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ABSTRACT 

The typical infiltration load for a residential building has been found to range from one­
third to one-half of the total space conditioning load. However, most infiltration measurements 
have been made on single-family houses. Inform~tion about the role of infiltration in the energy 
consumption of large buildings is limited. Furthermore, the prediction of infiltration rates in 
high-rise buildings is a complex problem. The forces that drive this flow result from the super­
position of wind pressure on the faces of the building and the stack effect across the height of 
the building. Infiltration. models have shown the latter effect to be significan t in single-family 
residences, particularly in colder climates and, consequently, the stack effect is even greater in 
high-rise buildings. For this work, we performed traCer gas and fan pressurization measurements 
on a 30 m tall University of California dormitory in order .to determine the importance of both 
wind and stack effect upon infiltration. Measured pressure and tracer gas distributions were 
compared with those from a predictive infiltration computer model for high-rise buildings. To 
study the influence of the air flow pattern around the building, this model uses various wind 
velocity profiles characteristic of urban areas and different sets of surface pressure 
coefficients derived from wind tunnel experiments. 

Keywords: air-infiltration 'multi-cell' calculation model, thermal buoyancy and wind effect, Ian 
pressurization, leakage area, tracer gas measurements, wind pressure data, and air infiltration 
calculation. 
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NOMENCLATURE 

ai crack coefficient of the i -th component (m3/h rn Pan) 

C tracer gas concentration (ppm) 

Ci surface pressure coefficient for the i -th surface 

D air permeability: flow coefficient, volumetric air flow rate, at a 

unit pressure difference for a specified building area (rn3/Pan h) .. 
F tracer gas flow (rn 3 /h) 

9 acceleration due to gravity (m/s2) 

an index: inside 

Ii length of the i -th component (m) 

lee index: leeward side 

m air mass flow (kg/h) 

n flow exponent, between 0.5 and 1 

NPL index: neutral pressure level 

out index: outside 

p pressure (Pa) 

Q volumetric air flow rate. (m 3 /h) 

R permeability ratio of a house 

t time (h) 

T temperature (~) 

V effective volume of the structure (m 3) 

v (10) or v 10 meteorological wind speed at 10 m above ground (m/s) 

v wind speed (m/s) 

wind index: wind or windward side 

z z -coordinate or height of the building (m) 

Zg geostrophic wind height (m) 

a exponent in the power law for the vertical wind velocity profile, 

depending on terrain roughness 

~ 

p density (kg/m3) .. 
8. temperature (oe) 
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INTRODUCTION 

Studies on the energy consumption for the mid-seventies show that most of the industrial­

ized countries squander a large amount of precious energy (oil, gas, coal) for low-grade thermal 

processes. Up to one third of the overall primary energy is used for residental and commercial 

buildingsl -3. Over half of this energy consumption in the building sector is consumed by space 

heating. This 'space conditioning load' is caused by losses or gains due to heat transmission and 

by air movement due to infiltration and/or controlled ventilation. A typical ventilation load for 

a residen tal building structure tepresen ting the architectural construction mode before the mid­

seventies is estimated to be in the range of 1/3 to 1/2 of its total space-conditioning 10004. In 

contrast to the relatively steady process of heat transmission, infiltration is more strongly 

influenced by rapid changes in weather conditions. Moreover, infiltration is nonlinear, depend­

ing primarily on wind pressure and thermal buoyancy (stack-effect), and therefore difficult to 

model. 

Infiltration is an important component of the space-conditioning load, especially in houses 

with above-average shell thermal performance. As houses are made tighter to reduce infiltration 

losses, the maintenance of acceptable indoor air quality begins to be an issue of concerns. 

Balancing the competing demands of energy conservation and air q~ality may require a target 

ventila~ion rate for a structure. This, in turn, demands the existence of inexpensive instrumenta­

tion to measure infiltration or a model that will accurately predict air movement in buildings4. 

Infiltration, the random flow of air through openings in the building surface, is for a single­

family house largely independent of the house type and structure. This flow process is dom­

inated by the leakage structure of the building rather than by structural type. Air flow is the 

consequence of pressure differences due to wind pressure and thermal buoyancy. Besides these 

driving forces, the infiltration rate however depends on the air-permeah~lity of the building 

structure and on the distribution of leakage areas throughout the building. 

A prediction of the infiltration for high-rise buildings is a complex problem. The pressures 

that drive the flow are the result of the superposition of wind pressure that depends on the 

elevation and orientation and the stack-effect. Recent works on prediction models for one­

family houses6,7 demonstrate the strong influence of the stack-effect on the infiltration rate. The 

latter is even more important for high-rise buildings because of the magnitude of the building 

heightS. 
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In this paper, in a first step, we try to model the air infiltration in a tall UC dormitory 

building with a computer program using a parabolic wind velocity profile and height­

independent surface pressure coefficients. In a second part, we compare the computed air flow 

with experimental results from the 30m tall dormitory. This comparison exposes the difficulties 

of using constant surface pressure coefficients and shows that the building structure as well as 

the surrounding pattern has to be studied very carefully. 

