide accurate description of the laminar flow situation.

The accuracy of both power law and quadratic equations on predicting the leakage at low
pressures have been compared based on the experimentally obtained data under sheltered
conditions. The results showed that both equations were able to provide a similar and good
accuracy on the curve fitting exercise to the measured data at high pressures and predictions at
low pressures. However, it was also found out that the prediction given by the power law
equation was more accurate (by up to 6%) than that given by the quadratic equation, which is
in agreement with previous experimental investigations by Walker et al [23, 24].

Although the power law equation does not correlate with the geometry of the openings, it
provides an accurate curve fitting of the measured leakage-pressure data at various pressure
levels, which can be attributed to the flexibility of the equation. For instance, the flow
coefficient changes simultaneously to compensate any change in the pressure exponent in order
to maintain a good accuracy of curve fitting.



Nevertheless, the results of the tests performed in both chambers showed that both equations
were able to provide an accurate indication of the hydraulic property of envelope flow under
various scenarios by using the coefficients of both equations (pressure exponent (n value) and
the value of a/b?). The flow regime experienced in both chambers is different from that
experienced in a typical dwelling where the flow is much less turbulent. For instance, the
average value of pressure exponent shown in typical dwellings is 0.66 [30] but the pressure
exponent of all scenarios reported in this study lies below 0.66 with majority of them being
below 0.60. Therefore, the proportion of laminar flow experienced by most leakage scenarios
(except the baseline scenarios) in this study is much lower than that of typical dwellings and it
may change the theoretical assumption on which the quadratic form is based. However, the
overall finding in this study is applicable for average dwellings and the ones with large, short
and well-defined leakage pathways, i.e. aged, leaky or poorly constructed buildings, which
represents approximately 50% of the leakage characteristics of a large data sample reported by
Orme et al in [30] (Figure 2.8 on page 52). Future studies on the buildings with more airtight
enclosures (such as low carbon or Passivhaus standard buildings) are recommended to see if
the findings reported herein stands.
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