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SYNOPSIS 

The p r e d i c t i o n  o f  i n f i  1  t r a t i o n  r a t e s  i n  h i g h - r i s e  bu i l d ings  
caused by superposi t ion of wind pressure across t h e  b u i l d i n g  
sk in  and stack e f f e c t  along t h e  b u i l d i n g  he ight  i s  a  complex 
problem. For t h i s  study, we performed t r a c e r  gas measurements 
and fan p ressu r i za t i on  experiments on an e i g h t - s t o r i e d  student 
residence b u i l d i n g  i n  order  t o  determine t h e  i n f l uence  o f  wind 
as we l l  as o f  t h e  stack e f f e c t  upon a i r  i n f i l t r a t i o n .  Measured 
pressure and t r a c e r  gas d i s t r i b u t i o n  were compared w i t h  those 
from a  p r e d i c t i v e  i n f i l t r a t i o n  computer model f o r  h igh - r i se  
bu i l d ings .  To study the  i n f l uence  o f  t he  a i r  f l o w  pa t te rn  around 
t h e  bu i l d ing ,  we adapted the  ca l cu la ted  a i r  f l o w  pa t te rn  i n  
the  s t a i r w e l l  t o  t h e  measured t r a c e r  gas concentrat ion w i t h  
the  a i d  o f  various wind v e l o c i t y  p r o f i l e s  c h a r a c t e r i s t i c  f o r  
urban areas and d i f f e r e n t  sets o f  upwind dependent surface 
pressure c o e f f i c i e n t s .  This comparison showed, t h a t  a  s a t i s -  
f a c t o r y  c o r r e l a t i o n  can on ly  be obtained by app l i ca t i on  o f  l o -  
c a l  pressure c o e f f i c i e n t s  from wind tunnel  experiments matching 
the  wind v e l o c i t y  p r o f i l e  as we l l  as t h e  surrounding p a t t e r n  as 
c lose as possib le.  On the  o ther  hand t h e  need f o r  easy t o  han- 
d l e  examination procedures i n  b u i l d i n g  standards asks f o r  more 
s i m p l i f i e d  methods. 

Keywords 

I n f i l t r a t i o n ,  h igh - r i se  bu i l d ing ,  stack and wind e f f e c t ,  l ea -  
kage area, fan pressur iza t ion ,  t r a c e r  gas, wind v e l o c i t y  p ro-  
f i l e s  and surface pressure c o e f f i c i e n t s ,  c r i  t i i c a l  comparison 
wind tunne l  exper iments / fu l l  -scale measurements 

Note: an extended vers ion o f  t h i s  r e p o r t  w i l l  be publ ished i n  
t h e  Journal "Energy and Bui l d i  ngs" 



NOMENCLATURE 

'i surface pressure coefficient for i-th surface 

D air-permeability: flow coefficient, volumetric air flow 
rate, at a unit ressure difference for a specified 5 building area (m /panh) 

in index: inside 

1 ee index: leewardside 

ti air mass flow (kg/h) 

n 

NPL 

out 

P 

Q 
v 
wind 

pressure exponent, between 0.5 and 1 

neutral pressure level 

index: outside 

pressure (Pa) 

volumetric air flow (m3/h) 

wind speed (m/s) 

index: wind or -wardside 

z-coordinate or height of the building (m) 

exponent in the power-law for the vertical wind ve- 
locity profile, depending on terrain roughness 

difference in conjugated item 

densi ty ( kg/m3) 

temperature (OC) 



1. INTRODUCTION 

To predict possible condensation zones and to optimize the ener- 
gy conservation in buildings, the measurement and control of a i r  
movement through a building structure has become more and more 
important. B u t  probably one of the deficiencies in most compu- 
teri  sed methods to predict energy requirements of bui 1 dings i s  
the lack of reliable algorithms to model a i r  infi l t rat ion suf- 
ficient precisely. In contrast t o  the re1 atively steady process 
of heat transmission, infi l t rat ion i s  more strongly influenced 
by rapid changes in weather conditions. Moreover, infi  1 tration 
i s  nonlinear, depending primarily on wind pressure and thermal 
buoyancy (stack-effect) , and therefore di f f icul t  to model . 
Infi l t rat ion i s  an important component of the space-conditioning 
load, especially i n  houses with above average shell thermal per- 
formance. As houses are made tighter to reduce infi l t rat ion los- 
ses, the maintenance of acceptable indoor a i r  quality begins to 
be an issue of concern1. Balancing the competing demands of ener- 
gy conservation and a i r  quality may require a target ventilation 
rate for  a structure. This, in t u r n ,  demands the existence of 
inexpensive instrumentation to measure infi l t rat ion or a model 
t h a t  will accurately predict a i r  movement in buildings2. 