AIR LEAKAGE, AIR INFILTRATION AND VENTILATION 

Air flow through a building shell is a combination of viscous and turbulent flow through 

openings and cracks. The former is proportional to the pressure difference over the envelope 

whereas the latter varies with the square root of the pressure difference. 

Two different mechanisms are primarily responsible for natural air flow in buildings -- wind 

pressures and buoyancy forces. Wind flows will produce a velocity pressure field around the 

building. Compared to the static pressure in the undisturbed wind velocity pattern, these pres­

sure fields are characterized roughly by regions of overpressure on the windward facade and 

underpressure on facades parallel to the air stream or on the leeward side of the building respec­

tively. These pressure differences are proportional to the dynamic pressure in the undisturbed 

wind stream; they therefore can be represented relative to the latter using surface pressure 

coefficien ts: 

Pwind = ~ * p( Z , T) * v 2( z) * cd z ) (1) 

The Cj values can be determined either from measurements on full-scale buildings or on 

correspon"ding small-scale models in a boundary-layer wind tunnelg,lO. The interpretation of the 

latter data in regard to real buildings remains still difficultll. Excluding thermal stratification, 

the vertical profile of the mean wind speed in the atmospheric boundary layer depends primarily 

on the surface roughness and shows an increasing velocity with height above ground, approxI­

mated by a power-law expression 12,13 

1 

v{z) = (-=-)-;-
v (zo ) Zo 

(2) 

Usually, v (zo) is the meteorological reference wind speed recorded at a standard height of 

Zo = 10 m above ground. 
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Pressure gradients between inside and outside of the building also arise from changes in air 

density due to temperature differences between ambient air and air inside (stack effect)14,15: 

ilP8tGd = 9 * (Pout - Pin) * (Z - ZNPL) (3) 

with ZNPL as the neutral pressure level, the height on the building facade where the interior 

pressure equals the exterior. The influence of these thermal pressure forces are not negligible, 

especially in high-rise buildings16• At zero wind speed and air leakage distributed uniformly over 

the building shell, conservation of mass requires that the neutral pressure level should be at 

mid-height, separating the upper half of the building with overpressure from lower parts with 

underpressure17-~. For an extremely large opening relative to others, the above mentioned pres­

sure zone will be found at the height of the center of this opening. For air flows caused by com­

bined action of wind' and thermal buoyancy, the flows due to each mechanism do not add, since 

the flow rates are not linearly proportional to the pressure differenc.es. 

Referring to infiltration, a building may be classified using one of the following four broad 

categories: 

a) row house (terrace house) 

. b) detached house 

c) story-type construction 

d) shaft-type construction 

This subdivision into four basic cases is based on a comparison of the permeability as function 

of its location (influence of wind effect) as well as of its construction type (influence of stack 

effect). Th is classification of the house types with regard to air infiltration calculations ,is 

schematically displayed in Figs. l(a) and l(b) respectively. The air-permeability is a property of 

a building component/region to let air pass when it is subject to a pressure difference and can 

be compared to a sum over crack coefficient aj times crack length Ii for all air opening i in the 

region to be specified. Under the assumption of nearly uniform distribution of the air openings 

over the building shell, the detached and row house differ in the ratio of the leeward side's per­

meability to the overall permeability ratio of the house21: 

(4) 

Based on an investigation of Krischer and Beck, row houses, in a first approximation, can be 

described by an averaged permeabiltiy ratio of 0.5, whereas the corresponding value for a 

detached house rises up to 0.7. On the other hand, with regard to the thermal pressure 
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distribution, there exist two extrema: story type buildings and shaft type buildings. That means 

one can describe the building relative to the value of the permeability of its components 

separating floor areas from shafts connecting the different floors (e.g., staircase, elevator shaft, 

etc.). With Ds as permeability of the separating building component, the construction types 

above can be described with 

D, = 0 for a story-type construction (5) 

and 

D, = 00 for a shaft-type building (6) 

In a building with shaft-type construction, the influence of thermal pressure is extremely 

strong. With a uniform distribution of the permeabilities as a function of height throughout the 

facade- and shaft plane, the neutral pressure level zone should be at the mid-height of the build,. 

ing. Otherwise, its loca.tion for this construction type will be principally determined by the per-

. meability distribution of the shaft22• As height and number of stories increase, the total resis­

tance of the flow path through floor openings increases faster than through vertical shafts, so 

the shaft mainly governs total resistance to the flow in high buildings8,23. On the other hand, in 

a story type building, there are small buoyancy effects only within every floor. Every story, 

depending on its permeability distribution, will have its particular neutral pressure level zone. 

