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ABSTRACT

The existence of air leakages in a building has been very clearly stated as an important reason for energy loss.
The decrease in the efficiency of the mechanical ventilation has also been clarified. The global demand for
achieving nearly zero-energy buildings makes the uncontrolled leakage paths even more undesired. Despite the
fact that steady state measurements of in- and exfiltration rates offer a simple and easy way of estimating the
airtightness level of an eclosure, a supplement to those methods might be imposed.

While a significant amount of studies points out the key role of the ‘artificial’ unsteady conditions to the actual
leakage rates of a building, there are only few that discuss the influence of natural unsteady phenomena. In this
context, the correlation between the dynamic characteristics of the wind and the leakage numbers of a building,
should be more studied. Computational Fluid Dynamics (CFD) could be employed in order to investigate the
role of the air flow mechanisms.

In the current numerical study, unsteady wind conditions are performed around an one-storey building-model of
size 5m x 10m x 3m. Variable leakage areas A around windows are simulated and solved in a transient mode
aiming to investigate the role of the distribution of the leakages under natural conditions. A ratio (0 < a < 1) that
represents the portion of leakages (distribution) per surface is employed and the infiltration rates respect to this
ratio are shown. Different situations of the enclosure volume (from the perspective of internal wall airtightness)
are assumed in order to investigate the influence of the latter to the infiltration rate of the building’s envelope.
The impact of the internal leakages is proven and the importance of controlling them is discussed.
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INTRODUCTION

Air infiltration has been recognized as one of the major reasons for energy loss [1]. The
decrease in the efficiency of the mechanical ventilation has also been clarified [2].
Uncontrolled leakage paths have very clearly stated as pervasive, resulting in severe
consequences [3]. The nature and extent of uncontrolled air flow have also been studied
through testing, measurement and monitoring. Many researchers have also stated the
uncertain phenomena that are connected to the airflow through leakages located on a building
envelope. The dynamic characteristics of air infiltration have been pointed [4] and therefore
challenges arise upon that field. The role of the climate parameters and location
characteristics on average infiltration rates has also been studied [5]. Turbulence causing
wind gustiness is recognized as one major factor that affects infiltration [6]. In addition,
building aerodynamics contributes to air infiltration too. In that context, modelling
approaches have been presented [7], [8]. Although, the air leakage of a building envelope can



be determined from fan pressurization measurements with a blower door, estimating in a
simple and easy way an enclosure’s airtightness level [9], further research that takes the latter
phenomena into account should be done.

Furthermore, leakage distribution has been mentioned as important factor towards the annual
infiltration rate calculation [10]. Models have been developed towards the estimation of
leakage distribution [11]. In addition, the later affects even the air pressure conditions in
building and the wind-induced internal pressure fluctuations [12], [13]. In the same manner,
the role of internal volume has been mentioned [14] as well as the influence of internal air
leakages [15].

Computational fluid dynamics (CFD) could be employed to investigate the role of the air flow
mechanisms from the perspective of the phenomena presented above, especially under
unsteady conditions. Numerical studies could contribute to an estimation of the impact of
potential leakages areas in the building envelope as well as in internal elements. Facing the
global demand for achieving nearly zero-energy buildings, a more holistic and detailed
approach of the phenomena linked to air infiltration should be given through both
measurements and numerical simulations.

CASE STUDY

The current numerical study deals with the influence of unsteady wind to the instanteneous
infiltration (exfiltration) rates of an one-storey building-model (of size 5m x 10m x 3m) on
which variable leakage areas around windows are simulated. Two ‘windows’ are used on each
side. The size of each ‘window’ is 0,8m X 0,8m. The leakages are supposed to be ‘cracks’
along their frame. The total leakage area (whole building-model) is assumed to be 64cm?.

The leakages are located on the windward and on the leeward side of the model. Seven
different cases of distribution (windward vs leeward) are solved. For the representation of the
latter, a ratio o is defined as follows:

A
a= leak,front +100 [%] (1)
Aleak,total

where

Aseakfront: the leakages located on the windward side (front side) for the building-
model, expressed in cm2 and

Aeaotar: the total leakage area of the model in cm? (both on windward and leeward
sides), which as mentioned above equals 64cm?.
In fact, the ratio o expresses the leakages located on the windward side as fraction to the total
leakage areas of the building. The o takes the values: o =5, o =15, 0. = 30, a =50, a =70, a. =
85 and a = 95 [%]. To give a magnitude of order of the amount of the leakages:

Aleak,total
total model surface

= 4,57 %10 5 (2)

Furthermore, since the influence of wind gust frequency w has been discussed (especially for
single-side airflow) [14], studying of its connection to the leakage distribution would be
useful. Thus, two different gust frequencies are assumed, wnigh and wlyy and they are
implemented in the wind profile forluma as a sinusoidal factor (explained in the
‘methodology’).

