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Proposal for a method of calculating air infiltration in a multistorey building(¥*)

Michele Cali, Giovanni V. Fracastoro (*%)

Abstract - In this paper a method Is described, discovered after much bibliographic:

research, for air infiltration calculation in a multistorey building. The method

which has been developed may be used both for computer calculations, in order to
determine the thermal "balance sheet" for a building hour by hourand for steady state
calculations. Analytical and experimental reports  have been examined to deter-
mine the air flow-rate due to the wind and the temperature-induced conwection

(stack effect). The air flow-rate has been evaluated as a function of the pres-

sure difference, taking into account the dynamic pressure distribution around the
building, and, as for the window alr tightness, the classification according to
Standard UNI ENL2, An example of the calculations has been included.

1. Effect of the wind

1.1. Reducing meteorological wind to local wind

By meteorological wind is meant the values of wind direction and veloclty, mea-
sured at a meteorological statian at a height above the ground of z, (generally
z =10 m).

s

By local wind i s meant the values of wind direction andvelocity in the place
where the buiiding is erected =~t a helght above the ground of z.

in the calculation method descr:bed, the wind direction is not varied. It is
indeed true that this may be varied by the presence of natural or artificial ob-
stacles (high buildings in an uittay area, for example), but the deliberate varia-
tion of-this value would require & detalled knowledge of the topography of the area
in which the building is erected, thereby encumbering the calculation method with
an excess of information.

The formula used to reduce this wind velocity from the metéorological station to
the site on which the building is wrected (and at height z from the ground) is
as follows (5, 30):

Fs S |
v, =V, (d_/z) (:/de{ (1)
the factor s relating to the mervorploglical station and the factor e to the
building.

The values of fi and d are given In tab. 1 as a function of some typical land
formations,

1.2, Calculation of the pressure difference through a wall in any directlon in
relation to the wind directlion

When the wind encounters an obstacle, Its velocity is altered around this obstacle.
If the kinetic energy of the aly is reduced, there will be an increase In the com=
pressive energy and vice versa.

(*) Work carried out as part of the Completed Energy Project of the CNR, Sub-
Project RERE, Subject D, Contra:t 78.01196.92.

(**) Institute of Technical Physics, Turin Polytechnic.
In several cases. the word "window" has been used to translate the Italian

"serramento”, which would seem to be a term embracing also doors and wall
3Pertures,



d (m) 1/8
country (rural) 280 7

periphery {outskirts)
of town or busy Loo 3.5
country town
2.5
urban centre 520

Table 1.
If all the kinetic energy is converted to compressive energy, the increase in the

latter in relation to the existing pressure in the flow of air not disturbed by
the obstacle would be (14)

- 2 - 2
pr = 1/2pvZ = 0.647 v (2)

i

The value of the density of air introduced in (2) corresponds to 09C. For ‘tempera-
tures of between -10°C and +10 C, the value of the air density may be obtained
from the following linear relation:

P = - 0.00475 t, + 1.294 (3)

Generally speaking, on a wall facing in any direction in relation to the wind
direction, there will be an increase (or reduction) in the static pressure,
equal to (5, 14):

} 2
p, = P =dp = c, - 0.647 v’ (L)

With Cp between - 1.0 and + 1.0.

The pressure coefficient C_ assumes positive values close to unity in res-
pect of the windward wall of the building, whilst it generally assumes negative
values on the lateral and leeward walls,

A positive value of C_ represents a state of excess pressure on the wall, with a
consequent Immission Bf air from the outside. The opposite is true if C_ is
negative, when the wall is subject to low pressure and the air flows frBm the
‘inside to the outside,

The determination of the pressure coefficient is one of the most complex and contro-
versial subjects. It depends both on the wind direction and on the geometric charac-
teristics of the building (17).

The values of C_ on each wall are given in table 2 as a function of the angle of
incidencect between the wall and the wind and of the ratios 1l:w and h:w between
the dimensions of the building (20).

Conventional]y, the walls of the building are defined on the following criterion
(fig. 1): A is the windward wall on which the wind ‘acts from the rlght, C is the
windward wall on which the wind acts from the left, B is located in front of A,
D in front of C.

Consequently the angle <« varies from 0° to 90°.

The value of Ap obtained from (4), as already mentioned, represents the variation
of the pressurewon the wall in relation to the flow undisturbed by obstacles.



