
Bwilding ond Environment, Vol. 28, No, ), pp. 25>-269. 1993. 
Printed in Great Britain. 

0360-1323/93 S6.00+0.00 
«:! 1993 Pergamon Press Ltd. 

The Protection Ability of the Building Shell 
Against Sudden Outdoor Air 
Contamination 

KAI SIREN* 

A sudde11 co111am i11ation of the oradoor air by some to:o:ic gas can have several causes. To find out 
the protection afforded by sheltering indoors was tire primary goal of tire int•es1igu1ion. Tire object 
of the computational approach was a single fam il,v house with llYo floors. Three different models 
were utilized to calculate the i11filtro1ion air flows, 1lre com ami11a111 1ranspor1 inside tire building 
and tire temperature decay of the building. Tire variation ill tire weather parameters was /Teated 
using tire two·dimensiona/ distributio11 of the outdoor air temperature and wi11d speed and a 
statis tical approach. The resulis show tire cwnula1iue distribution f 1111ctions of 1lre relative doses 
inside tire building for different t ighmess levels and exposure times. 

NOMENCLATURE 

C concentration (cu) 
C, concentration in zone i (cu) 
D dose (cu h) 

o• relative dose (%) 
( D ) mean dose (cu h) 

( D• ) relative mean dose(%) 
D1 dose in zone i (cu h) 

D .. , dose outdoors (cu h) 
f(w, T) frequency funct ion of the two dimensional temperature 

speed distribut ion (%) 
f(( D•(t)) frequency function of the relative mean dose(%) 
F((D•tt))) cumula tive frequency function of the relative mean 

dose(%) 
K ftow coefficient (kg h - 1 Pa") 
n flow exponent ( - ) 

n so air change rate at 50 Pa (l/h) 
N number of zones in the building ( - ) 
p,1 frequency, two dimensional ( - ) 
P• frequency, one dimensional ( - ) 

!:J.p pressure difference (Pa) 
P probability (%) 

q., mass.How rate (kg s- 1) 

I time, exposure time (h) 
t' dummy va riable of integration (h) 
t., advance time (h) 
T air temperature (0 C) 
w wind speed (m s- 1

) 

a risk (%) 
cu contaminant unit 

INTRODUCTION 

A SUDDEN contamination of the outdoor air is possible 
for several reasons : An accident during the trans­
portation of liquid agents, a sudden emission from an 
industrial plant or a disaster in a nuclear power plant. 
These are some examples of ' t>henomena with drast ic 
consequences but quite a small probability. The emis­
sions from traffic can also occur suddenly during ~he rush 
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hour, Fig. I [I] and appear every day with a probability 
of one hundred per cent. The simplest and fastest way 
for people to shelter in such a situation is to go inside a 
building. The building shell does not, however, give a 
perfect protection. The contaminated outdoor air pene­
trates the building through cracks, openings and the 
ventilation network. The concentrations and conse­
quently the doses begin to grow inside, although not 
as fast as outdoors. What is the reduction in the dose 
compared to outdoors? What action should the inhabi­
tants take to minimize the dose? Finding an answer to 
these questions was the main goal of this investigation. 
The consequences of such events to the indoor air con­
centration and dose levels have been studied [2-4], yet not 
many publications dealing with this subject are available. 
The authori ties responsible for the regulations regarding 
the air lightness of buildings and sheltering strategy for 
emergency situations should in particular have some 
quantitative knowledge to support their decisions. 

In this investigation a computational approach to the 
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Fig. I. Measured concentrations in the outdoor air caused by 
the traffic (I]. 



256 K. Siren 

prob.lem has been chosen. To make measurements wou ld 
have been the other possi ble way. It would , however be 
a very laborious and expensive way, and if the influence 
of the building tightness and lhe weather statistics were 
also to be investigated, the amount or work would be 
enonnous. Computing tools to calculncc the infiltration 
and exfillration air flows have been available already for 
some time [5] and development of lhe codes continues [6]. 
In the presept a pplication the transport of contaminants 
inside the building is an additional phenomenon to be 
mastered. The air flows through doorways and other 
large openings inside the building tend to be bidirectional 
and a sufficient algorithm for this purpose combined 
with the multi-zone calculation must also be available. 
Moreover if e.g. the influence of the heating cutoff is LO 

