A METHOD FOR PREDICTING AIR

INFILTRATION RATES FOR A TALL BUILDING
SURROUNDED BY LOWER STRUCTURES
OF UNIFORM HEIGHT
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INTRODUCTTON
With the rapidly rising cnergy costs and a growing need to conserve cnergy, morce and morce
buildings arc being analyzed for energy effectiveness using sophisticated computer programs.

Onc problem inherent in these programs is the lack of an accurate but simple method for
estimating air infiltration rate, which is known to be a significant component of the cnerpy
consumption. To develop such a method, a computer study of air lcakage characteristics was made
for tall buildings using surface wind pressure data obtained in a boundary layer wind tunncl.
The results for a fully exposed tall building in a suburban arca were reported by Shaw and
Tamura (1). This paper presents new data on pressure distributions over the faces of a tall
building surrounded by lower structures of uniform height. The building and the surrounding
structures arc scparated from ecach other by a distance cquivalent to that of a street and
sidewalks.,

quations for predicting air infiltration rate have been derived using basically the same
method as in the paper for fully exposed tall buildings (1). These equations arc strictly valid
only for a tall building surrounded by lower structures of approximately cqual height. They may
not be generalized tor a tall bullding partially protected by another tall building unless the
buildings arve sufficiently far apart.

FACTORS GOVERNING ATR INFTLTRATION

Air infiltration is the leakage of air through cracks and openings that exist in a building

envelope.  Its magnitude can be calculated from
. 0.065
O=C. A, (ap) 7 (1)
J ) J
where
Q = air leakage rate
(Zj = leakage cocfficient of a building component per unit area
APi = pressure difference across an opening
Aj = area of the building component

The lcakage coefficient for a building can be best estimated from the results of air lecakage
measurements conducted on similar type buildings. For tall buildings, the suggested valucs are
given in Table 1 (2, 3, 4).
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TABLE 1

Leakage Coefficients for Building Components

Leakage Coefficients Correction Factor for Cw
Curtain
3 2 . 0.65 _ .
Wall Cw, m~ /s m" +Pa a, = Cw/(Cw)avg
. -4
Iight 0.31 x 10 1/3
Average 0.93 x 107 1
Loose 1.83 x 10-4 2
Floor Cf, mz\/s°m2'PaO'5
-5
Average 5.3 x 10
Shaft/Story
Elevator Cq/car, 0.075 ms/s-PaO'5
Stair Cs/shaft, 0.03 m3/s'PaO'5

The pressure difference across a building envelope depends on inside-outside temperaturc
differcence, amount of pressurization produced by HVAC systems and wind pressures on exterior
walls. The first two factors can always be estimated but the third one, at prescnt, can only
be obtained experimentally. To provide the necessary wind pressurc data for this study, the
National Acronautical Lstablishment of the National Rescarch Council of Canada (NRCC) conducted
an extensive wind pressure measurement on a tall building model in a boundary layer wind tunncl
(5). A brief description of the method used for the pressure measurement is given below.

Wind Pressure Distribution on Building Envelope

Wind pressure measurements were made on the walls of a tall building model in an urban
boundary layer which was produced in a 1.8 m by 2.7 m wind tunnel. The boundary laycer was
produced using an array of 1.2 m high spires across the entrance to the working section
followed by 8 rows of 0.3 m cubes at 0.3 m centers. The depth of the boundary layer was about
1.14 m which indicated a correct model scale of 1/400 to achieve a full-scale urban boundary
layer of 457 m characterized by the measured velocity profile

V. =Kz’ (2)

where

\Y
z

K

n

wind velocity at height z above ground

]

constant

Accordingly, the building model which had plan dimensions of 1.2 cm by 1.8 cm (width/length =
1/1.5) was built to a scale of 1/400 to fit the modeled atmospheric flow scaling. It was made
up of two 3.8 c¢m and two 7.6 cm modules, so that four building heights (22.9, 15.2, 7.6, and
5.8 cm) were achieved using different module combinations as shown in Fig. 1. The pressure
taps were drilled normal to the surface on all four walls of each module. The holes, as shown
in Fig. 1, were positioned in identical vertical rows but the number of horizontal rows varied
between modules, so that measurements could be concentrated in regions where the pressure
variation was large.



The model building was mounted at the center of a turntable and it was surrounded by a number
of 3.8 cm high blocks of the same plan dimensions as the model building to simulate the high
density urban area. The distance between two adjacent blocks was about 7.6 cm which represented
a 30 mwide road allowance in actual condition. The majority of these blocks turnced with the
building model.