Existing houses can now be described within these four broad categories, e.g., to get an estima". 

tion for the upper value of the air infiltration in a house to be constructed. Such considerations, 

especially if they are supported by tables taking into account different building heights, weather 

conditions etc., are a helpful tool for designers of heating pla.nts and systems8,25. For more 

accurate results, one has to establish complex computer programs with mass flow balances con­

sidering all possible flow paths in a building. 

EXPERIMENTAL TECHNIQUES 

Building and climatological survey 

The four dormitories comprising Unit I of student housing for the University of California 

at Berkeley occupy a 0.9 ha site two blocks south of the campus. The surrounding blocks are 

mostly three-story residental apartments, with the University Museum to the north and an ath­

letic playing field to the south. The dorms are identical nine-story buildings, arranged on the 

periphery of the block, oriented both north/south and east/west [see Fig. 2(30)]. 

-4-
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The buildings were constructed in 1960 following an architectural competition run by the 

University. Each building is 9.75m x 38.9m in plan and 29.1m in height. The ground-floor is 

. divided jnto an e_nJIanceJobby.,_lounge,-Jibrar.y-,~maintenance~r00ms,and--a-single-elevator-an-d--

stairwell to the roof [Fig. 2(b )]. The height of the ground-floor is 4.9 m; the upper stories are all 

3 m floor-to-floor. The stairwell (9.75 m2) is located on the east wall. A steel-framed single­

glazed window (2.2 m2) is located on the landing level between each floor [Fig. 2(c)]. The eleva­

tor shaft (5.2 m2) is adjacent to the stairwell. The upper floors have student rooms (16.9 m~ 

along both sides of a single corridor leading to an exterior stair tower. Each floor has a common 

bathroom and either a lounge or a laundry [Fig. 2( d)]. The structure is reinforced concrete with 

metal curtain walls and cast stone grills on the exterior wall of the utility rooms. 

With Berkeley located on the east shore of San Francisco Bay, the climate is characterized 

by mild yea.r-round temperatures and prevailing westerly winds from the Pacific. Averaged tem­

peratures, degree days and wind parameters from the nearby Oakland Airport are shown In 

Table 1. 

TABLE 1 

Climatological data Cor Oakland 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Temperature (oC) 
average monthly 9.2 11.1 12.1 13.4 14.9 16.6 17.3 17.5 18.1 ' 16.2 12.9 9.9 
average daily max. 12.8 14.4 15.6 17.2 18.3 20.6 21.1 21.1 22.2 20.6 16.7 13.3 
average daily min. 6.1 7.8 8.3 9.4 11.1 12.8 13.3 13.9 13.9 11.7 9.4 6.7 

Degree days 
heating 
(18.3 °c base) 508 367 350 270 193 114 80 74 59 135 291 468 
coolin§ 
(18.3 C base) 21 21 28 44 14 

Wind 
mean speed* (m/s) 3.0 3.3 4.0 4.2 4.5 4.5 4.2 4.0 3.5 3.0 2.8 2.9 
prevailing dir. SE W W W W W WNW WNW WNW WNW WNW E 

..• meteorologiclu wind speed at 10m above ground: v (10) 
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Blower-door measurements 

The pressure-flow characteristics for the different leakage locations were measured using a 

door-mounted, variable-speed fan capable of moving large volumes of air into or out ofa struc­

ture. When the pressure difference (~p) is held constant, following the law of constancy of 

mass, all air pressed through the fan must flow through the building structure to be measured. 

Natural infiltration is typically driven by pressure differences across the building shell in .the 

range of 0 Pa to 10 Pa and is characterized by large, short-term fluctuations. When ilp is 

much greater than 10 Pa, fan flow dominates natural infiltration and the latter may be disre­

garded. At a given ilp and a fan speed, the flow of air is determined by means of a previously 

established calibration curve. With the aid of measurements at ilp 's iIi the over- as well as 

underpressure region (-70 Pa to +70 Pal, the parameters D and n are fitted to the following 

equation characterizing the air flow through a leaky building shell: 

(7) 

The flow exponent n of the pressure difference across the opening ranges in value between 0.5 

for fully turbulent flow to 1.0 for laminar streams, regardless of the Reynolds number6
• For 

rough estimates one usually assumes an averaged flow exponent of 2/3. 