be investigated, a thermal model of the building is needed. 
Sudden outdoor air contamination is usua lly caused 

by boch pa rticles and 'gases. For example, the emissions 
from traffic contain many gases but also a great amount 
of different kinds of particles. The Chernobyl accident 
produced radioactive particles but the greater part of the 
radioactive iodine was in gaseous form [7]. The behaviour 
of gases and panicles during penetration into the building 
is quite different and must be taken into consideration. 
A gas usually goes through the construction as such 
without any absorption or similar processes taking place. 
The particles are partly filtered in the construction in a 
way which is not known for the present. Anyhow, the 
size diSLribu.tion of the parlides, the tighlncss of the build­
ing and the details of the construction influence the par­
ticle penetration. 

In this paper the protection ability of a single family 
house is reported . A sudden gaseous contamination of 
the outdoor air is the starting point for the computational 
investigation. The people have sheltered inside the build­
ing. All the outer doors and windows arc closed. The 
ventilation is cut off and the ductwork plugged up. 

THE BUILDING 

Constrr1ctio;1 
The object of the computational examination is a single 

family house with two floors and a ridge roof, Fig. 2. 
This type of building is quite common in Finland and the 
other Nordic countries. Very often it is a pure wooden 
construction, but can be bri.ck faced as well. The materials 
are not of great importance to the infiltration calculation. 
The thennal behaviour of the building does, however, 
depend on Lhe materials used in the construction. The 
building is not a real existing one. It only represents a 
common type of house and its leakage characteristics can 
for calculation purposes be fixed on cercain levels, no 
matter what materials and working methods are used in 
practice. The first floor has five rooms: a living room, 
kitchen, bedroom, bathroom and hall. The second floor 
consists of five rooms too : three bedrooms, a hall and a 
WC. The floors are connected by stairs of a very open 
type. The total floor area of the living space is 140 m 2 

and the corresponding volume is 315 m 3• 

Airtightness 
The location and distribution of the leakage sites and 

the total airtightness of a building are somewhat indi-

vidual. building-speci fic properti1:s. Some knowledge of 
these properties docs exist [8- 11 ], however, the differ­
ences between various buildings can be remarkable. 
Potentia l leakage sites a rc all joints between walls. 
ceilings, floors, windows and doors. The infiltration can 
take place through porous material layers as well. 
Further, aU passages of pipes, ducts and wires through 
the building shell can fom1 routes for the a.ir. To describe 
the total tightness of the building shell, the air change 
rate at 50 Pa, often referred to as the 11 50 value. was 
utilized. The envelope leakage area was changed. keeping 
the leakage distribution constant. to achieve different 
tightness levels. Values between 1.0 l/h and 15.0 I for 
the 11 , 0 value were used, which should. according to 
measurements [10-13]. cover mot of the building stock 
in Finland and other countries with a similar climate. 

Ventilation system 
In an emergency situation when people arc sheltering 

indoors, one of the most urgent tasks is to cut off the 
venti lation and plug the ducts. This is assumed to happen, 
and for this reason the effect of the ventilation ducts has 
not been treated separa tely in the calculations and the 
object building contains no description of a ventilation 
system. However. if plugging is omitted. the ventilation 
ducts form an additional Ro' path which is connected 
para.lie! with the other Ho routes of the building 
en elope. This means that the 11 50 value of the envelope 
nnd of the ductwork can be added to form the air change 
rate at 50 Pu of the whole system. A mechanical exhaust 
system for a single family house designed in the con­
ventional Finnish manner raises the n $0 value of the 
building of abou t I l/h. The corresponding figures for a 
natural ventilation system and a system with mechanical 
exhaust and upply are of the order of 1.6 l/ h and 2 l/h , 
respectively. 

E11viro11me111 
The environment or the building has a strong influence 

on the indoor conditions when contaminated outdoor 
air penetrates the building. The topography of the area. 
vegetation, other buildings and man-made constructions 
mainly affect the process in two ways : first , by guiding 
the flow or the outdoor air and in some cases creating an 
unhomogeneous concentration distribution in the area 
and second, by affecting the wind induced pressure on 
the outer surfaces of the building shell, and as a conse· 
quence the air Rows through the envelope. In the cal­
culations of the infiltration air flows, measured wind 
pressure coefficients of a real building in a real environ­
ment were used [14]. 