Wind pressure measurements were taken at the following wind angles measured counterclockwise
from the normal to Side 1: 0, 5, 10, 15, 30, 45, 60, 75, and 90 deg. The pressures of ecach row
were averaged using a weighting factor that was calculated on the basis of the area surrounding
cach tap. The results were expressed in terms of a weighted mean pressure cocfficient at
height z, C__,

pz
2p
-z 3
pz 0 V2 ()
t
where
P = weighted mean pressure at height z relative to static pressure at roof level (static

pressurc at roof level was mecasured in the frce stream)
p = air density

Vt = mecan wind specad at roof level

For convenicence, the mean wind speed at the roof level was converted to that mcasured 10 m above
ground at a mctecorological station by the following equation (1)

0.43
= s 4
V. = 0.115 11 v, (4)

where
V = mean wind speed measured at a meteorological station, m/s

Il = building hcight, m

In deriving Eq 4, it was assumed that the gradient heights over the two sites were 275 m for
the metcorological station (6) and 457 m for the urban area. Finally, substituting LEq 4 in
Eq 3 and assuming a value of 1.2 kp,/m3 for air density, onc obtains

126 PZ
N = P e T, IS
('])Z H().8(> v 2 (5)

S

" is in pascals, Il is in metres, and Vg is in metres per second.

The mean pressure coefficients so obtained arc given in Fig. 2(a), (b) and 3(a), (b).

CALCULATION OF AIR INFILTRATION RATES

Under steady-state conditions, air inflows and outflows arc equal for a compartment such as a
non-partitioned floor space or a vertical shaft. On this basis, a sct of mass flow balance
cquations, one for cach compartment, can be set up for a building model. These equations
together with Lq 1 and the measured leakage coefficients can be used to solve for the air
leakage rates for the comparvtment under a given wind and temperature condition. The computer
program for solving these equations is described in detail in Ref 7. The building model used
in this study (Fig. 4) was identical to that in Ref 1. It represented an open-fioor office
building having plan dimensions of 45 m by 30 m. The compartments are floor spaces and a
vertical shaft. The major scparations are exterior walls, walls of vertical shaft and floors.
The leakage coefficients of the major separations (Fig. 4), were calculated from the data given
in Table 1.



Calculations of air leakage rates were made for buildings of 5, 10, 20, 30, and 40 storiecs
under various combinations of wind speed, wind direction and stack action. The effect on air
infiltration due to surrounding lower structures of uniform height was investigated for wind
angles of 0, 30 and 45 deg.

Air Infiltration Due to Wind -

For a wind approaching at 0 deg., Fig. 5 shows the variation of air infiltration rates per ay
per unit arca of the long wall (Side 1) with wind speeds and building heights. The values of o
-are given in Table 1 for different classifications of wall air tightness. The wind speed shown
in Fig. 5 is the mean wind speed measured 10 m above ground at a meteorological station.

Lquations for Calculating Air Infiltration Caused by Wind

For detailed computations, it is desirable to estimate air infiltration rate using single
equations. Air leakage rate caused by wind can be calculated from Eq 1 if the pressure
differences across exterior walls are known. Although the pressure difference across an
exterior wall varies with height, a uniform equivalent pressure difference for the whole wall
can be estimated from the total air infiltration rates given in Fig. § by using Eq 1. This
uniform equivalent pressure difference was shown to be related to wind speed and building height
by the following equation (1)

126(Ape)i
(C, ). = ——pr—s (6)
dp’i “0.86V 2
where
(Cdp)i = uniform equivalent pressure difference coefficient
(APC)i = uniform equivalent pressure difference across the ith wall, Pa

The maximum uniform equivalent pressure difference coefficient for all building heights was
0.75; it was found at the windward wall when the wind approached at 0 deg. With this value as a
common denominator, the values of Cqp for the four exterior walls were non-dimensionalized and
the results were plotted against wind angle in Fig. 6. The non-dimensionalized Cgp can also be
estimated from the following equations obtained by curve fitting

+

D
o Capder | BPey { 0.0126 for 0<A<4S
C R P O (L P - 0.0166 + 1.2 45<0<90

o - Caplea | Pedes { 0.0180 - 0.44 0<8 <45
02 7 T 00, T TPy, 0.0130 - 0.17 45309290
(7)
~ D
o Caples  Pedes { 0.0086 - 0.1 0<6 <45
S - ) <6 <
03" Ty Vg, - OBPy, 0.0026 - 0.55 4520290
o . Caploa (8Pl gy - { 0.0010 - 0.44 0<6<45
R G IR (L P 0.0126 - 0.93 456290



