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SUMMARY
Leakages in the building envelope may lead to increase of primary energy demand and carbon footprint of buildings. Additionally, particle and bacteria infiltration or exfiltration are possible. Furthermore, the building shell may be damaged by hygric enveloping surface infiltration. For investigation of the impact of leakages in the building envelope, different measurements and simulations are
used. The disadvantage of the both is that the knowledge on discharge coefficient of leakages in real
buildings is limited. Therefore, the discharge coefficient is estimated or based on sharp edged, circular standard orifice. But real leakages are different, e.g. the shape is not comparable to a standard
orifice. Due to these, the flow through different leakages in perforated air tightness layers of lightweight timber frame constructions was analysed. The applied pressure differences were real measured values of long term investigations on building shells. At these specific pressure differences, the
flow profile through leakages is different to studies of standard orifice. The volumetric flow through
leakages is significantly influenced by this difference. The results show the impact of the different
leakage parameters onto the discharge coefficient. Thus, simulations should not be based on standard
orifice investigations.

Introduction
In walls of new or refurnished buildings, it is common to integrate different insulation. Thus, a
reduction of energy losses through the building envelope is possible. However this climate separation
of interior and environment represents also a potential danger. If the water vapour diffusion resistance
of the room side materials is too small, condensation may arise in the wall construction. For
prevention, room-side diffusion inhibiting or blocking materials e.g. vapour barriers are arranged.
According to (Schulze H. 2011), awareness regarding diffusive moisture transport processes has
increased. Therefore, moisture problems caused by diffusion in constructions of new buildings are
infrequent at present time. A far bigger problem is given by the deficient air tightness of the building
envelope. According to (Biskop R. 2008), these leakages are caused by mistakes in planning and
execution. Especially during the heating season, bacteria, particle and moisture may be transported by
convection from the interior to the environment. This transport of matter may lead to deposits in the
wall structure. This might result in growth of mould and mildew or the formation of heat bridges e.g.
in case of condensation in non-capillary active components. Additionally, the convective heat
exchange leads to increased energy losses. Light-weight timber constructions are particularly at risk
concerning leakages. Damages in the air tight and protection layer are easily possible and the used
insulation materials are frequently air permeable. In addition, the convective leakage flow is promoted
by the non-obligatory air tightness of the weather protection layer. These findings led to the
development of simulation software with the aim of analysing the disadvantages of leakage flows on
buildings. The best-known algorithms are implemented in the software of Delphin and WUFI. These
algorithms are based on leakage flows caused by density differences (Häupl P. et al. 1997, Künzel
H.M. 2010). Only a few calculation models are developed for leakage flow analyses under real

pressure difference conditions of wind and buoyancy. They are frequently based on the existing
calculation approaches of Delphin and WUFI (Langmans J. 2013, de With G. et al. 2009, Zirkelbach
D. 2009, Kurnitski J. et al. 2000). In these new approaches, the contraction influence on the leakage
flow is either estimated or refers to unpublished references. Currently, standards and knowledge about
the discharge coefficient are exclusively based on standard orifice and materials which are used in
technical building equipment (ASHRAE 2009, DIN EN ISO 5167-2). However, leakages in buildings
may differ e.g. in shape, compared to standard orifice. Nevertheless, for investigation of the
equivalent leakage area with the pressure difference method, also a generalized discharge coefficient
is used (DIN EN 13829, ASTM E779-10, ASTM E1186-03). Furthermore, the friction coefficient of
pipeline materials for air and water transport is different, compared to the short channels which arise
by perforation of the room-side layers e.g. in materials of light-weight timber frame constructions.
Therefore, this work aims to analyse the impact of the leakage shape and size in air barriers onto the
flow-through. Also, the influence of deformation of the air barriers onto the discharge coefficient was
measured. Finally, a comparison of the volumetric flow through a single leak and several leakages of
the same total leakage area and texture was carried out.