hw<1]2

I<lw<3/2 | Cp =

A) —1,2a/90 4 0,7
B) —0,32/90 — 0,2
C) 1.22/90 — 0,5
D) 03«/90—0,5

32wk | Cp =

A) —14,2 af30 + 0,7
Bj —0,25/90 — 0,25
C} 1,3 «/9%—0,6
D; 0,5 /80— 0,6

1/2<hw<3/2

1<ljwz8)2 | Cp =

A1 —1,3 /30 + 0,7
B, —0,35x 90 — 0,25
C) 1,8 «/90—0,6
D)  0,35x/90 — 0,6

. C)  14x/90—0,7

A) —1,2a 90 + 0,7
B) —0 2a/90 —0,8

D) 0,6x/90—0,7

8/2<hjw<b

I<l/w<8i2 | Cp w

A) —1,6 «/90 + 08
B) —0,55a/90 — 0,25
C 16 a/90—08
D)  0,55x/90 —0,8

3/2<liw<h | Cp o

A' ’_‘112‘,90 + 0|7
B) —0,10/90 — 0.4
€, 1,5x/90 —0,7
D 0,6a/90—07

Tab. ¥

w

Fig. 1

]
-~ p. = Ap' C
P p = p

w

On the pther hand, the physical value determinlng the passage of aEr t?rough tﬁe
wall conponents is the pressure difference between inside and outside, a function
of the pressure which is established inside the building, p.. S ]
intesrnal pressure is generally different from the §tmqspher|c pressure, it would
be neessary to introduce in (4) a coefficient Cé in place of Cp, so that:

2
. 0.647 v,

Now because the



However, in order to know C', the internal pressure would have to be calculated

at every moment: this depenBs on the resistance and arrangement of the openings
and on the cracks through which the air passes. If these are distributed
uniformly around the walls, the internal excess pressures (or )

low pressures) will not exceed 20% of the maximum value obtained from (2). Other-
wise, with most of the openings located on the windward wall, for example, internal
excess pressures may be obtained which are almost equal to the excess pressure on
the windward surface (14).

However, because the variations in internal pressure do not - on the same storey-

lead to any variation in the sum of the absolute values of the pressure differences
between the inside and outside, the problem may be simplified substantially by con-
sidering the pressure coefficients C to be egual to the pressure difference coefficient:
C'. This Is tantamount to considering the pressure inside the building to be equal

t8 the atmospheric pressure.

2. The stack effect

When the inside temperature is higher than the outside temperature, the stack
effect, due to the difference in air density, produces an internal low pressure
on the low storeys and an internal excess pressure on the higher storeys.

Consequently there is a horizontal plane, called the neutral plane, in which, in
the absence of other phenomena, the internal and external pressures are equal.

Generally speaking the difference between internal and external pressures due to
the stack effect is given by (14, 5):

Ap, = 0.0342 py (17273 + t ) - 1/(273 + t])) (6)

According to the choice of symbols for (4), the distance from the neutral plane
must be measured positively downwards and negatively upwards.

The determination of y requires a knowledge of the height of the neutral plane
from the ground (z__), which in turn depends upon the distribution of the verti-
cal flows and the PRternal partitions.

Generally speaking, the stack effect is accentuated by the presence of internal
vertical air cavities, and if these are vertically distributed in a uniform manner, the
neutral plane will be located half way up the building.

If the opposite is true, 1.e., if the area separating one storey from another is
completely airtight, there will be as many neutral planes as there are storeys in

the building, located halfway between the floor and ceiling.

In 1-2 storey buildings (residential houses, etc.), the neutral plane is generally
higher than the centre line, being situated halfway up the €himney (if there is one):

ZPn = 0-6 ll T 007 h

For higher buildings, it is found (27, 28) that Zpp varies between 0.3 h and 0.7 h.
These values have been obtained experimentally, and for a few cases only, and
because these results have not yet enabled simple, general relationships to be
deduced between the morphological characteristics of the building and the position
of the neutral plane, it is suggested that the following is assumed:

z =0.5h (7)
pn
3. Calculation of the rate of Infiltrations due to the combined action of the
wind and stack ettect

The general equation defining the rate of infiltrations through a wall component



is as follows (13, 14):
Q' =c (ap)" (8)

The coefficient of flow C is defined as the volumetric flow rate per unit of
length of thecrackor per unit area of the component, corresponding to a pres-
sure difference of 1 Pa,

Q' represents the volumetric flow rate per unit of length of the crack or per
unit area of the wall component and ls measured in {m3/h . m) and (m3/h.m2)
respectively. ' :

in (8)A p is the algebraic sum of the pressure differences due to the effect of
the wind and the stack effect:

AP = pr+4pl: (9)

It is noted that the rate of infiltrations due to the combined action of the wind
and the stack effect is not the sum of the rates due to the individual effects,
because the ratio between Q' andAp Is not of the linear type.

The value of the exponent of flow n,generally used both for cracks and thin openings
and for walls, is 0.65 (13, 14, 26, 2B).

The value of C is closely assoclated with the quality of the wall and the win-
dows, particularly in the matter »f their impermeability to air

(29).