The following graph demonstrates the different pressure-flow regimes in the stairwell due to 

changes in leakage area .by-opening-Pxey-iously-sealed_air_cl'acks. ________ _ 

Table 2 lists the air flow parameters D and n for the different leakage areas of the build­

ing. Using weighting factors taking the higher uncertainty ot the measurements at low pressure 

differentials into account, correlation coefficients between 0.97 and 1.0 pointed at a good agree­

ment between the fitted curve and the measurements. ,. 
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TABLE 2 

Air leakage parameters for different structure parts, determined from blower door measurements 

Boundary-conditions Pressurization Depressurization 

D (m3/Pa" b) " D (m3/Pa" b) " Stairwell 
all doors sealed 262 0.52 241 0.63 
emergency exit unsealed 362 0.47 264 0.61 
emergency exit and roof door unsealed 345 0.49 323 0.61 
all doors unsealed 690 0.47 456 0.62 

Ground floor 
all internal doors sealed incl. elevator 608 0.57 370 0.69 
all internal doors unsealed, elevator sealed 609 . 0.59 381 0.71 
all internal doors ()pen, elevator sealed 737 0.60 450 0.74 
all internal doors sealed, elevator unsealed 628 0.62 411 0.72 

Student room 36 0.75 29 0.79 

1st floor aisle 
all doors closed, elevator sealed 473 0:63 411 0.66 
all doors closed, elevator door unsealed 794 0.54 518 . 0.64 

1st floor lounge 54 0.72 69 0.70 

Strictly speaking and especially for an accurate determination of the low pressure leakage . . 
function (0 - 10 Pal blower-door measurements should be performed under climatic conditions 

without pressure temperature differences across the construction elements due to wind flow 

characteristics. If an individual space is being pressurized, all adjoining spaces (lateral as well as 
vertical) must be at a similar pressure to measure the leakage characteristic of the exterior wall. 

If not, internal leakages will also be included in the result. On the other side, the flow charac­

teristic of a particular construction component can be determined from the differences in 

volumetric air flow using selective sealing of components. 

Tracer gas and pr~ure measurements 

The air flow in the stairwell was experimentally determined using a tracer gas technique. 

Injecting SF 6 at the ground-floor at a constant flow rate, its concentration at the 1st, 4th and 

8th floor were recorded together with pressure differences (ground-floor and 8th floor) and tem­

peratures as a function of time. Due to the large molecular weight of SF 6 (146 glmol compared' 

to the averaged value of 29 glmol for air), the tracer gas was uniformely mixed with the atmo­

sphere at the ground-floor using a.fan. Therefore, stratification due to settling out of the heavier 
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gas should be unlikely25. The flow rate was kept constant by the use of an electronic mass flow 

controller based on the principle of heat transfer by the tracer gas along a capillary. Using the 

continuity equation for a constant tracer gas flow rate 

(8) 

the tracer gas concentration at the ground-floor level will reach steady state levels of 10 ppm or 

15 ppm for an estimated volumetric air infiltration rates of 300 m3/h and 200 m3/h respectively 

and a constant flow rate of about 50 mljmin. Multiple sampling throughout the stairwell cross 

section provided properly averaged measurements of the SF6 concentrations at the selected floor 

levels. Based on infrared properties of sulfur hexafluoride, the tracer gas concentration itself was 

calculated from measurements of the transmission losses in a l.5-m gas cell of 2.5 dm3 at 10.7 

I'm with an optical va.por a.nalyzer. For gas concentrations between 0 ppm and 15 ppm, calibra­

tion runs with up to 20 different sampling points were carried out in order to fit the analyzer 

output voltage with the aid of a simplex algorithm to an exponential function, taking into 

account the concentration-dependent absorption power of the tracer gas. The accuracy in the 

determination of the gas concentration is estimated to ±13%. 

A capacitive potentiometer with a thin, prestressed metal diaphragm as variable, sensitive 

element was used as differential pressure sensing element. 

Computer modelling of the air flow in a high-rise building 

The calculation of natural ventilation rates in a building is a complex task. Several methods 

exist at the present --one estimation procedure known as the 'crack method' is based on meas­

ured air leakage rates of building components [e.g 23,25], another assumes air. change numbers 

for the different building sections [e.g. 23,26]. Contrary to full scale techniqu~s, several authors 

have developed air infiltration prediction programs using detailed surface mean pressure 

coefficients measured in wind tunnel experiments27-30. One other technique applying the theory 

of electrical networks to the flow system, faces the problem that the pressure-flow characteris­

tics across air openings are non-linear in contrast to the voltage drop across a resistance due to 

electrical curren t flow31•32. 

Simulation programs using an iteration method are normally based on a network containing 

a large number of non-linear equations. Therefore the only useful tool to get a solution is a com­

puter33. According to the most common applications, the computer programs solve generally for 

one-family houses [e.g, 34-36]. Programs able to simulate air flows in buildings with up to 200 

-8-
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rooms are available at the NRC of Canada37
, BSRIA in Great Britain38 and the HRI in Ger.;. 

many22. 

