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1. Introduction

Summary

Predicting the energy requ through a building envelope

is still very difficult. Conside served between the measured

air leakage of multi-storey ASHRAE recommendations'

Air infiltration for " 
buted to the cha¡acteristics

of the wind environment aro nal gradient across the building

envelope and the -"ì6urri""t ventilation of the building' The first two causes were found

to be predominant i;; full-scale observation of a twenty'storey apartment building

'"ï'"1iSJ,'"ïtTnu,lt;"".urement, the verirication ,:1-lo.t::-1":,ii*r::îäî 
errects on

the pressure differentials was attempteJ using a wind-tunnel simulation for the former

"'qrîiïi:i,:it:it,i:":iiJå:f'"""ri"r, or inreractio,,, gl various causes on the totar

preFsute was encountered it was assumed in the above

analysis that the differenti ar summation of those caused

by the individual actions, t The case of wind and me-

chanicar ventilation acting i:lîffr,ïrî"fïiîl:::i:iof both induced Pressure

Predicting the energy requirement due to air infiltration through a build'

ing envelope is ,titi ;;'v ãittcutt' ti rras been shown' for example [1] '
that there is a considerable ais.refarr.y between. the measured air leakage

of multi-storey buildings and that ãJ.urat"¿ by the ASHRAE recommenda-

tions.
A full-scale measurement of Pre

walls of a twenty-storey apartment
canied out at the UniversitY of Ott
previouslY rePorted in ref' 2' To

àn the measuied pressure differenti
of the building to investigate the w
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a simulation of stack effect using a heated vertical duct of about 18 m in
length were carried out.

The specific problem of the combined effect of various causes on the
induced total pressure differentials was encountered during data reduc-
tion of pressure measurements on the building.

Analysis of 'the pressure data measured on the building was carried out
on the assumption that the total pressure difference, Ap, is given by linear
summation of three kinds of pressure differentials caused by wind action,
the stack effect and mechanical ventilation, i.e.,

Ap = (Ap)* + (Ap), + (Ap), (1)

where: Ap = the total pressure difference across the wall, (Ap)* = the
pressure difference caused by wind action, (Ap). = the pressure difference
caused by stack effect, and (Ap)" = the pressure difference caused by the
operation of a mechanical ventilation system. This assumption seems to
be generally accepted [3], though it is not physically justifiable. When the
infiltration flow is the result of multiple inputs, stack effect and mechanical
ventilation, for example, the total pressure differential due to combined
action cannot be given by simple linea¡ summation of the individual pres-
sure differentials due to each effect. Since the flow due to infiltration
is the direct result of the pressure differential, the assumption above is
not logically consistent. The topic discussed in the third part of the present
report is this nonlinearity of pressure differentials under combined action.
Nonlinear characteristics of both pressure differentials and air infiltration
rate are examined under wind action and ventilation operation.

2. Verification of the wind effect

A wind-tunnel test was carried out to verify the measured wind-induced
pressure component. The facility used is an open-circuit wind tunnel with
a test section of 0.91 X 0.61 m and approximately 4.5 m long, located
at the University of Ottawa. The tunnel has a maximum mean speed of
45 m s-' in the test section with less than t I.6Vo wind speed deviation
in the middle 85Vo of. the tunnel width. A set of three triangular spires
and a 20 m long plate with L3-19 mm high roughness cubes were installed
on the upstrearn side of the tunnel floor to produce a simulated atmos-
pheric boundary layer flow. The model building is shown in Fig. 1.

The vertical profiles of mean wind speed as well as the intensity of the
along-wind tubulence componen:t at the model location are summarized
in Fig. 2. The power law exponent for the mean speed profile was found
to be approximately 0.28, which is compúable with the full-scale observa-
tion above. The boundary-layer flow at the test section was about 38 cm
deep. Considering the scale of . turbulence produced in the test section,
the appropriate linea¡ scale of the model was chosen to be 1 : 1000 of
full scale. The turbulent boundary layer produced at this scale represents
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a typical wind flow condition over urban terrain ï41. Figure 3 depicts
the spectrum of the along-wind velocity component at a height corre-
sponding to the elevation of the tower-top anemometer, or the reference
height.

The model building is made of plexiglass and is equipped with exactly
the same arrangement of pressure taps and pneumatic averaging system
as the test building. The model was installed in the test section of the wind
tunnel together with its local surroundings, modelled to the salne lineal
scale as the building. The measured pressure reading was normalized by
the dynamic pressure at the height of the anemometer. The model is rigid
and airtight and no attempt was made to simulate the actual wind-induced
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Fig. 1. Building model.
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air infiltration through the walls. The reference pressure was taken with
a Pitot-static pressure gauge at the gradient height.