Infi l t rat ion,  the random flow of a i r  through openings in the buil- 
ding surface, i s  for a s i  ngl e-fami ly house largely independent 
of the house type and structure. This flow process i s  dominated 
by the leakage structure of the building rather than by structu- 
ral type. Air flow i s  the consequence of pressure difference due 
t o  wind pressure and thermal buoyancy. Besides these driving for- 
ces, the i nfi 1 tration rate, however, depends on the ai r-permea- 
b i l i ty  of the building structure and on the distribution of lea- 
kage areas throughout the bui l ding . 
A prediction of the infi l t rat ion for high-rise buildings i s  a 
more complex problem. The pressures that drive the flow are the 
result of the superposition of wind pressure t h a t  depends on the 
elevation and orientation and the stack-effect. Recent works on 
prediction models for one-fami ly houses3 '4 demonstrate the strong 
influence of the stack-effect on the infi l t rat ion rate. The la t -  
ter  i s  even more important for high-rise buildings because of the 
magnitude of the building height5. 

AIR INFILTRATION DUE TO STACK- AND WIND EFFECT 

Air flow through a building shell i s  a combination of laminar and 
turbulent flow t h r o u g h  openings and cracks. The former i s  pro- 
portional to the pressure difference over the envelope whereas 
the l a t t e r  varies with the square root of the pressure difference. 



Two di fferenct driving mechanisms are primari ly responsible for 
natural a i r  flow in buildings -- wind pressures and buoyancy 
forces. Compared t o  the static pressure in the undisturbed wind 
velocity pattern, the pressure field around a building i s  cha- 
racterized roughly by regions of overpressure on the windward 
facade and underpressure on fa~ades parallel t o  the a i r  stream 
or on the leeward side of the building respectively. 

The ci-va1ues ("shielding coefficients") can be determined either 
from measurements on full-scale buildings or on corresponding 
small -sca1 e models in a boundary-1 ayer wind tunnel ''. 
Excluding thermal stratification, the vertical profile of the 
mean wind speed in the atmospheric boundary layer depends pri: 
marily on the surface roughness and shows an increasing velocity 
with height above ground, approximated by a power-law expression8. 

Usual ly, v ( z o )  i s  a meteorological reference wind speed recorded 
a t  a standard height of zo = 10 m above ground. 

Pressure gradients between inside and outside of the building 
also arise from changes in a i r  density due t o  temperature diffe- 
rences between ambient a i r  and a i r  inside (stack-effect) 

with ZNpL as the neutral pressure level, the height on the buil- 
ding fa~ade  where the interior pressure equals the exterior. The 
stack-effect pressure gradient only depends on the absolute in- 
side/outside temperature, whereas the height of the NPL will be 
determined by the a i r  leakage distribution. In practice the NPL 
height i s  rarely knwon and stack pressure i s  normally expressed 
relative to the lowest opening. 

Referring t o  infiltration, a building can roughly be described 
with the aid of the four fol lowing border-1 ine cases5: 

a )  row house 
b)  detached house 

I-t row M e  

F i g .  la: 
Subdrvtsron of the burld~ng type accordrng to the - 
permeabrl~ty ratlo (Imkoge a r m  of the leeward 
wrndows and dwrs compared to the correspondrng 
value over the toral burldrng shell1 L f - f  A 

delahed house 



c )  story-type 
construction 

d) shaft-type 
construction 

shoft type building 
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This subdivision into four basic categories i s  based on a com- 
parison of the permeability behavior of a building as function 
of i t s  location (influence of wind e f fec t )  as well as of i t s  con- 
struction type (influence of stack-effect) .  