COMPUTING TOOLS AND PROCEDURE 

Air flows 
To calculate the infiltration, exfiltration and internal 

air flows of the object building, a multizone infiltration 
and ventilation simulation program MOVECOMP [15] 
was used. On the basis of the input data the program 
forms a flow network with pressure nodes and flow paths. 
The mass balances of the nodes and the characteristics 
of the flow paths make up a system ofunlinear algebraical 
equations. MOVECOMP solves this system of equations 
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BEDROOM 
Zone 5 

3 Vol . 31.4 M 

Ter1p. 21.0°C 

LIVINGROOM 

Zone 1 3 Vol. 52.6 M 

T eMp. 21.1 °c 
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Zone 3 
Vol. 16.6 M 
TeMp. 21.0 C 
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BAE 28:3-C 

Fig. 2. The building. 
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using the Newton-Ra.phson algorithm improved with 
ideas from non-linear optimization. As an output the 
mass fiow rates through the flow paths and the pressures 
of the nodes are given. The physical phenomenon relating 
to the air flow through the building shell is well known 
and with a properly working code the reliability of the 
results mainly depends on the input data. The user should 
be able to estimate the flow coefficients the parameters 
related to the flow paths and other input data well enough 
to gel trustworthy results. Thus the question of reliability 
is directed at the user of the program nnher than at the 
program itself. 

Contami11a11t transport 
The concentrations and doses versus time in the rooms 

of the single family house caused by contaminated out­
door air infiltration were calculated using a computing 
tool MUL TIC { 16] developed especially for this purpo e. 
The calculation is based on the multi-zone theory where 
the mixing of the contaminant in each zone is a ·sumed to 
be complete and instantaneous, which leads to a uniform 
concentration inside each zone. The circulating air flows 
through large openings between adjacent zones are cal­
culated using a simple analytical procedure [17]. The 
input data are the temperatures. volumes. exhaust flow 
rates and initial concentrations of the zones and che net 
flow rates between the zones. The exhaust flow rates and 
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the net flow rates are produced by MOYECOMP, lhc 
other data is given by the user. The output d:na contains 
the time evolution of the concentrations and the doses in 
each zone. The movement of air inside a building is an 
extremely complicated process. For this reason a pro­
gram like MUL TIC has to contain several quite rough 
assumptions to be able to treat this subject al all. One 
assumption is the uniformity of the concentrations. 
others are included in the procedure for calculating the 
circulating air flows between the zones. The doubt about 
the reliability of the results is justified. Some validation 
has been done [18. 19] and it shows that the success varies 
from case to case. Generally the results are, however. 
satisfactory and the performance of the program can be 
considered sufficient for this investigation. 

Thermal dynamics 
To be able to predict the thermal behaviour of the 

building. and especially the changes in the indoor air 
temperature when the heating is cut off. a simple thermal 
model TOYN (20] was used . The model is a control 
volume heat balance model consi ting of fifteen themrnl 
capacities. The mathematical solution is achieved using 
the finite difference scheme. The derivatives of the tem­
peratures are weighted according to the Crank- icolson 
method. The parameters of Lhe model were identified 
using temperatures measured in a building according to 
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Fig. 3. The frequency distribution of the relative mean dose at different exposure times, a "tight" building. 
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Fig. 4. The frequency distribution of the relative mean dose at different exposure times, a "normal" 
building. 

Fig. 2. The model predicts the indoor air temperatures 
satisfactorily and is consequently suitable for the cal­
culation of the temperature decay. 