Finally, three different ‘situations’ (S;, Sy, S3) regarding the internal volume are simulated in
order to research the influence of the internal leakages and their connection the external ones.
The first case S; refers to an internal volume without internal walls (‘uniform’, single space)



(fig. 1). The second and the third cases (S, and S; respectively) both assume the existence of
internal wall that divide the whole space in two ‘rooms’. The difference is that in S, a leakage
area of 4cm® is assumed to be located on the low level of the wall, allowing the inter-flow
between the two rooms (fig. 3a and 3b), while in Sz there are not internal leakages at all
(assumption of completely tight internal wall) (fig. 2).

Summarizing, 42 cases are studied in total:

¥ = 7(leakage distibution cases) * 2(wind gust frequency cases) * 3(internal space cases).

A notation described by the following rule is employed and used hereinafter:

(Internal volume case S;) - (leakage distrubion ¢;) - (frequency of the wind gust wy,),

where:

1,2o0r3,

5, 15, 30, 50, 70, 85 or 95 and

i
j

k = ‘high’ or ‘low’.

Figure 1. The case S;: ‘uniform’ single space (no Figure 2. The case Ss: two spaces separated by an
internal wall). internal wall. No internal leakages.
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() (b)
Figure 3. The case S,: two spaces separated by an internal wall. Internal leakages are located on the low level of
the wall (circle area).
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The table 1 shows, as example, the notation for leakage distribution of oo = 5% and a = 70%
for all the subcases of the internal volumes (and in the high gust frequency).



Case Internal volume Leakage distribution Wind gust frequency

S1-05-Whigh ‘uniform’ space a=5% high
Sy-ts-Orign two spaclesai g/é/::? internal o= 5% high
Sa-ts-Orign two SpaIC::k; gr;é)sinternal w=5% high
S1-0170-Whigh ‘uniform’ space o=70% high
S2-070-Whigh two Spacleesaia\lg::? internal a=170% high
S3-0170-®high two Spa(lissk—a;é)sintemal a=70% high

Table 1. Example of the notation followed. Here, the notations for the leakage distribution a = 5% and a = 70%
in the high gust frequency whigh.

METHODOLOGY

The CAD model was developed in ANSYS Design Modeler™ 12.1. The CFX-mesh method
of the ANSYS Mesh program (involved in ANSYS Workbench) was employed for
commiting the meshes (fig. 4). The fluid dynamic package ANSYS CFX 14.0 was used as
solver for the numerical simulations. Pressure distribution around a building is in general
important to get correct prediction of the pressure gradients and consequently of the air
infiltration through the envelope. Among the available turbulence models, the Shear-Stress-
Transport (SST) model, a two equation k-» based model [16], was imposed. The reason for
that is the inclusion of transport effects into the formulation of the eddy-viscosity. This results
in a major improvement in terms of flow separation predictions [17]. In addition, other
relevant studies have shown a good agreement between SST model and full scale data, better
rather than compared with standard k- and RNG k-¢ models [18].

A period of 30sec was assumed to be the total time per run, while a fine timestep of 0,25sec
was selected. At the inlet of the domain, a logarithmic wind profile was assumed based on the
equation (fig. 5):

u Z

1 z .
= ;m[% = ¥n(D] + 2sin (2mwt) (3)

where u is the wind velocity at height z, u, is the shear velocity, ¥ von Karman’s constant, zo
the roughness length and ¥, a stability function. The stability function can be evaluated
directly from the Monin and Obukhov length L, knowing the flux of sensible heat, or indirectly
through simultaneous measurements of air temperature profiles [19]. Under neutral stability

conditions ¥, and %vanish.The second term in the right side of the wind profile represents

the wind gustiness frequency w.

As mentioned above, two different gust frequencies o have been employed, wnigh = 0,5Hz
corresponds to the high frequency and wiow = 0,1 Hz to the low one (fig. 6). Thus, the period
of the wind velocity on a certain height is Thigh = 2sec and Tjow = 10sec respectively.

The leakage area along each window side represents a ‘crack’ of 0,8m long, simulated by a
row of 5 circural ‘holes’. The latter are equally ditributed along the window side and their
total ‘opening area’ equals the the leakage area of the relevant crack.

The instantaneous mass flow rate Qpn is solved numerically and extracted. Thus, the
instantaneous volumentric flow rates Q, across the leakage areas are calculated (based on the
transient, local density field) for the interval run time (30sec) for every case. Assuming that



the dynamic mathematical and physical behavior of the model does not change within an
hour, the equivalent air change rate XACH; extrapolated over time ty; = 1h is calculated:

t
3600 mrQ,dt
SACH, = x ( V” ) 4)

where
trun 1S the total run time per case, means ty,, = 30sec and

V the volume of the enclosure.