The influence of wind flow on the building with overpressure on 
the upwind and underpressure on the separated walls will be de- 
termined by the permeability r a t i o  R (= total  permeability walls 
separated from wind flow / overall permeability building facades). 
Row houses can be described w i t h  an average R-ratio of 0.5, where- 
as the corresponding value fo r  detached houses r i ses  up t o  0.7. 

In a shaft-type building the buoyancy forces will grow u p  extreme- 
ly strong contrary t o  the story-type counterpart w i t h  i t s  small 
stack ef fec t  only w i t h i n  each story. 

3.  EXPERIMENTS 

3.1 Test building - location and layout 

The four dormitories comprising U n i t  I of student housing for  the 
University of California a t  Berkeley occupy a 0.9 ha s i t e  two 
blocks south of the campus. The surrounding blocks are mostly 
three-story residential  apartments. The dorms are identical nine- 
story buildings, arranged on the periphery of the block, oriented 
both north/south and east/west. The s t ructure i s  reinforced con- 
crete  with metal curtain walls and cast  stone g r i l l s  on the ex- 
t e r i o r  wall of the u t i l i t y  rooms. 



Fig.2: Building location, staircase 
section and typical floor plan 

3.2 Blower-door measurements 

The pressure-flow characteristics for specific building parts 
were measured using a door-mounted, variabl e-speed fan capable 
of moving large volumes of air into or out of a structure. Na- 
tural 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 Ap is larger 
than 10 Pa, fan flow dominates natural infiltration and the latter 
may be disregarded. At a given Ap and a fan speed, the flow of 
air is determined indirectly by means o f  a previously established 
calibration curve (i.e. from flow vs. RPM characteristics at 
different pressure differences). With the aid of measurements at 
discreet Ap's in the over- as we11 as underpressure region (-70 Pa 
to -1-70 Pa), the parameters D and n are fitted to the following 
equation characterizing the air flow through a leaky building 
shell : 

As example the following graph demonstrates the different pressure- 
flow regimes in the stairwell due to changes in leakage area by 
opening previously sealed ai r cracks. 



Boundary- Press Depress 
c o n d i t i o n s  D n  D n  
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Fig.3: Pressure-flow 
characteristics and a i r  
leakage parameters for 
different structure parts 
of the stairwell (blower- 
door  measurements) 
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3.3 Tracer gas and pressure measurements 

The a i r  flow in the stairwell was determined using a tracer gas 
technique. Injecting SF6 a t  the ground-floor a t  an electronically 
controlled constant flow rate,  i t s  concentration a t  the l s t ,  4 t h  
and 8th floor were recorded together with pressure differences 
(ground-floor and 8th floor) and temperatures as a function of 
time. Mu1 t ip le  sampling throughout the stairwell crossections 
provided properly averaged measurements of the SF6 concentrations 
a t  the selected floor levels. 

The tracer gas concentration i t se l f  was determined from infrared 
transmission losses in an 1.5 m gas cel l .  

A capacitive potentiometer with a thin, prestressed metal dia- 
phragm as variable, sensitive element was used as differential 
pressure sensing element. 

4. COMPUTER SIMULATIONS 

The calculation of natural ventilation rates in a building i s  a 



complex task. Simulation programs using an i terat ion method are  
normally based on a network containing a large number of non-li- 
near equations. Therefore, the only useful tool to  get a solu- 
t ion i s  a digi ta l  computer9. 

A routine, developed a t  the Hermann-Rietschel -Insti tute1'  ' I1  and 
which was the framework for  the computer model used in t h i s  stu- 
dy, calculates solutions of i t s  non-linear equations system using 
Newton's i t e ra t ive  method. The building t o  be examined will be 
subdivided in zones with the aid of a threedimensional scanning 
f ie ld .  The grid elements are represented by nodes each associated 
with a zone pressure. These nodes are connected among themselves 
via the zone boundaries characterized by the i r  permeabilities, 
exponents of the pressure difference and mass flows. With f 1 oors , 
stairwell  and elevator shaft  represented by a ser ies  of rooms 
(nodes), each a t  a specific pressure and temperature, the move- 
ment of a i r  through the building will be computed by a program 
based on steady-state pressure dependent mass flow balances a t  
each f loor  as well as in the two shafts (elevator shaft  and 
s ta i rwel l ) .  The net mass flow between in- and outgoing a i r  through 
the a i r  openings of the r - t h  surface will be calculated by: 

with experimental permeabilities Dr and pressure exponents nr  
from blower-door measurements. 