The latter routine, which is the framework for the computer model used in this study, cal­

culates solutions of its non-linear equation, system using Newton's iteration method. With 

floors, stairwell and elevator shaft represented by a series of rooms, each at a specific pressure 

and temperature, the movement of air through the building will be computed by a program 

based on steady-state pressure dependent mass flow balances at each floor as well as in the two 

shafts (elevator shaft and stairwell). The net mass flows between in- and outgoing air through 

the air openings of the r-th surface are calculated by: 

. * D * (A )n, mr = P r ~Pr (9) 

The permeabilities Dr and the flow exponents nr will be determined from blower-door measure­

ments. At the location of the different air openings, the wind-induced pressure field around the 

building was calculated using eqn. (1), with wind velocities depending on the height above 

ground as in eqn. (2). On the windward side, the mean surface pressure coefficient was set to be 

1, whereas on the leeward side the corresponding value was estimated to about -0.321
. In eqn. 

(2) the exponent of the power law for the vertical wind velocity profile above ground, a waS 

chos~n to be 3 as an averaged value for urban areas30• The pressure differences caused by stack: 

effect are calculated in agreement to eqn. (3). To limit the input data for the simulation pro­

gram and to save costly calculation time, we have simplified the floor plans of the building. For 

wind directions perpendicular to a main building facade, the wind pressure at a specified height 

will normally be idealized by width-independent pressure coefficients for each surface orienta­

tion. Therefore, at each floor, all rooms with equal door and window permeabilities and the 

same orientation as for the facade, can be mathematically treated as one room. Since permeabil­

ities are additive like conductances in an electrical network, such a simplified room can be 

attached to a resulting permeability. Hence, the flow resistance for a window and a door located 

in series as e. g. in the student rooms will be calculated to 

-1 -1 - -
Z = D (tot r1 = [D (window) n + D (door) n ]n 

(10) 

In the building "to be investigated, a story containing all student rooms, lounge/laundry and 

aisle, except the c~rresponding portions of the stairwell and elevator shaft, can be described by 

substitute resistances related to each facade. The following table roughly summarizes the input 

data used for the computer modelling of the dormitory. 
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Figures 4-9 will outline principal results obtained from the calculations of air flow patterns 

in the building and pressure differences across the construction as a function of different weather 

conditions. Considering the net ingoing air flow for the entire building without referring to any 

special building surface, at 0 mls wind speed and an averaged ambient air temperature of 

13 0 C [compare Fig. (4)], there will be no additional energy requirement in the building to com­

pensate 'cold' air-infiltration except for stories lower than the 6th floor. 

TABLE 3 

Parameters used for computer modelling of the air flow in the dormitory (first calculations with constant 
surface pressure coefficients) 

Wind .direction . 

Windspeed: V (10) 

Ambient air temperature 

Indoor air temperature 
aisles (floor level) 

staircase 
elevator shaft 

Wind velocity profile 

Surface pressure coefficients 
~ windward side 
- sides, leeward side roof 

Permeabilities Dr and flow exponents np 

east 

o to 6m/s 

-15 °0 to +20 °0 

17.5 °0 (0), 21.0 °0 (I), 20.0 °0 (2) 
18.5 °0 (3),17.5°0 (4),17.0 °0 (5) 
17.0 °0 (6), 18.0 °0 (7), 18.3 °0 (8) 
21.0 °0 ' 
19.0 °0 

power law [eqn. (2)] with 0'= 3.0 

+ 1.0 
- 0.3 

See Table 2, east and west facade 
values from depress- and press blower-door 
measurements respectively; the 8th floor 
stairwell window showed a leakage area about 
2 to 3 times higher than the corresponding 
value for the other levels. 

With increasing wind speed the shape of the ingoing air flow curve will be more an~ more 

influenced by its power-law velocity profile. It is remarkable that the air flow at the ground-floor 

will not be influenced by changes in wind speed. For the same weather conditions, Figs. 5 to 8 

display the flow regimes in different selected building parts. Independent from wind speed, in 

the elevator shaft air from floors below the 5th level flow to the shaft, whereas the emanation of 

air from higher levels increases to its maximum at the 8th floor. Therefore, as a consequence of 

-10-
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conservation of mass an air current i~ the elevator shaft will transport ground-Hoor air to higher 

levels. Such an air exchange in the building may have undesired accompaniment such as the 

transport of -air pollutants like airborne bacterias and viruses -in hospitals40 or as the transport 

of odors in apartment houses16. Moreover, for the safety of occupants, such studies are a helpful 

tool to estimate the smoke movement in, a building during a supposed fire31
• 

On the other side, the air How in the staircase demonstrates a quite different behavior. To 

study this How regime, we plotted the calculated data for both the air How from the staircase 

through the windward (outside) wall air openings and the air current staircase-adjoining Hoors. 