Inlet velocity boundary conditions at y=1,5m height
T T inlet velocity (high frequency)
N S ——~inlet velocity (low frequency)
T Y B

Inlet wind profile
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Figure 5. The selected inlet wind profile. Figure 6. Inlet velocity boundary conditions at the height
of y = 1,5m as they have been defined for the high

frequncy whigr and the low wjgy.

RESULTS

The equivalent air change rates XACH,; for all the cases S;, S, and S; are plotted against the
leakage ratio « and shown in figures 7, 9 and 12 respectively. In each graph, two lines appear
representing the rates under high and low wind gust frequency.
In the figure 7, it is clear that the strong ‘cross ventilation’ that takes place in the case of the
single space results to relatively very high infiltration rates. Especially under the conditions of
the high freguency gustiness the air exchange becomes even more severe. Having employed
the assumption of ‘one room” with no internal wall, there are no serious resistance against the
flow. The ZACH; increases respect to the ratio «, and appears the maximum value when the
leakages are equally distributed on the windward and leeward fagade of the model (a = 50%).
The air change rates seem to get lower again when o increases more. The role of the inertia
forces of the enclosure appear to be in general weak in the case S;. However, it would be
reasonable to claim that when the leakages are mostly located either on the windward or on
the leeward side (the XACH; seems to have fairly symmetric picture), the compressibility of
the volume tends to reduce the actual leakage rates, as the model behavior is getting more
similar to single-side infiltration (fig. 8).
In the case of S, the existence of a relatively tight internal wall (the internal leakages are only
6,25% of the leakages of the envelope) seems to have a dramatic impact (drop) to the air
change rates (fig. 9). The ZACH,; appear (for both the gust frequencies wnigh and wjow) to be
much lower. Although a ‘cross ventilation’ takes place even in this case, the quite high level
of tightness of the interior element ‘activates’ the inertia forces of the enclosure, resulting to
lower infiltration rates. Especially for the high wind gustiness, it seems that the most



unbalanced the leakage distribution, the lowest the infiltration (exfiltration) rates that are
caused. When the gustiness of wind is getting more mild (wow), the influence of the relatively
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Figure 7. The air change rate for the case of the ‘single space’.
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Figure 8. The velocity steamlines using a symmetry plane (timestep : t = 2s). (a) case of S1-0tg5-high, (b)
case of S1-az0-whigh.

tight wall is becoming even more significant, resulting in air change rates within the
acceptable range, as described in buidling regulations [20].

However, a difference can be pointed out when comparing the cases of high and low
frequency. Under wnign, the infiltration rate of S;-as-whign is higher than the ‘inverse’ case of
Sz-ag5-a)high, as well as 82-a15-whigh > Sz-a35-a)high, as well as Sz-ago-whigh > Sz-am-a)high. In
contrast, in the low wind frequency wiow, higher air change rates appear as result of leakage
concentration mostly on the windward side. The flow patterns in figure 10(a) show a mild air
circulation during wnigh €ven when the size of the leakages on windward is relatively big. The
reason could be the size of the internal leakages compared to the external ones on the leeward
facade; when they have the same magnitude of order, the inertia forces of the ‘second room’
seem to increase, preventing the air to flow from the first room’, even though there is a
significant amount of air that enters from the environment to the latter. But when the leeward
leakage areas are getting larger, the pressure field in the ‘second room’ changes, forcing the
air to flow out through them.

In case the unsteady wind is more mild (low frequency), the size of the ‘inlet’ on windward
dominates the airflow (fig. 11). The reason could be that the wind gusts are not anymore so



strong enough in this case that they would force great amount of air to flow to the ‘secnd
room’, which remains more ‘neutral” compared to the “first room’.

Air change rates - Internal wall, with internal leakages
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Figure 9. The air change rate for the case of the two rooms, separated by an internal wall where leakages are

Vekx:n(v
Streamline 3
8.239e+000

6.180e+000
4.120e+000

2.060e+000

aw
(b)

Velocll‘
Streamiine 3
1.020e+001

7.648e+000
5.099e+000

2.5490+000

<

<

located on.

Veloci
Streamiine 1
8.4420+000

| | 6.332e+000
4.221e+000

2.111e+000

Veloci
Streamline 1
1.020e+001

| 7.649¢+000

5.100e+000

2.550e+000

<

(b)
Figure 10. The velocity steamlines using a symmetry plane (timestep : t = 2s). (a) case of Sy-ags-whigh, (b)
case of S-az0-wnigh.
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Figure 11. The velocity steamlines using a symmetry plane (timestep : t = 3s). (a) case of Sy-ags-@iow, (b)

case of Sy-aps-Wiow.