In a f i r s t  run, the wind-induced pressure f i e l d  around the buil- 
ding was calculated using an exponential wind velocity profi le  
for  urban areas (a CL 312) and mean pressure shielding coeffi-  
c ients  of 1 for  the upwind and -0.3 for  separated flow regions 
(sides,  rear ,  f l a t  roof).  According to  meteorological data from 
the measuring period the mean wind direction for  calculations was 
selected t o  be from east.  For such wind directions perpendicular 
to  a main building fasade, the wind pressure a t  a specified height 
will normally be idealized by width-undependent pressure coeffi-  
cients f o r  each surface orientation. Therefore, a t  each f loor ,  
a l l  rooms with equal door- and window permeabilities and the 
same orientation as for  the f a ~ a d e ,  can be mathematically treated 
as one room. Since permeabilities are  additive l ike  conductances 
in an e lec t r ica l  network, such a simplified room can be attached 
to  a resulting permeability. Hence, the flow resistance fo r  a 
window and a door located in ser ies  as  e.g. in the student rooms 
wi 11 be calculated to  

- 1 -1In -l/n n 
= Dto t  = ( D w ~  ndow Ddoor) 

In the building t o  be investigated, a storey containing a l l  stu- 
dent rooms, lounge/loundry and a i s l e ,  except the corresponding 
portions of the stairwell and elevator shaf t ,  can be described 
by subst i tute  resistances related to  each fasade. The stack-effect 
pressure gradient was calculated on the basis of temperature in- 



duced a i r  density differences. 

The fol lowing figures will out1 ine principal resul ts  obtained 
from the calculations of the a i r  flows in the building and the 
pressure gradients in the construction as a function of diffe-  
rent weather conditions. Considering the net ingoing a i r  flow 
for  the en t i r e  building without referring to  any special buil- 
ding surface, a t  0 m/s 
wind speed and an ave- s 

aged ambient a i r  tempe- a ,  

rature of 13O~,  there 7 .. 
will be no i n f i l t r a -  
tion loss  in the buil- 

8 .  

ding due to  ventilation 5'- 
except fo r  s tor ies  
lower than the 6th 
floor.  v(lOl . 0.0 us 

~ ( 1 0 1  . 2.0 d S  

~ ( 1 0 1  3.0 u s  

Fig.$: Influence of wind ' '  ~ ( 1 0 )  - 4.0 4 s  

velocity on a i r  flowing 
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into the building INGO[NC A I R  FLOW [KCIHI 

(eOut = 130C) 

With increasing wind speed the shape of the ingoing a i r  flow curve 
will be more and more influenced by i t s  power-law velocity pro- 
f i l e .  I t  i s  remarkable tha t  the a i r  flow a t  the ground-floor will 
not be influenced by changes in wind speed. I n  the elevator shaft  
-- independent from wind speed -- a i r  from fl-oors below the 5th 
level flows t o  the shaf t ,  whereas the emanation of a i r  from higher 
levels increases to  i t s  maximum a t  the 8th floor.  Therefore, as 
a consequence of conservation of mass, an a i r  current in the ele- 
vator shaf t  will transport groundfloor-air to higher levels.  Such 
an a i r  exchange in the building may have undesired accompaniments 
such as the transport of a i r  pol lutants13 or of odors i n  apartment 
houses. Moreover, for  the 
safety of occupants, such 
studies a re  a helpful 
tool to  estimate the 
smoke movement in a buil- 
ding during a supposed 
f i r e .  