Calculation of the wind-induced pressure differential across the building
walls was carried out under the following assumptions:

(1) The cracks and openings of the building are uniformly distributed
over all four walls but not on the roof;

(2) The external pressure coefficients are distributed in stepwise profiles
and the measured values at the pressure tap locations can be used
as representative of each layer; and

(3) The interual pressure of the building is spatially constant and its
magl'ritude can be decided from the total air-flow balance through
wall cracks.

The internal pressure coefficient calculated via this procedure is given
in Fig. 4 versus wirld azimuth. Estirnation of the internal pressure can
vary, depending the assumed air flow characteristics through the openings;
i.e., the pressure drop, ap, across the building envelope can be expressed
as two terms as follows:

Ap = arV + a2V e)
in which V represents the air flow rate through openings and the two con-
stants at, a2largely depend upon the shape and dimensions of the openings.
These terms correspotrd to the standard friction loss and other losses, re-
spectively. For comparison, two cases of Ap = dtV and Ap = azV2 are given
in Fig. 4, and the pressure differentials across the building envelope at four
different evaluations are summarized in Fig. 5. The results of full-scale
measurements are given in the shaded area in Fig. 5. Agreement between
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model test results and full-scale observations is generally satisfactory. It
is of interest to note that Ap = dtV leads to better agreement than the
alternative relationship.

3. Verification of thermal effect

The pressure due to the stack effect can be approximately given by the
following equation;

11
(AP), - C'(,o- 

rt) 
(Cz- z) (3)

where: (Ap), = the pressure differential caused by the stack effect at the
elevation z (m) above the ground, ?o = the outside temperature (K), ?i =
the inside temperature (K), and C¡ and C2 are constants. C2 corresponds to
the height of the neutral pressure level (NPL), at which the inside and out-
side pressures are equal. Equation (3) is derived simply from the pressure
equilibrium and the equation of state for a perfect gas assuming that the
variation of temperature wittr height is small and negligible, both in the
atmosphere and inside the building. A theoretical estimate of C1 is 3.44 X
103 Pa K m-t, which compares favourably with the measured value, C, =
3.70 x 103 Pa K m-t [2].

Equation (3) can predict the actual distribution of the pressure differen-
tia'l caused by the stack effect, provided that the neutral pressure level,
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C2, is accurately known
NPL as follows:

C2 1

H

The ASHRAE t5l recommended calculation of

(4)

1.?, (*) '

where: As = the cross-sectional area of lower opening, and A¡¡ = the cross-
sectional area of upper opening. Application of this equation is limited to
the case of a building having only two sufficiently large openings, one
upper and one lower, and the recommended equation is based on Bernoulli's
principle and the continuity equation. Neither the resistance along the flow
path, including cracks and openings, nor the actual distribution of openings
along the building height is taken into account for the derivation of eqn.
(4). It is, therefore, quite legitimate to doubt the accuracy of predictions
of NPL by this method.

The results of an experimental study on the stack effect are reported
here using a simple model, simulating a high-rise building without any
internal partition, for various thermal conditions and crack distributions.
Needless to say, this model test is not meant to simulate any particular
building but to clarify the stack effect mechanism in high-rise structures.

The test section is made of 18.3 m long copper pipe (50.8 mm ID) and
divided into 20 heating units. Each heating unit is about 0.90 m in length
and has an independent heating element which can be controlled indivi-
dually. The copper pipe is thermally insulated from the ambient air. Thus,
the internal temperature distribution can be set to any designed profile. One
K-type thermocouple was spot-welded on the outer wall of the tube at
the centre of each unit. Seven pressure taps and six holes to represent
the wall cracks, as shown in Fig. 6, are also provided.
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In order to test the validity of eqn. (3), the coefficient c, is plotted
agair-rst temperature change in Fig. 6, which exhibits a linear relationship.
The values of C, were obtained from the vertical profiles of pressure dif-
ferential, such as those shown in Fig. 7. As it can be observed in Fig. 6,
the agreement between the values of C¡ obtained from experiment and
the theoretically predicted value is excellent. This confirms the finding
from full-scale measuremeuts reported in the previous section. The values
of NPL based on the ASIIRAE recommendations, eqn. (4), and those
obtained from the present experiment are eompared in Fig. 8. The devia-
tion between the two is significant. This deviation can probably be at-
tributed to the flow resisbance along its path as these results are all from
the cases of only two openings, upper and lower. While the ASHRAE equa-
tion shows the effect of the difference in inside and outside air tempera-
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tures, the experimental results indicate that NPL is hardly affected by the
temperature difference for a given crack distribution.