Based on this impermeability, the winduws rran be graded into 3 UNI classes
designated A1, A2, A3, to which the maximum values of C listed in table 3 correspond

(18, 19):

Table_}_w
Al A2 A3
C(m3/nhPa" .m) 0.60 0.30 }0.10
To obtain the rate of infiltrations through all the windows, it

would then be necessary to multiply the result in (8) by the length of the
aperture, '

Q=0".1 (10)

Similarly, the losses through a w:ll component permeable to air may be calculated
(an outer wall, for example), by introducing the coefficients of flow and the area
of the wall component into relation (B) and into the following one:

Q="' A (11)

We give below in table 4 the valurs of the flow coefficients C deduced from
the (available) literature, for sume walls:



Type of wall or . c

structural element Thickness (m) (m3/h.Panm2)

outer wall of rendered

(plastered) brickwork

(31) 0.40 0.063
“ordinary brickwork

(31) 0.065 0.001

double timber wall (31}

1ined with building

paper and wood 0.124 0.077

wall of bricks and 0.22

rendering (16)

Table 4,

Complete calculation example

Assume, for example, that there is a 4-storey bullding, of rectangular plan
(h=14hm, ' « 20 my w= 10 m), situated in Turin, on the outskirts (d = 400 m,
fr o= 1/3.5). with the long wall in the SW-NE direction (i.e. set at an angle

of 315" in relation to North). The inside temperature is maintained at 20°c.

Moreover, ‘4 hourly temperature values, wind direction and velocity and, possibly,
pressure a:- known, among other things (otherwise p s 105 pa is assumed), as mea-
sured at tr:r Arrronautical Meteoroldégical Station of Caselle (rural values: dg =

280 m,,ﬁs W,

The effectt of the alr permeability of the outer walls are disregarded. At a
particular time, the following values prevail:

time ‘¢= d v p
T (4 300 3.5 m/s 105 pa
The intentlon Is to calculate the rate of infiltrations by the combined action

of the wind and the stack effect through a window of the type UNI A1 to 2 leaves

(1.20 x 2.00 m), installed in'a room (4 x 4 x 3 m) on the fourth storey,
facing the long wall to the south east i.e. at an angle of 135° in relation to north

always in 'he clockwise direction.
The averag: height of the storey is therefore z = 14/4 x 3 + 1,5 = 12 m.
1) Calculation of v
z 1/7 1/3.5
From (1): v, = 3.5 (280/10) (12/400) ""°°7 = 0.591 x 3.5 = 2.1 m/s.

2) Calculailon of pr:
A - 2
From (4): b, = Cp ._0.6&71)2.

Frgm table 2, since 1/2<h/w <'3/2, 3/2< 1/w 4 and since o .¢seecfig. 2) is equal to
757, the value of Cp through wall B is obtained:

Cp = ~-0,29%/90 - 0.3 = -0.2-75/90 - 0.3 = =0.47,



By introducing this value into (4), the following is obtained:

Opw = -0.47 . 0.647 . 2.12 = -1.3 pa

3) Calculation oprC:
From (6) :
Ap_ = 0.0352 py (1/(273 + t) = 1/(273+t))) = - k.3 pa

where:
p:‘lOSpa y=7=12=+~-5m
te = 0°C t; = 20°C.

L) Calculation of the rate of infiltrations:
Ap =N P, * Apc = - 5.6 pa from (9)

Q' = Ch&pi n

Since C, for =~ UNI-A1 windows, is equal to 0.6 and n = 0.65, the following is
found:

Q' = 0.6 (5.6)%°%°

= 1.84 m3/h . m

For . the window examined:
L = 2,00 x 2 + 1.20 x 2 + 2.00 = 8. 40 m

And finally, for (10)
Q=0Q'-L = 1,84, 84z 15.44 m3/h.

Since the Intention is to evaluate the losses due to infiltrations in (atmospheric
volumes) /hour, the following is obtained:

Vzbhxdxi3x M87m3
Q = 15.44/48 = 0.32 V/h.




Symbols

d thickness of the boundary layer, (m);
z height from the ground of the area considered (m);
z_ height from the ground of the anemometer, (m);
B characteristic index of the boundary layer;
Vi local wind velocity at height z, (m/s);
vs meteorological wind velocity, (m/s);
height ofthe building, (m);
w width of the building, (m);
1 length of the building, (m);

y distance from the storey under consideration to the neutral
plane, (m);

z _height from the ground of the neutral plane, (m);

weight per unit of volume, (kg/m3);

f pressure coefficient;

C', pressure difference coefficient;

p atmospheric pressrue, (pa);

p; internal pressure, (pa);

p pressure of the wind on the wall, (pa);

b p pressure difference between inside and outside due to the stack effect, (pa);

A]D difference between internal and external pressure due to the combined effect of
the wind and stack effect, (pa);

t 6u;side temperature, (°C);

t. inside temperature, (°C);

n flow exponent

C flow coefficient (defined in the text), (m3/h.panm) or (mi/h . panmz);

Q' unit air flow-rate, (m3/h.m) or (m3/h.m2);

Q air flow-rate, (m3/h);

L length of the equivalent ¢fack (opening), (m)

A area of the wall component, (m2);

& angle of incidence of the wind on the wall, (degrees);

¢

angle of origin of the wind (in the clockwise direction fium the North), (de-
degrees) ;

s
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