BM " 13% - v 0 0 )  - 0.0 Ids  

. V(lO1 . 2.0 u s  
Fig.5: Air flow through ---- v(lol - J . ~  us 

-- openings of elevator ~ ( 1 0 ~  . 4.0 ds 

shaft  f o r  different  wind -dm -388 -2BB -leE B la 288 ME 488 

speeds = 130C) exfaltratm A I R  FLOW MGMI ~~~~t~ 

O n  the other s ide,  the a i r  flow in the s taircase demonstrate a 
quite different  behavior. To study th i s  flow regime, we plotted 
the calculated data for  both the a i r  flow from the s ta i rcase  



through the windward (outside) wall a i r  openings and the a i r  
current staircase-adjoining floors. The flow regime in th is  part 
of the building is  governed on one side by a i r  flowing into the 
structure a t  lower levels and on the other side, with increasing 
wind speed, by a decreasing a i r  loss a t  higher levels. The neu- 
tral  a i r  flow level rises up with increasing wind velocity. 
Higher wind forces a t  the f a ~ a d e  due to wind speeds larger than 
about 3 m/s will press ambient a i r  into the staircase, even a t  
the top of the building. This additional a i r  flow increases the 
inside pressure to such a degree t h a t  the ground-floor staircase 
pressure will even exceed the outside pressure a t  this height, 
leading to an outflow of a i r .  

Bout - 13% 
- "I101 - 0.0 Ids 

' ' v(lO1 - 2.0 Ids 
earl - U% ---- v(101 - 3.0 Ids 
- -- ~1101 - 4.0 Ids ~(101 - 0.0 d r  

~ ( 1 0 )  - 2.0 d s  ovtrpressure starwell underpressure stauwell ---- "(10) - 3.0 Ids 
a s -- -5 18 

~110)  - 4.0 Ids 
PRESSURE DIFFERENCE [PA] pM- PI" 

-488 -388 -288 -1BB B 188 288 388 488 

m t m s  a A I R  FLOW M C M I  Wne Sr 

Fig.6 and 7: Computer calculated in-/exfiltration flows in the 
staircase through a i r  leakages in the outside windward surface 
of the building ( l e f t )  and their  driving pressure difference 
forces ~p = pout - Pin (r ight)  as function of the building height 
(Bout  = 13'~) 

Higher wind speeds cause a i r  flows from the shaft into the corri- 
dors through a l l  staircase doors, whereas a t  wind speeds smaller 
than 2 m/s indoor a i r  from the student rooms and the corridors i s  
pressed into the shaft 
only a t  lower levels. 
There will be no a i r  ex- 
change between the dif- 
ferent floors through the 
staircase. 
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The temperature dependence of the net a i r  flow throughout the 
whole structure demonstrates a well known phenomena for low tem- 



peratures. Especially in areas characterized by low winter tem- 
peratures, the overall energy demand for  a heating period to equal 
the ventilation heat load a t  the ground-floor due to  natural ven- 
t i l a t i o n  will be a t  leas t  a few times higher than the equivalent 
amount needed to  heat the top floor14. In our building, a t  a 
supposed outdoor tempera- 
ture of 0 = -15OC, the 
above-mentioned ra t io  

8 .. 

would r i s e  up t o  5.5. 7 .. 

On the other hand smaller s.. 

temperature differences 
lead t o  a more balanced E 

In 

a i r  current as a func- 
tion of building height. v,,, - 2 m h  

3 .. - BOUT - -1s OC 
2 .. e,, - 10 Ot ---. BOUT - 1s OC 

-- BOUT - 20 OC 

588 lea 1~ zeea 
INGOING AIR FLOW [KGMI  

v,,, - 2 m h  
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h l d l r a t m  
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\ 
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Fig.9/10/11: Temperature- and height dependence of 
- to ta l  a i r  flow into the building (top) 
- a i r  flow through openings i n  the outside surface of the s t a i r -  

case (middle) 
- pressure differences between windward bui 1 ding facade and s t a i r -  

case (bottom) 

This calculation example clear ly shows, tha t  space conditioning 
due to  natural ventilation losses ca l l s  for  a very sensitive con- 
t rol  of the room heating system. 



5. CQMPARISQN - MODEL AND MEASUREMENTS 

5.1 Wind and surface pressure coefficients 

Since there exists no mathematical expression t o  calculate accu- 
rately the a i r  flow pattern around a building, the l a t t e r  i s  s t i l l  
d i f f icul t  to predict and changes for the same building shape from 
location to location due t o  the influence of nearby structures. 
Especially the flow pattern in front of the windward facade will 
be strongly affected by upstream structures. This streamline 
pattern striking the front of a t a l l  building will be divided 
i n  an upwind flow a t  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 some- 
times h i g h  internal wind velocities. Therefore, especially near 
ground level, the wind pressure pattern has to be examined very 
carefully. 