Basics
The pressure difference between interior and the surrounding area is the potential of flows through
leakages in the building envelope. In naturally ventilated buildings, these are influenced by wind and
buoyancy. The change of pressure differences occurs in intervals of seconds (Schmidt J. et al. 2010b).
According to the Bernoulli equation, the leakage flow is from the higher to the lower pressure level.
In order to analyse and simulate the exfiltration flow through a room-side layer with a single leak and
adjacent permeable insulation in a light-weight timber structure, knowledge on the pressure loss
caused by the leak is required. Commonly, the cross-section of a leak in the building shell is much
smaller than the cross-section area of the room, which forces a constriction of the exfiltration flow.
This results in contraction and velocity losses. The contraction factor Ψ is affected by the ratio of
stream and leakage cross-section. In addition, the shape of leakage edge is crucial (fig. 1, 2). Ψ of e.g.
sharp edged standard orifice is 0.61 … 0.64 (Bohl W. et al. 2005). The velocity coefficient Φ of the
leakage flow is influenced by the macroscopic and microscopic geometry of the opening, the viscosity
and the surface tension (if not air) of the fluid. Φ is in case of sharp edged standard orifice 0.97 (Bohl
W. et al. 2005). The product of Ψ and Φ gives the discharge coefficient ζ. “Caused by the difficulty to
investigate Ψ and Φ experimentally separated from each other, values of these coefficients are only
scarcely documented in the literature.” (Bohl W. et al. 2005) Theoretical considerations were already
carried out by Torricelli and Borda in 17th and 18th century (Borda J. C. 1769).

FIG 1. Circular opening

FIG 2. Sharpe edged opening

By comparison of pressure and impulse force, they determined a theoretical contraction coefficient of
0.5 (Bohl W. et al. 2005). Later, investigations of the discharge coefficient of standard orifice by E.
Buckingham (1931) and J. Unger (1979) have resulted in the values given in (DIN EN ISO 5167-2).
The discharge coefficient ζ of the air flow through a horizontal leak may be derived by the Bernoulli
and continuity equation according eq. (1):

AL ⋅ ζ ⋅

2 ⋅ ∆p
= Vreal
r ⋅ (1 − N ² )

(1)

In eq. (1) AL represents the leakage area, ∆p the pressure difference and r the density of air. The ratio
between room and leakage cross-section is given by N. Corresponding to eq. (2), it is possible to
determine the discharge coefficient by experimental investigations. In this context represents Vreal the
measured and Vtheo the undisturbed, theoretical volumetric flow.

Vreal
⋅ (1 − N ² ) = ζ
V

(2)

theo

According to (DIN EN ISO 5167-2), the parameter N is powered by 4. An explanation of the
exponent is missing in DIN EN ISO 5167. Due to the fact that N approaches to 0 the root expression
is negligible. In contrary to the Darcy-Weisbach formulation in eq. (3), according to the (ASHRAE
2009) it is possible to investigate ζ without knowledge about channel friction, profile and velocity of
the leakage flow through perforations of layers. Furthermore, the influences of inlet and outlet losses
for integration in eq. (3) are scarcely documented (Langmans J. 2013). The impacts of these losses are
integrated in ζ.
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 dh
  2 

(3)

In eq. (3) ΣC is representing the sum of local losses. f is the Darcy-Weisbach friction factor. In case of
fully developed laminar flow it is equal 96/Re (Langmans J. 2013). The other parameters in eq. (3) are
L the length, dh the hydraulic diameter and the mean square velocity u ² in the channel. Re denotes the
Reynolds number, which defines the stream profile (laminar, Re ≤ 2300). DIN EN ISO 5167 provides
additional opportunities for estimation of ζ under conditions of 0.05 ≤ N ≤ 0.64 and 5 · 104 < Re <
107. A tabulation of some ζ-values of standard orifice is implemented in this standard. Furthermore
the Reader-Harris/Gallagher equation may be used for estimation under knowledge of Re at N ≥ 0.1
(Böswirth L. 2007). It is only applicable to pipes with circular standard orifice. Caused by the
approach of N  0 and the laminarity of flows through common leakages in buildings, (Langmans J.
2013) values that these models are unsuitable for forecasts of pressure losses. Hence, the discharge
coefficient was analysed using eq. (2).