Figs. 6 (a) and (b) show the air How throughou't the staircase windows including the emergency 

door at the ground-Hoor and the penthouse door and their driving pressure differences respec­

tively. The How regime in this part of the building is governed on one ,side by air Howing into 

the structure at lower levels and on the other side, with increasing wind speed, by a decreasing 

air loss at higher levels. The neutral air How level therefore rises up with increasing wind velo­

city. Higher wind (orces at the facade due to wind speeds larger than about 3 mls will press 

ambient'air into the staircase, even at the top of the building. This additional air How increases 

the inside pressure to such a degree that the -ground-Hoor staircase pressure will even exceed the 

outside pressure at this height, leading to an outHow of air. 

For the different levels, the amount of air blowing from the corridors into the staircase is 

plotted in Fig. 7. Higher wind speeds cause air _Hows from the shaft into the corridors through 

all staircase doors, whereas at wind speeds smaller than 2 mls indoor air from the student 

rooms and the corridors is pressed into the shaft only at lower levels. 

Referring to Figs. 6 and 7, one will establish, that at wind speeds higher than about 3 mis, 
the air current through the staircase door at the bottom of the building starts to change its How 

direction. Therefore, air pours forth through all leakage areas at the ground-Hoor. Furthermore, 

according to Fig. 7, there will be no air exchange between the different Hoors through the stair-

case. 

The following set of plots discusses the air mass How in selected building areas as a function 

of the ambient air temperature for an averaged wind velocity of 2 mls (Figs. 8 and 9). For the 

Bow regime through the corridor doors of the staircase, the stack effect for a temperature gra­

dient indoor to 'outdoor of about 35 K causes at lower levels a high air intake from the Hoors to 

the staircase (Fig. 8). The zero flow level is close to the 5th floor. With decreasing temperature 

difference, the ingoing air flow at the ground- floor decreases too _and the neutral Bow level for 

this surface of the staircase case shifts towards the ground level. 
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The temperature dependence of the net· air flow throughout the whole structure demon­

strates a well known phenomena for low temperatures [Fig. 9(a)]. Especially in areas character­

ized by low winter temperatures, the overall energy demand for a heating period to equal the 

ventilation heat load at the ground-floor of a six story building due to natural ventilation will 

be at least 2.5 times higher than the equivalent amount needed to heat the top floor41
• In our 

building, at an outdoor temperature of e = -15 0 C the above mentioned ratio will rise up to 

5.5. On the other hand smaller temperature differences lead to a more balanced air current as a 

function of building height. But even for the building under investigation located in an area 

with mild year-round temperatures, there will be a remarkable 'energy deficit' in winter time 

due to cold ambient air streaming into the lower levels and warm indoor air pressed out in the 

upper half of the structure. 

This example clearly shows, that apart from the influence of radiation processes on the 

energy consumption of buildings42, the space conditioning due to natural ventilation losses calls 

for a very sensitive control of the room heating system. Especially in the building investigated, 

the steam heating system seems to be unable to cope with this problem inducing the inhabitants 

of this student housing to control the room temperature individually, i.e., by opening the win­

dows. 

COMPARISON - MODEL AND MEASUREMENTS 

Wind and surface pressure coefficients 

Since there exists no mathematical expression to calculate accurately tbe air flow pattern 

around a building, the latter is still difficult to predict and changes for the same building shape 

from location to location due to the influence of nearby structures. In our calculation model we 

used a simplified surface pressure distribution based on the power-law dependence for the wind 

velocity profile in the atmospheric boundary layer over urban areas with constant surface pres­

sure coefficients for each surface. The flow pattern in front of the windward facade will be 

strongly affected by upstream structures. This streamline pattern striking the front of a tall 

building will be divided in an upwind flow at higher levels and a lower region governed by 

downstreaming wind, both separated by a stagnation zone. The second one separates from the 

building facade before reaching the ground level, creating a standing vortex near ground with 

sometimes hign internal wind velocities. Therefore, especially near ground level, the wind pres­

sure patter.n has to be examined very carefully. 
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Before discussing the tracer gas measurements we outline the difficulties using height 

independent surface pressure coefficients. A first comparison showed that the pressure 

differences measured at the ground Boor and 8th Boor level (see Fig. 10) cannot be explained by 

our previous and rough calculations. 