Before discussing the tracer gas measurements we outline the di f f i -  
culties using height independent surface pressure coefficients. A 
f i r s t  comparison showed that e.g. the pressure differences mea- 
sured a t  the ground- and 8th floor level cannot be explained by 
our  previous and rough calculations. 

Fig.12: Extract from pressure- and tracer gas measurements a t  
the dormitories, average outside temperature Bout = (12  2 1 )oC 

Based on this  outcome, in a f i r s t  step, an arbitrary modification 
of the wind velocity profile taking into account higher wind 
pressures near the ground (0  m < z < 10 m )  led to a much better 
agreement b u t  was s t i l l  n o t  satisfactory. Calculations with ave- 



raged pressure coefficients from Akins e t  a1 . l 5  and ASHRAE Funda- 
mental sl"ased on a reference wind velocity measured a t  the roof 
level as well as height dependent surface coefficients from Jack- 
man and Tech17 even led t o  increasing pressure differences Ap = 
(pout - p i n )  for both levels - groundfloor as well as 8th floor - 
wi t h  i ncreasi ng wind vel oci t ies.  . 

AP = pout - Pin (staircase) 
C - s  ~.~~ 11-le-1011 

G - W C  

Fig.13: Comparison of 
the cal cul ated pres- 
sure differences a t  
the ground- and 8th 
floor for different 
surface pressure pro- 
fi les.  
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Fig. 14: Comparison of the different wind pressure profiles tested 
in this computer ~imulation study (vwind (10 m )  = 3 m/s) 



Only a c r i t i c a l  analysis of the bui l t  environment and the appli- 
cation of boundary-layer wind tunnel resu l t s  from Hussain and 
Lee6 yielded sat isfactory resu l t s  over the whole observed wind 
speed range. These authors have studied the surface pressure pro- 
f i l e s  on a high building as function of different  upwind patterns 
and various height ra t ios  (central building height t o  average 
height of the surrounding s t ructures) .  Since there ex is t s  no ex- 
perimental values for  a staggered pattern of about 18%, corre- 
sponding to  the upwind built-up area in front  of the student re- 
sidence building, we took average values from 12,5% and 25% 
staggered pattern experiments a t  a height r a t io  of 3 .  In such a 
way i t  was possible to  correlate  pairs of measured pressure dif-  
ferences in the wind velocity range of 0 km/h t o  18 km/h a t  10 m 
above ground. 

This study clear ly demonstrates the discrepancy between the over- 
hasty application of simplified and constant surface pressure 
coefficients in combination with an exponential equation for  the 
wind velocity profi le .  Representative average surface pressures 
- even combined with a questionable correction for  the lower wind 
veloci t ies  near ground level16 - seem not to  be the r ight  tool t o  
calculate a i r  in-/exfi 1 t ra t ions ,  especially fo r  high-rise buil- 
dings with near ground vor t ic i ty  e f fec ts  and/or large roof over- 
hangs. 

5.2 Tracer gas measurements 

Fi t t ing the t racer  gas equation to  the measured SF6 concentration 
curve with the aid of an inductance variation, we can extrapolate 
fo r  calm weather conditions an a r exchange ra te  a t  the ground- 
f loor  of the s ta i rcase  of 3,5 h-' and an effect ive space volume 
of about 75 m3. The l a t t e r  i s  about two times larger than the 
expected physical volume of space a t  the injection place. This 
discrepancy can be explained e i ther  by the attached stairwell  
space communicating with the injection anteroom or by a non-re- 
cognized s ignif icant  nearby a i r  leakage participating in the a i r  
exchange and thus increasing the effect ive volume. On the other 
side together w i t h  an approximated physical space volume of 3 30 m f o r  the two anterooms of the stairwell  (entrance from the 
lobby and through the rearwar ground-floor emergency door), we !I estimate an a i r  flow of 105 m / h  from the ground f loor  t o  the 
f i r s t  f loor .  This estimation agrees we1 1 with the computed value 
( tab le  I ) .  Regarding the mixing time the ground f loor  SF6 con- 
centration calculated by the f i t t e d  t racer  gas equation reaches 
a f t e r  50 min 95% of the equilibrium concentration. The parameter 
matching for  the time behavior of the SF concentration a t  the 
4th and 8th story shows a time delay of f he "theoretical" onset 
of the gas mixing of about 20 min and 45 min respectively. 