Measurements
The investigations were carried out on vapour barrier foils of about 1 x 1 m in the “Measurement
Setup for research on convective moisture transfer (MCMT)” (Schmidt J. et al. 2010a). Every
investigated leakage was sharp edged by use of special tools. The climate conditions between the over
and under pressure chamber were equal at all measurements. The perforated vapour barrier was the
separation of these two connected chambers. For the early investigations, the foil was stiffened
without influencing the flow. The volumetric flows through the leaks were measured parallel by use
of Tracer-gas-system “TGS” and calorimetric flow meter “MSD”. According to (Böhle M. et al. 2002,
Leick Ph. 2008), the flow-through was under open outflow wherein the air flow after overcoming the
obstacle could open conically. First, the pressure difference between the inflow and outflow-side were
calculated by weather data of a German test reference year (Christoffer J. et al. 2004). Later, these
values were arranged based on long term measurements at real building facades. According to the
design of the MCMT (Schmidt J. et al. 2012), the maximum total leak size was 10 cm ², at a
maximum pressure difference of 350 Pa. Under real measured pressure differences (Schmidt J. 2013)
the leakage flow is usually laminar. Due to poor execution of real buildings, cavities between the
insulation and airtightness layer may occur. In order to analyse their influence on the leakage flow of
perforated vapour barrier foils, double chamber measurements were carried out under free arching of

foils like before. Additionally, the deformation of 4-sided clamped, perforated vapour barrier foils was
investigated in single chamber tests with onesided over pressure. For this, a 2D- traversal with
rangefinder was installed behind the leakage at the under-pressure side.

Results
The first part of the study related to the analysis of the flow of differently shaped leaks. Therefore,
leakages of the same cross-section and shape of edge were investigated in stiffened PE-foil.

FIG 3. Volumetric flow through different shaped
leaks, AL = 0.2 cm²

FIG 4. Comparison of volumetric flow through
different shaped leaks to the calculated
leakage flow, AL = 0.2 cm²

Figure (3) shows the leakage flow through 0.2 cm² leakages of different shape at different pressure
differences. In this context, the flow may be approximated by a leak according to (DIN EN 13829,
ASTM E779-10, ASTM E1186-03) as a function of the applied pressure difference by an exponential
function. As leakages in figure (3, 4) were used: an edged rectangular leak (0.1 x 2 cm), a squared
leak (0.45 x 0.45 cm) and a circular leak (d = 0.5 cm). The measurement error between the carried out
parallel measurements was about 3%. The association for air tightness in the building trade “Flib”
(2008) suggests using a ζ-value of 0.61 to analyse the equivalent leakage area of a building.
Calculated flows, using this ζ-value, were compared with the measurement results, see figure (3, 4).
According to figure (4), the calculated flows had an average difference of about 20 % compared to the
measured flows. When using the hydraulic diameter to calculate the flow rate, the error would
increase further. For e.g.the rectangular leak, it would yield dh = 0.19 cm. Thus, a much smaller
calculation cross-section would be given.
The discharge coefficient is calculable by use of eq. (2) and neglecting N. According to figure (5), a
linear relationship exists between theoretical and measured volumetric flow. The inclination of the
linear fit defines the correlation between the two flow rates. Thus, the inclination resembles a
resistance coefficient respectively the discharge coefficient. The properties of the ζ-value were
investigated on sharp edged, circular leaks of different cross-section. As shown in figure (6), the
discharge coefficient ζ is hyperbolic, approaching a limit value. This relationship can be
approximated by an exponential function. The result for circular holes was similar (figure 7). Both,
figure 6 and 7 show that the discharge coefficient approaches the theoretical, calculated contraction
coefficient according to Torricelli and Borda (1769) with increasing leakage size. This suggests that
the influence of the velocity on Φ decreases when the leakage area increases.

FIG 5. Linear relationship of theoretical and
measured volumetric flow AL = 0.5 cm²,
sharp edged, circular leak

FIG 6. Change of the discharge coefficient
in comparison of the change of the
leakage area of circular, sharp edged
leaks

FIG 7. Change of the discharge coefficient in comparison of the change of the leakage area of
annular, circular, sharp edged leaks
In the next step of this investigation, the deformation behaviour of a 1 m² large, 0.2 mm thick,
perforated PE-foil was examined. In figure (8) is shown that the PE-foil is arching like a nozzle due to
the one-sided pressure load. The maximum of arching was 7.4 ± 0.1 cm at a leak size of 0.2 cm² and
350 Pa of pressure difference (figure 9).