Substituting Eq 6 in Eq 1 and noting that (C = 0.75, one obtains

dp)Ol

. 0.56 1.3
= 0.0 b ' 3
Quo = 0:036 C_ A i v (8)
where
< . . 3 2 0.65
Cw = leakage coefficient for exterior walls per unit wall area, m /s-m -Pa
Qwo = air infiltration due to wind at 0 deg., mb/s
Al = area of long wall (Side 1), m2
Likewise, substituting g 6 and Eq 7 in Eq 1, one obtains
_ ,0.56 1.3 ¢. 0.65 .
Q9 = 0.036 C_H Ve jZJAi Bos (9)
where
QUO = air infiltration duc to wind at 0O, ms/s
/\j = arca of wall i; i =1, 2, 3, 4
= . if > <
J lor 0if Bei 0 or Bei 0
Finally, dividing Eq 9 by Eq 8 one has the correction factor, ae,for wind direction
_ Qwe _ 20,65 w ,0.65
O‘(—)'Qw =B T2 fe2 (10)
o

g is plotted in Fig. 7 for various wind directions.

Nearby structurcs can affect the wind-induced air flow pattern around a building and hence
the air infiltration rates. At present, physical modeling seems to be the only practical method
for determination of air flow pattern for a building downstream of other structures. llowever,
duc to the preat variety of building sites, a systematic study of the problem of shiclding is
not feasible. In order to provide data for general design purposes, an idcal building site, a
tall building surrounded by lower structures of uniform height, was considered.  Thus, calcula-
tions of air lcakage rates were made using the measured wind pressure data corresponding to
various height ratios of the adjacent structures to the building, h/Il.  The results (Fig. 8)
indicate that, regardless of wind direction, the ratio of air infiltration rates for a given h/H
to that for h/ll = 1/6 decreases exponentially as the valuce of h/H increascs. Based on the
results, an cquation for estimating the correction factor of shielding was obtained by curve
fitting

_ (Qw)h/H

a, = ———— = 1,15 exp (-0.85 h/Il) (11)
sho Q)6
where
Ay = correction factor of shielding
Qw = air infiltration rate due to wind

h = average height of adjacent structures

I = height of building



It should be pointed out that ogh is not valid for the case of a building partially protected by
an adjacent tall building.

Air Infiltration Caused by Combined Wind and Stack Action

Fig. 9(a) and 9(b) show the relationship between Qus/Qlrg and Qsml/Qirg where Qsml or Qrg is
the smaller or larger value, respectively,of air infiltration due to wind or stack action, and
Qus is that due to the combined action of the two forces. The relationship can also be
approximately expressed by the following equations:

[ 3.6
(-0.00746 +0.39) Qsml + 1 for  0<6<45
Qw Irg
S
o - - (12)
WS Qg ﬁ Q|25
(0.018 - 0.48) Qsml .1 45<6<90
N lrg

To apply liq 12 it is necessary to know the air infiltration rate due to stack action, Qg. For
tall buildings, the equation for estimating Qg as given in Ref 1 takes the form

5 }1.65

_ 0.6
QS = 0.96 cw S (AT/TO) i (13)

where S is the building perimeter in metres, AT is the inside-outside temperature difference in
kelvins and T, is the outside air temperature in kelvins.

Summary of Procedure of Air Infiltration Calculation

The suggested method for calculating air infiltration for a tall building surrounded by lower
structures of uniform height can be summarized as follows:

1. Calculate air infiltration rate caused by stack action,using Lq 13
0.65 1.65

Q, = 0.96 C S (%I) s (13)
(¢]

o

Estimate air infiltration caused by wind,using the following equation obtained by
combining Eq 9 and Eq 11, or using Fig. 5, 7 and 8:

Q =0.036c 1% yt3
4 w S

%sh g JA; Boi (14)

3. Determine Qspy and Qppg from the calculated Qg and Q, and, from Eq 12, calculate air
infiltration caused by the combined wind and stack action, or use Fig. 9(a) and 9(b)

Qws = %s erg (12)

In the above equations, Cw is given in Table 1; B can be calculated from Eq 7 and

and OLg
Lq 11. )

01 h

DISCUSSION

The proposed method for calculating air infiltration rate is strictly valid only for a tall
building surrounded by lower structurcs of uniform height because of the wind pressure
coefficients used. It may not he generalized to apply for a tall building partially protected



by another tall building unless they are sufficiently far apart. Bascd on the mcasurements
made by Bailey and Vincent (8), the minimum distance for which the effect of an adjacent tall
building may be neglected is estimated to be about 8 building widths.

Fig. 2(a), (b) and 3(a), (b) indicate that the mean pressure coefficient on the windward wall
decreases as the wind angle deviates from the normal to that wall and as the height of adjacent
structures increases. The height of adjacent structures used to obtain Cp, was 3.8 cm which
represented a 5-story building in full scale. This height was chosen because it was
approximately equal to the average building height in a large city such as Toronto.