3 Table I :  Air mass flow (m /h) throughout the stairwell  f o r  wind 
speeds vl0 of u p  t o  6 m/s, Bout Q 1 2 ' ~  

The t r ace r  gas measurements (figure 12) prove the fo1 lowing be- 
havior: With increasing wind speed, the SF6 concentration a t  the 
ground-floor shows a slowly increasing trend up  to  a wind speed 
of 4 m/s t o  5 m/s where the gas content decreases due t o  outside 
a i r  which i s  pressed down through the staircase.  Also a t  the 4th 
and 8th level we observe the same behavior but already a t  lower 
wind speeds because the flow regime a t  higher levels i s  much more 
influenced due t o  higher wind pressures on the building. A summa- 
ry of the calculated a i r  mass flow in table I c lear ly  demonstra- 
t e s  how the flow regime, dominated by the stack e f fec t  a t  low 
speeds, changes over to  a reversed s i tuat ion,  where, principally 
due t o  wind ef fec t  a l o t  of a i r  i s  pressed into the building 
through the windward a i r  leakages a t  the upper levels and pours 
out a t  lower s tor ies .  A t  a wind speed of about 3 m/s a homogenous 
intermediate s t a t e  is bu i l t  up  where a i r  i s  pressed into the buil- 
ding along the whole windward f a ~ a d e  and no a i r  flow downwards 
the s ta i rcase  can be observed. For wind speeds v10 lower than 
3 m/s only small changes i n  the t racer  gas concentration a t  the 
d i f fe rent  t e s t  levels were observed (figure 12, period 0,  1 ,  2, 
7 and 8 ) .  The l a t t e r  values a re  according t o  order in agreement 
t o  the SF6 content estimated from the computed a i r  mass flows. 
Referring to  table  I the flow regime a t  the 4th f loor  changes 
from up-to downwards a t  wind blowing w i t h  3 m/s t o  4 m/s (com- 
pare e.g. end of period 1 in figure 12).  With increasing wind 
pressure matching the measuring periods 3 and 4, a l l  gas concen- 
t ra t ions  show a decreasing trend, a lso the ground-floor value. 
This i s  due t o  the change in the a i r  flow direction in the s t a i r -  
well between story 0 and 1 i n  the wind speed range of 4 m/s to  
6 m/s. With less  wind i n  the following observation intervals ,  
the SF6 concentration a t  the injection place s t a r t s  t o  increase 
whereas the adequate values i n  agreement with the flow si tuat ion 
represented in table I s t i l l  slowly decrease. Meanwhile the 
ground-floor SF6 level shows an increasing trend, the t racer  gas 
content for  the 4th level stays nearly constant due to  the change 
in the direction of flow around 3 m/s to  4 m/s, b u t  s t i l l  de- 
creases a t  the 8th f loor  because a t  every f loor  a i r  containing 
SF6 i s  l o s t  into the a i s l e s  (period 5 and 6 ) .  The l a s t  regime 
only changes when the wind pressure collapses and the buoyancy 
behavior for  low wind speeds s t a r t s  t o  be dominant in the s taircase.  



6. CONCLUSIONS 

To predict energy saving in f i l t r a t ion  reductions with the aid of 
a i r  flow calculations i t  i s  necessary to  know the actual pressure 
dis tr ibut ion along the building facades. This can only be done 
by u s i n g  local pressure coefficients from wind tunnel experiments 
matching the wind velocity profi le  as  well as the surrounding 
building pattern as close as  possible. 

The character is t ics  of natural wind are well understood, b u t  the 
local influences of surraunding topography are d i f f i c u l t  t o  pre- 
d ic t .  Coefficients based on wind tunnel experiments performed on 
simple building shapes a re  widely available b u t  may not be appli- 
cable t o  buildings shielded by local obstructions. Much work i s  
s t i l l  required t o  develop simple rules to  cope with t h i s  problem. 