The role of the internal leakages is even more clearly shown in the figure 12 that represents
the situation S3. Assuming that the internal wall is completely tight, the air change rates seem
to become even lower compared to S, highlighting the importance of controlling the internal



leakage paths. Furthermore, reading the infiltration rates from the perspective of the blower
door ‘rule-of-thumb’ (ACHs, = XACH; * 20), they fullfil requirements of a ‘passive house
airtighness level’ [21]. The inertia forces of the first ‘room’ are in this case higher because of
the single-side infiltration and the compressibility of the volume decreases. The second
‘room’ has gotten ‘isolated’ in this case, so there is not significant air exchange through the
leeward leakages. Thus, the most favorable case seems to be when the leakages are mostly
concentrated on this facade (o5 - leeward).

The YACH; increases with the ratio « in both the wind frequencies studied. The maximum
value appears when the leakage area on windward is getting big enough (ags).

Air change rates - Internal wall, no internal leakages
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Figure 12. The air change rate for the case of the two rooms, separated by a totally tight internal wall.
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Figure 13. The velocity steamlines using a symmetry plane (timestep : t = 3s). (a) case of Sg-aos-a)high, (b)
case of Sz-0g5-high.

In all the cases (Si1, S, and S3), the impact of the gust frequency w; seems to be very important
resulting to increased infiltration rates. The normalized difference ¢ between the air
exchanges during the high frequency wnigh and those during the low one wjow is drawn against

the ratio o [fig. 14].

5 ACEACH gn — ZACH ) )
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In the figure 14, it is clear that the influence of wind gustiness, in both the cases S; (single
space) and S, (internal wall with leakages), is more significant compared to the case Ss



(completely tight internal wall). Again, increasing the tightness of the internal elements, the
impact of the wind unsteadiness becomes less important. In addition, in the first cases the
normalized difference ¢ has similar behavior, showing that higher wind gustiness results to
even higher infiltration rates when most leakages are concentrated on the windward facade. In
contrast, in case S; (internal wall with no leakages), the increase of wind frequency has
similar results to the XACH; in the whole range of the leakage distribution that is studied. The
dynamic characteristics of the wind and the inertia of the enclosure mass seem to influence in
an analoge manner the actual air change rates.
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Figure 14. The normalized difference ¢ between the air exchanges under the high frequency wnigy and those
under the low frequency woy is drawn against the ratio a.

CONCLUSION

An one-storey building-model with variable leakage areas on the windward and the leeward
side was simulated and studied numerically under unsteady wind conditions. Two wind gust
frequencies (wnigh = 0,5Hz and wiw = 0,1Hz) were used to describe the inlet boundary
conditions. A ratio a [%] (5% < a < 95%) was employed to describe the leakages located on
the windward side as fraction to the total leakage areas of the building. Three different
situations of the internal volume were assumed; a single space (S;), an enclosure with an
internal wall with leakages (Sz) and an enclosure similar to the latter but without internal
leakages (S3).

In total 42 cases were solved using the shear-stress turbulent model (SST). The equivalent air
change rate XACH;, extrapolated over time t;; = 1h, was calculated and was shown against the
leakage distribution a. The leakage distribution seems to govern the infiltration rates in case
of a strong cross ‘ventilation’ (S;). The most severe situation appears to be when the leakages
areas on the windward and the leeward fagade are of the same magnitude of order. Again, the
most ‘unbalanced’ the way that the leakages are distributed the least air exchanges that take
place.

Existence of relatively tight internal walls (S,) decrease dramatically the leakage numbers.
Even though a ‘cross ventilation’ takes place even in this case, the quite high level of
tightness of the interior element ‘activates’ the inertia forces of the enclosure (of the ‘front’
room). Fullfilling high tightness of the internal elements (S3), the air change rates decrease
even more, reaching almost passive house airtightness standards (even under more severe



wind gustiness). In addition, in the latter case, it seems to be of relatively high importance to
eliminate as possible the leakages on the windward facade (according to the main wind
direction of a location).

It would be reasonable to claim that internal leakages seems to be a major parameter towards
the demand of decreasing the infiltration rates. Gustiness of wind is also a critical factor that
results to higher leakage numbers. However, increasing the tightness of the internal elements,
the impact of the wind unsteadiness becomes less severe. To determine even further the
influence of wind frequency, a graph that represents the normalized difference between
2ACHhigh and ZACHiigh is defined and is shown against the ratio a.

The study sets up issues regarding the uncontrolled leakages on the building envelope. The
detection of leakages and their distribution should migh be considered as critical factor.
Furthermore, internal leakages seem to play an important role towards the nearly-energy-zero
building target. Further research needs to be done, in order to investigate the connection
between internal and external leakages in a detail way.
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