Fig. 6 shows that for a long wall (Side 1), (Cyp)y is maximum at 6 = 0 deg. and it
decrecases continuously to zero as 0 increases to 75 deg. Tor a short wall (Side 2), (Cdp)Z is
zero at 25 deg. and it increases continuously with 8 to a maximum value at 90 deg. Thus, as the
wind angle, 0, changes from 0 to 90 deg., air will infiltrate a building through Side 1 for
0<25 deg., and through both Sides 1 and 2 for 6 varying from 25 to 75 deg., and finally through
Side 2 for 75<0<90 deg. Similar results were observed for a fully exposed tall building in the
suburb (1). B

Fig. 9(a) and 9(b) indicate that if Qg is equal to @, the resultant air infiltration is
about 40%, 17% and 6% higher than Qg or Q, for wind angles of 0 (Or 90), 30 (or 60) and 45 deg.
respectively. Thus, the results appear to suggest that one effective way to cut down hecat loss
due to infiltration for buildings under design is to orient them away from the winter prevailing
wind direction.

The factor ash for estimating Q, was derived for h/ll = 1/6. To investigate the applicability
of this factor to other shielding conditions, Fig. 10 shows the relationship between
(Qus /erg - 1) and Qsm1/Qire for various values of h/Il and wind angles. It is cvident that
ash is a weak function of h/H especially when the wind direction is not perpendicular to the
wall. Thus, the factor agp can also be used to estimate Qug under the shielding condition
considered. '

The predicted air infiltration rates using the suggested method was compared with those based
on the computer building model under various conditions. As shown in Fig. 11, the agrcement
between the two results is within 5%.

CONCLUSTONS

A method was prescented for predicting air infiltration rate for a tall building (w/1 = 1/1.5)
surrounded by lower structures of uniform height under various combinations of wind speeds, wind
angles, and air temperature. The method may be gencralized to apply for a tall building in an
urban area if the building is about 8 building widths away from other tall buildings. The
predicted air infiltration rates arc shown to be accurate within 5% comparcd with those bascd on
the computer building model.

Air infiltration caused by wind was found to be a strong function of wind direcction. The
results indicated that the maximum air infiltration was produced by a wind that approached at
0 deg. and the minimum air infiltration occurred at 75 deg. wind angle.

Air infiltration caused by the combination of wind and stack action is dependent on the
magnitude of ecach and the wind direction. If the air infiltration rates caused by wind or
stack action acting separately arc equal, the air infiltration rate caused by the combined
action is higher than that due to cach action by about 40% for wind angles of 0 or 90 deg. and
6% for 45 deg.

NOMENCLATURE

Al = area of long wall (Side 1), m2
Aj = area of wall i, mz; i=1,2,3,4
Cj = lecakage coefficient of building component; see Table 1
) - . . 3 2 0.65
Cw = leakage coefficient for exterior walls per unit wall area, m /sem” *Pa

= weighted mean pressure coefficient; sece Eq 3

(Cdp) = uniform equivalent pressure difference coefficient of wall i, i =1, 2, 3, 4; sce Eq 6
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. NOMENCLATURE

Al = area of long wall (Side 1), m2
Ai = area of wall i, m2; i=1,2,3, 4
Cj = leakage coefficient of building component; see Table 1
Cw = leakage coefficient for exterior walls per unit wall area, m3/5°m2'Pa0'65
sz = weighted mean pressure coefficient; see Eq 3
(Cdp)i = uniform equivalent pressure difference coefficient of wall i, i = 1f 2, 3, 4; see Eq 6
h = average height of adjacent structures, m
i = building height, m
K = constant
t APj = pressure difference across an opening, Pa
(APe)i = uniform équivalent pressure difference across ith wall, Pa; 1 =1, 2, 3, 4
PZ = weighted mean pressure at height z relative to static pressure at roof level,vPa
QS = air infiltration rate caused by stack action, m3/s
Qw = air infiltration rate caused by wind, ms/s
Qwe = air infiltration rate caused by wind at 8, m3/s
Qwo = air infiltration rate caused by wind at 0 deg., m3/s
‘Qws = air infiltration rate caused by combined wind and stack action, m3/s
erg = larger value of Qw and Qs’ m3/s
Qsml = smaller value of Qw and Qs’ ms/s
S = perimeter of the building, m
TO = outside air temperature, K
AT = inside-outside temperature difference, K
VS = mean wind speed measured at a meteorological station, m/s
Vt = mean wind speed at roof level, m/s
VZ -= mean wind speed at height z above ground, m/s
% = 8&9 = correction factor for wind direction
wo
LY = égg;?f% = correction factor for shielding
% = é%us = correction factor for combined wind and stack action
lrg
Bos = E(c:d ie'i“
dp” 01
P = air density
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