On the other hand the need for  easy to  handle examination proce- 
dures i n  building standards asks for  more simplified calculation 
methods, e.g. the application of constant surface pressure coeffi- 
c ients  combined with a wind velocity profi le  modified a t  lower 
levels  and the edges of the roof taking into account the en- 
vironmental pattern and the upwind landscape structure.  

In the future,  more research will a lso be needed in 
- transport mechanisms i n  the building (e.g. a i r  movement room 

t o  room with large openings; convective a i r  flow) 
- a i r  in f i l t r a t ion  in rooms of the same building but with diffe- 

rent  heights and orientations. 

REFERENCES 

1. Wanner, H.U. :  Indoor a i r  quality and minimum ventilation, 2nd 
Air Inf i l t ra t ion  Centre (AIC) Conference: Building Design for  
Minimum Air Inf i l t ra t ion ,  Stockholm (1981 ) 

2. Carnahan, W.  e t  a1 . : Efficient Use of Energy, AIP Conference 
Proc. 25, part 111, section C6, 81 (1975) 

3.  Sherman, M.: Air in f i l t r a t ion  in buildings, Ph.D. Thesis, 
Lawrence Berkeley Laboratory ( L B L )  , LBL-10712, Berkeley (1 980) 

4. Alexander, D . K .  and Etheridge D.W.: The British Gas Multicell 
Model for  Calculating Ventilation, ASHRAE Trans. 86(11),(1980) 

5. Esdorn, H. and Brinkmann, W .  : Der Luftungswarmebedarf von Ge- 
bauden unter Wind- und Auftriebseinflussen, Gesundheits-Ing- 
genieur 99(4), 81 (1978) 

6. Hussain, M. e t  Lee, B . E . :  An investigation of wind  forces on 
three dimensional roughness elements in a simulated atmosphe- 
r i c  boundary layer, Dep.Build.Sci . reports BS 55-57, Univer- 
s i t y  of Sheffield (1980) 



7. Dagl i esh, W .  A. : Compari son af model /full -scale wind pressures 
on a high-rise building, J. Ind. Aerodynamics 1, 55 (1975) 

8. Cermak, J.E.: Aerodynamics of Buildings, Ann. Rev. Fluid Me- 
chanics 8, 75 (1976) 
Davenport, A.G.: The interaction of wind and structures in 
"Engineering Meteorology", Elsevier, Amsterdam, 527 (1982) 

9. Feustel, H.: Research into the Ventilation of Dwellings - 
Theory before Practice, AIC - Translation No. 14 

10. Esdorn, H. et al.: Bauliche und luftungstechnische Massnahmen 
gegen unerwunschten Luftaustausch zwischen Raumen unterschied- 
lichen hygienischen Standards, Final Report of the TP F2/2 of 
SFB 159, TU Berlin (1976) 

11. Feustel, H. and Esdorn H.: Mass flow distribution in high-rise 
buildings with forced ventilation systems, Proc.Int.Conf. 
System Simulation in Buildings, Liege, Belgium (1982) 

12. Davenport, A.G. : A rational for the determination of basic 
design wind velocities, J. Struct. Div. 86, 39 (1967) 

13. Feustel , H. : Schutzdruckhal tung - ein Mittel zur Reduktion 
des aerogenen Keimtransportes, Proc. 5th Symp. on hospitals , 
Hannover (1 978) 

14. Esdorn, H. and Feustel, H.: Maschinelle und freie Luftung von 
Wohngebauden - ein Vergl eich, Proc. XXI Int. Cong. Building 
Services Engineering , Berl in (1 980) 

15. Akins, R.E. et al.: Averaged pressure coefficients for rec- 
tangular buildings, Proc. 5th Int. Conf. Wind Engineering, 
Fort Col 1 ins, Colorado, Vol . 1 , 369 (1 979) 

16. - Air Flow around buildings, ASHRAE Handbook of Fundamentals, 
chap. 14 (1981) 

17. Jackman, P.J. and Tech, B.: A study of the Natural Ventila- 
tion of Tall Office Buildings, J. of Int. Heating and Venti- 
lation Engineer 38, 103 (1970) 