Based on this outcome; in a first step, an arbitrary modification of the wind velocity profile 

taking into account higher wind pressures neaf the ground (0 m < z < 10 m) led to a much 

better agreement but was still not satisfactory. Calculations with averaged pressure coefficients 

from Akinset al. 43 and ASHRAE Fundamentals44 based on a reference wind velocity measured 

at the roof level as well as height dependent surface coefficients from Jackman and Tech45 even 

led to increasing pressure differences (Pout - Pin) for both levels - groundBoor as well as 8th Boor 

- with increasing wind velocities (compare Fig. 11). 

Onl! a critical analysis of the built environment and the application of boundary-layer wind 

tunnel results from Hussain and Lee9 yielded satisfactory results over the whole observed wind 

speed range. These authors have studied the surface pressure profiles on a high building located 

in different upwind patterns and as a function of various height ratios (central building height 

compared to the average height of the surrounding structures). Since there' exists no experimen­

tal values for a staggered pattern of about 18%, corresponding to the upwind built-up area'in 

front of the dormitory, we tobk average values from 12.5% and 25% staggered pattern experi­

ments at a height ratio of 3. In such a way it was possible to correlate pa~rs of measured pres­

sure differences in the wind velocity range of 0 km/h to 18 km/h at 10 m above ground. Figure 

12 compares the different wind pressure profiles used in this study. 

This, as well as Fig. 11 clearly demonstrates the discrepancy between the over-hasty appli­

cation of simplified and constant surface pressure' coefficients combined with wind velocity 

values describing the Bow regime in an urban area. 

Contrary to ASHRAE Fundamentals44, representative average surface pressures -- even 

combined with a questionable correction for the lower wind velocities· near ground level -- seem 

not to be the right tool to calculate air in-/exfiltrations in taller buildings. 
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Tracer gas measurements 

The distribution of the tracer gas throughout the staircase during the first hours of the 

experiment is shown in Fig. 13. From the concentration profile in the ground-floor we extrapo­

late a ~ixing time of about 1 h to 1.5 h at a gas injection rate of (47.5 ± 1) cm3/min. 

Approaching first a maximum level near 12 ppm, the steady-state concentration at the ground­

floor levels out at 10.5 ppm. The overBowing in the first 3 hours can be explained by low winds 

pressing air in the staircase and changing the pressure distribution [compare Fig. 6(b)J so that 

the air exchange rate at the bottom of the building will be lowered. 

Fitting the tracer gas equation [eqn. (8)J to the measured SF 6 concentration curve with the 

aid of an inductance variation, we can extrapolate for calm weather conditions an air exchange 

rate at the ground Boor of the staircase of 3.5 h-1 and an effective space volume of about 75 m3. 

The latter is about two times larger than the expected physical volume of space at the injection 

place. This discrepancy can be explained either by the attached stairwell space communicating 

with the injection anteroom or by a non-recognized significant nearby air ,leakage participating 

in the air exchange and thus increasing the effective volume. On the other ,side, together with an 

approximated physical space volume of 30 m3 for the two anterooms of the stairwell (entrance 

from the lobby and through the rearward ground floor emergency door), we estimate an air flow 

. of 105 m3/h from the ground floor to the first Boor. This estimation agrees well with the com­

. pu ted value in Fig. 14. Regarding the mixing times, the ground Boo,r SF 6 concentration, calcu­

lated by the fi tted tracer gas equation reaches after 50 min 95% of the equilibrium concentra­

tion. The parameter matching for the time behavior of the SF 6 concentration at the 4th and 8th 

story shows a time delay of the "theoretical" onset of the gas mixing of 19 min and 45 min 

respectively. 

The tracer gas measurements (Fig. 10) prove the following behavior: with increasing wind 

speed, the SF 6 concentration at the ground-Boor shows a slowly increasing trend up to a wind 

speed of 4 mls to 5 mls where the gas content decreases due to outside air which is pressed 

down through the staircase. Also at the 4th and 8th level we observe the same behavior but 

already at lower wind speeds because the Bow regime at higher levels is much more inBuenced 

due to higher wind pressures on the building. A summary of the calculated air mass flow in Fig. 

14 clearly demonstrates how the flow regime, dominated by the stack effect at low speeds, 

changes over to a reversed situation, where, principally due to wind effect a lot of air is pressed 

into the building through the windward air leakages at the upper levels and pours out at lower 

stories. At a wind speed of about 3 mls a'homogenous intermediate state is built up where air is 
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pressed into the building along the whole windward facade and no air flow downwards in the 

staircase can be observed. 

For wind speeds v 10 lower than 3 mls only small changes in the tracer gas concentration at 

the different test levels were observed (Fig. 10, periods 0, 1, 2, 7 and 8). The latter values are 

according to order in agreement to the SF 6 content estimated from the computed air mass flows. 