FIG 8. Arching of perforated PE-foil at ∆p = 2Pa,
AL = 0.2 cm², circular, sharp edged leak

FIG 9. Maximum of arching of perforated PEfoil at different ∆p, AL = 0.2 cm²,
circular, sharp edged leak

The values for the volumetric flow through the holes in an arched and stiffened PE-foil were
compared with the calculated flows for ζ = 0.61 according to (Flib 2008). As can be seen in figure
(10), the formation of a nozzle in the air tightness layer may lead to a change of the leakage flow at
different pressure differences.

FIG 10. Impact of foil arching onto the leakage
flow compared to calculated flow with
ζ =0.61, AL = 0.2 cm², circular, sharp
edged hole

FIG 11. Comparison of leakage flows through a
single leak with the total cross-section
of 5 small leaks of the same properties
in deformable PE-foil

In figure (10) is shown that the smallest variation between the flows through arched and stiffened PEfoil occurs for circular leaks. The difference of leakage flow between deformed and undeformed foil
increases with increasing pressure difference (figure 10) for leakages of non-circular shape. The ratio
between calculated and measured volumetric flows was never 1 for all measurements (figure 10).
These results show that only one value for ζ is not generally valid for every single leakage.
Further investigations should clarify if the ζ-value of the volumetric flow of one leak is equal to the ζvalue of several leakages of the same total cross-section and properties. For the experiment, a leakage
area of 1 cm² was chosen. The reference was the flow through a single, sharp edged, centred leakage
in deformable PE-foil. The total flow at different pressure differences for the single leak was
compared to 5 leakages of AL = 0.2 cm² (total 1 cm²) with different positions.
In figure (11), circle means a uniform distribution of the small holes with a 30 cm radius around one
central leak. The definition star describes a hole distribution with one centre leak and 4 leaks in a
distance of 5cm on the ordinate and abscissa. Coincidence “coinc.” denotes a freely chosen, nondefinable distribution of the small leakages. Figure (11) shows, that the total leakage flows are similar
for all 5-leak-tests. The relationship of the flow through the single leak and the 5 holes of the same
total cross-section is linear. However, the inclination of the flow fit between the 5 small to the one
large leak shows a deviation of 11 to 13 %. In order to be able to define only one discharge coefficient
for existing leakages in the building envelope, e.g. in Zone models or to determine the equivalent
leakage rate, accurate knowledge about the existing leaks is essential. Even the size of the leakage can
be critical.

Conclusions
The investigations of leakage flows through PE-foil show that the volumetric flow through a leak in
lightweight timber structures and the adjacent layers is significantly influenced by the discharge
coefficient ζ of the room-side leak (exfiltration). It is shown, that the assumption of a discharge
coefficient of standard orifices to describe a leakage flow under real pressure differences (wind +
buoyancy) may contain errors. The ζ-values of building leakages deviate to ζ-values of standard

orifice in pipes due to the ratio of usual leakage area and room cross-section that approaches zero.
Furthermore, leakage flows through building structures under real pressure differences are mainly
laminar, in deviation to studies of standard orifice. The investigations show that the discharge
coefficient of building leaks is significantly influenced by size, shape and edge properties of a leak.
Additionally, leakage edge deformations may influence the ζ-value for PE-foil. Furthermore, caused
by poor workmanship, cavities between airtightness and insulation layer may affect the flow through
the leakages. In case of PE-foil as air tightness layer, arching of the foil is possible. Depending on the
shape of leakage and the applied pressure difference, this may affect the leakage flow in various ways.
Only for circular holes were similar volumetric flows for stiffed and deformable foils detected. The
theoretical value of ζ = 0.61 for the discharge coefficient (based on shape-independent, stable
standard orifices at N ≥ 0.1) could not be measured for stiffened or deformable foils with single leaks.
Furthermore, the discharge coefficient of a single leakage and several leakages with the same
properties and the same total cross-section did not match. The obtained results demonstrate that the
assumption of only one ζ-value for the whole variety of leakages in the building envelope, e.g. in zone
models and for the determination of the equivalent leakage area in differential pressure tests, may be
incorrect. The findings of this study can help to optimize simulation models of convective transports
through leaks in the building envelope of lightweight timber constructions. However, the study refers
only to the leakage flow through perforated air tightness foils. Therefore, the presented measurements
should be continued for multi-layered, room boundary layers. It can be assumed that non-negligible
factors will be the channel roughness, the material thickness and the propagation behaviour of the air
stream in the leak channel.
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