4. NonJineariby of pressure differentials under combined effects

As mentioned in the earlier sections, the non-linear characteristics of
differential pressure and air infiltration under combined effects of wind
action, stack action and forced ventilation can cause inaccurate estimates
of the thermal performance of the building. and yet this problem does
not seem to have been given any serious consideration so far. To verify
this anomaly in the calculation of air infiltration, the non-linearity of com-
bined wind action and mechanical ventilation on the pressure differential
and air infiltration across the building envelope was investigated via a wind-
tunnel test [6]. A study oI the combined action of the stack effect and
mechanical ventilation is also under progress by the authors. The linear
summation of stack and wind effects is also likely to be controversial.

4. 1. Experimental set-up
The test model simulating a building in this case is a rigid acrylic box

having a square section of I5.2 X I5.2 cm and 30.4 cm high. Each wall
of the model is divided into three levels, each level having four holes 2 mm
in diameter, giving a total of 48 holes as shown 'in Fig. 9. Each hole re-
presents a wall crack. One external pressure tap is provided at the centre
of each pair of holes, making a total of 36 available taps. Four additional
internal pressure taps are also provided. The model has a plain flat roof,
while the floor has a 25 mm diameter hole in its centre, which is connected
to an air pump of 0.41 m3 rnin-r capacity to simulate mechanical ventila-
tion. The model is installed in the test section of the wind tunnel, which
is described in the previous section.

. openings

. pressure tops

j
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Fig. 9. Model Uuilding for,study.of.,non-linearitios
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The test was carried out with va¡ious combinations of mean wind speed
and azimuth angle. The ventilation rate was also changed in the range of
! 35Vo of the building internal capacity per second. As the only significant
issue of this part of the study is the interaction problem of ventilation-
induced and wind-induced pressures and the actual pattern of pressure
distribution over this particular building is not a problem not much at-
tention was paid to blockage or to the simulation of wind conditions.
However, for the purpose of qualitative discussion, the model was tested
in a uniform smooth flow as well as in turbulent shear flow produced by
the upstream roughness.

4.2. Results and díscussion
First, the pressure distribution was measured under wind action only.

Since the shape of the building is square, a symmetrical pressure distri-
bution was observed. Internal and external pressure readings are normal-
ized by the dynamic head at the gradient level and are summarized in Figs.
10 and L1 together with the resulting pressure differentials. Knowing both
the external and internal pressure distributions, the infiltration rate can
be calculated by applying the standard friction and form losses across
the openings.

Second, the ventilation pump \Ä/as operated without wind. when the
model building is not internally partitioned, a negative internal pressure
is uniformly observed if the air is extracted from the building with the
purnp. Similarly, the internal pressure becomes positive and uniform when
the building is pressurizecl. The external pressure of the building walls is
hardly affected by these operations. The air infiltration due to mechanical
ventilation cän again be calculated from the pressure differentials across
tlre walls. The calculated flow rate was found to be 7-8Vo greater than
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the actual flow rate measured at the bottom plate of the building wi¡r
a rotameter. This may be due to the ùse of a friction factor appìicable
to fully developed flow. This illustrates the accuracy of the flow calcuta-
tion compared to the known pressure distribution.

Finalìy, the pressure induced by the combined action of wind and me-
chanical ventilation \ryas examineå. The external pressure distribution of
the model building under combined action is very similar to that induced
by the action of wind only. However, the internal pressure distribution
is markedly changed.

A representative comparison is made in Fig. 12 between the pressure
differential due to the effects of combined wind action and meãhanical
suction and ti're linear summation of the pressure differentials induced by
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the individual actions. Tlìe solid lines represent the former, while the broken
lines the latter. Figure 13 is a similar diagram but of the case in which
there is a combined action of wind and mechanical pressurization. In both
figures the non-linearity of the pressure differential induced by wind and
forced ventilation is clearly demonstrated. The linear summation of the
pressure differentials due to each individual action cannot be taken as
equivalent to the pressure differential from the combined action. It is
interesting to note that the linear summation of independent actions leads
to a slightly smaller magnitude pressure drop across the wall than the actual
differential pressure in both infiltration and exfiltration cases. The percen-
tage variations due to the nonJinearity were found to be between 5 and
307o, depending on the test conditions, but it is generally observed that
the deviation:

(i) was greater with the shear flow,
(ii) increased in magnitude with a decrease in the mechanical ventila-

tion rate,
(iii) increased for wind normal to one wall of the building, and
(iv) was almost independent of wind speed.
The nonlinearity in the summation of the pressure differentials induced

by wind and r_nechanical ventilation may be due to the fact that when
the ventilation is by suction, for example, the suction in the building
through the openings decreases the relative size of the wakes and hence,
results in a decrease in the negative pressure at the sides and rear walls
of the building. The changes in the distribution of pressure in the wake
also lead to the readjustment of the internal pressure and the external
pressure at the frontal face. For the same flow of mass, a greater external
pressure occurs at the wall normal to the wind. Therefore, the pressure
differen,tial:iacross,tlre fqur ,walls of the'.build.ing due to the combined ac-
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tion of the wind and mechanical ventilation is always greater than the
linear summation of the individual pressure differentials.

4.3. NonJinearity of air infiltration/exfiltratíon
The nonlinearity of the pressure differential induced by wind and me-

chanical ventilation implies the non-ìinearity of air infiltration or exfiltra-
tion of a building due to thóse two separate actions, and this is clearly
seen in Figs. 14 and 15. These figures distinctly show the increased per-
centage deviation of the air infiltration rate or exfiltration rate compared
with the deviation in pressure. The deviation is between 5 and SAVo with
greater deviations observed over the front and side walls of buildings.

From this part of the study, it may be concluded that:
(i) The linear summation of pressure differentials due to the action
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of the wind and the operation of a forced ventilation system cannot

be taken to be the equivalent of the pressure differential due to
the combined action of the two,

(ii) From (i) above, it is evident that the linear summation of air in-

filtrations or exfiltrations due to individual actions is also not equiva-

lent to the air infiltration or exfiltration due to the combined action
of the two, and

(iii) Knowing the pressure differentials across the building envelope,

a fairly accurate estimation of the infiltration rate can be made

by applying the standard friction and form losses across the openings

in the walls.

5. Concluding remarks

The effects of wind, temperature and mechanical ventilation on pres-

sure differentials and pressure-induced air infiltration or exfiltration rate

across the exterior walls of high-rise buildings were extensively investigated
through full-scale measurements, laboratory experiments and theoretical
considerations. The main findings of the study may be summarized as

follows:
(1) The full-scale measurements on a twenty-storey building and the

data analysis lead to the following findings [2] :

(i) Pressure differences ¿ue caused by the stack effect, the wind and the
operation of the mechanical ventilation system. The first two causes

are predominant for this particular building during the winter season.

(ii) The stack effect, for buildings having an open floor layout, is linearly
proportional to the difference of the reciprocal ouber and inner abso-

lute temperatures, and va¡ies almost linearly with height. The neutral
pressure level occurs at approximately 7\Vo of the total building height.

(iii) The pressure distribution is also affected by the occupancy conditions
of the building.

(iv) The wind-induced pressure distribution under relatively strong wind
shows good conformity with previous knowledge for typical bluff
sections, such as a square.

(v) The pressure differences caused by the heating and ventilation systems

are much smaller than those caused by the stack effect and by wind
action. Evaluation of the former was found to be difficult and this
uncertainty was attributed to the assumption that a linea¡ summation
of three pressure components was valid.

From the present scale model study, it may be concluded that:
(2) The wind tunnel study verified the wind-induced component of the

measured pressure differential above. The calculation of pressure differen-
tials from the measured external pressure distribution gave reasonably
accurate results assuming the standa¡d friction losses across openings.

(3) The verification study of t!.e stack effect confirmed that the ther-
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mally induced pressure differentials can be accurately predicted with the
correct value of the neutral pressure levei. The calculation of NPL must
recognize flow resistance and the distribution of openings on the building.

(4) The pressuie differentials and induced air infiltration or exfiltration
rate under combined action of wind, stack and forced ventilation cannot
be conectly given by a linear summation of the results under each indepen-
dent action. This non-linea¡ity seems to be particulariy pronounced when
wind-induced. ventilation is involved. The study of the combined action
of wind and mechanical ventilation leads to the following remarks:
(i) The iinear summation of pressure differentials due to the action of

wind and forced ventilation is found not to be the equivalent of that
under combined action.

(ii) The linea¡ summation of air leakage rates was found to deviate even
further from the actual values under combined action.

(iii) Knowing the pressure differentials across the building walls, an accurate
estimation of the air leakage rate can be made by applying the standa¡d
friction and form losses across the openings in the walls.
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