Referring to Fig. 14 the flow regime at the 4th floor changes from up-to downwards at wind 

blowing with 3 mls to 4 mls (compare e.g., end of period 1 in Fig. 10). With increasing wind 

pressure matching the measuring periods 3 and 4, all gas concentrations show a decreasing 

trend, also the ground-floor value. This is due to the change in the air. flow direction in the 

stairwell between story 0 and 1 in the wind speed range of 4 mls to 6 m/s. With . less wind in . . 

the following observa.tion intervals,the SF6 concentration at the injection place starts to 

increase whereas the adequate values in agreement with the flow situation represented in Fig. 14 

still slowly decrease. Meanwhile the ground-floor SF6 level shows an increasing trend, the tracer 

gas content for the 4th level~ stays nearly constant due to the change in the direction of flow 

around 3 mls to 4 mis, but still decreases at the 8th floor because at every floor air containing 

SF 6 is lost into the aisles (period 5 and 6). The last regime only cha~ges when the wind pressure 

collapses and the buoyancy behavior for low wind speeds starts to be dominant in the staircase. 

Besides wind effect on the air flow through the staircase, we also simulated air flow patterns 

with varying thermal buoyancy forces, i.e. for different ambient air temperatures down to 0 0 C. 

With 12 0 C outside air temperature, the neutral pressure level at the 5th floor with zero wind 

speed rises slowly to reach the top floor with about 3 mls wind. At this temperature, the air 

flow pattern in the staircase is dominated by a change in vertical flow direction at wind speeds 

of 3 mls to 4 mls (lower speeds: air flow from bottom to top; higher wind speeds: reve~ed 

direction). The lower the outside temperature drops, the longer the thermal buoyancy effect will 

dominate the wind effect. At 0 0 C ouside temperature and 4 mls wind velocity, inside and out­

side pressure will be equalized between 7th and 8th floor. The vertical flow direction now will 

only be reversed at wind velocities between 4 mls and 6 m/s. 

CONCLUSIONS 

According to the various surface pressure profiles used in this study, strongly different flow 

patterns in the staircase were the result. Although the total air infiltration is relatively indepen­

dent of the type of pressure profile, the particular air flows throughout the building structure 

will strongly be affected by internal pressures as well as by the pressure distribution along the 
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differently oriented building surfaces. Therefore, for air infiltration computer simulation and 

possible energy savings deduced therefrom, it is important to know -- besides location and size 

of the air openings -- the actual pressure distribution along building facades. The latter can only 

be done by using local pressure coefficients from wind tunnel experiments matching the natural 

wind velocity profile as well as the surrounding building pattern as close as possible. 

. Today, the characteristics of natural wind are well understood, but the local influences of 

surrounding topography are difficult to predict. Pressure coefficients based on wind tunnel 

experiments performed on isolated building shapes are widely available but may not be applica­

ble to buildings shielded by local obstructions. More, most currently available pressure 

coefficients from building codes have been evaluated from the point of view of wind loading 

problems, i.e. for higher wind speeds. But for air infiltration purposes low wind speeds are of 

interest and therefore turbulences and pressure fluctuations may be an other important factor 

influencing the air flow pattern in a building. The accuracy of approved "multi-cell" air 

infiltration simulation methods will be significantly improved if data sets of "low-wind" pressure 

coefficients for fixed degrees of shielding and different building sizes are available. 

Besides pressure coefficients, the wind direction proved to be a key parameter too.There­

fore, to study wind-induced air infiltration problems, distribution of wind velocity and direction 

for representative weather periods are needed. 

On the other hand, the need for easy to handle examination procedures in building stan­

dards asks for more simplified calculation methods, e.g., the application of constant surface 

pressure coefficients combined with ~ wind velocity profile modified at lower levels and at the 

edges of the roof taking into account the environmental wind pattern as well as the upwind 

landscape structure. 

In the future, more research will also be needed in 

transport mechanisms in the building itself (e;g. air movement room to room with large 

openings; convective air flow) 

air infiltration in adjoining rooms of the same building showing different heights and orien­

tations 

local air change rates in industrial and warehouse buildings consisting of a large single space 

or a small number of large spaces with or without mechanical ventilation system. 
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Concluding, improved "multi-cell" computer methods for air infiltration calculation will be 

a valuable tool to 

plan HVAC systems 

examine planned ventilation systems on .air-Bows of undesirable air pollutants (e.g. airborne 

bacterias and virus in a hospital or odors in a large apartment building) 

- 'study fire safety concepts from the point of view of, smoke movement. 
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Fig: 1. (a) Subdivision of the building type according to the permeability ratio 
(leakage area of the leeward windows and doors compared to the corresponding 
value over the total building shell). 
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Fig. 9. Temperature and height dependence of: (a) total air flow into the build­
ing; (b ) air current through elevator shaft doors (windspeed: v (10). 2 m/s). 
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