INPUT DATA 

ressure coefficients 
. The pressure coefficients used as input data for 
OVECOMP were values measured in situ [14]. The 

ding used for the measurements was very similar but 
~.Identical to the building presented in Fig. 2. Therefore 
pressure coefficients do not exactly correspond to the 
pe in Fig. 2. The possible difference is, however, not 

tial, because this building represents the whole stock 
. &le family houses which, on the other hand, has 
! arying properties. For each facade and slope of 
~f only one pressure coefficient was used, which 

nted the mean value for the surface in question. 

e paths 

USc the purpose was not rn examine a real, existing 
g,~ but rather a theoretical object representing a 
of b ·1d· ~1 mgs, the leakage sites could be -chosen 

. nence gained from real buildings. According 
n . I nc1p e 80% of the envelope leakage area was 

proportional to the length of the joints. 
ore, 10% of the total leakage area was placed in 

the kitchen floor because of the water, drain and hydronic 
heating pipe passages and another 10% of the total area 
was in lhe ceiling of the second floor because of the 
vcnLilation duct passages. All the material layers were 
assumed to be airtight. As a consequence 48% of the 
envelope leakage area was located on the first floor and 
52% on the second floor. Inside the building all the walls 
and the ceiling of the first floor were assumed to be 
airtight and the only leakage sites were the doorways and 
the opening For the stairs. In all, 55 leakage paths in the 
building shell and 9 paths inside the building were used. 

Flow exponent 
In MOVECOMP the connect.ion between th.e mass 

flow rate q,. flowing through the flow path and the pres­
sure difference 6p on both sides of the path is presented 
using the power-law equation 

q,. = K6p", (I) 

where K is the flow coefficient al reference conditions 
(I 01,300 Pa. 20°C) and n is the flow exponent. The ·flow 
coefficient is related lo the size of the opening and tbe 
flow exponent is dependent on the type of flow. For a 
laminar flow n = l.O and for a fully turbulent flow 
11 = 0.5. In real buildings the flow paths through the 
building shell are combinations of different parts and the 
type of flow varies from pa.rt to part. Consequently an 
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effective value for the flow exponent between 0.5 and 1.0 
has to be chosen. For crack flow the flow exponent value 
n = 0.65 and for large openings n = 0.50 were chosen (8, 
21-23] to be used in the calculations. 

Flow coefficients and airtightness 
Four different airtightness levels for the building envelope 

were used in the calculations. For a very tight building a 
value n 50 = l.O l/h was chosen. Values n 50 = 3.0 l/h and 
7.0 l/h represented a "normal" building and the value 
n50 = 15 .0 l/h was used for a very leaky building. The 
flow coefficients for each level were adjusted using 
MOVECOMP for a computationa·l pressurization in the 
following way. All the internal doors were opened to 
achieve an even pressure distribution. The wind speed 
was put at 0.0 m/s and the temperature differen'ce between 
inside and outside at 0.0°C to eliminate irrelevant driving 
forces. Two fixed exhaust flows corresponding to the 
tightness level in question were defined, one from the first 
floor and one from the second floor. The flow coefficients 
of the outer leaks representing the flow paths of the 
envelope were then adjusted with a scale factor to give a 
computed under pressure of 50 Pa inside the building. 
The distribution of the flow coefficients remaind 
unchanged and was the same for every tightness level. 

The flow coefficients of the inner doors are not very 
critical from the viewpoint of the net air flows as long as 
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the doors are open because the flows arc determined by 
the much larger flow resistance of the building shell. 
When the doors are closed, the situation may change. 
Now the flow resistances of the doors are of the same 
magnitude as the resistances of the le-Jks of the envelope 
and the influence on lhe flows is remarkable. The flow 
coefficients for the closed doors were estimated using 
information based on measured pressure drops in crack 
flow (24]. Three differenl door constructions were used : 
height 2.0 m. width 0.8 m, with a straight through crack, 
dimension in the direction of flow 50 mm, only the gap 
thickness was varied. A · leaky door" had a gap thickness 
of 3.5 mm and the flow coefficient 47.9 kg h - 1 Pa - 0

· •
1

• 

A " normal door" had a gap thickness of 1.8 mm and the 
flow coefficient I 2. 7 kg 11 - 1 Pa - o.ss. A ''tight door" had 
a gap thickness of0.49 mm and the flow coefficient 0.187 
kgh- 1 Pa- 0· ~ 5 • 

Zones 
For the contaminan t concentr:Hion calculation the 

building has to be divided in to zones which are each 
assumed to have a uniform concentration . The choice of 
zones affect the computed results to some extent [ 18. 
19). The most straigh tfo rward solution is to put each 
room in one zone. This was the procedure in this context 
and together ten zones. five downstai~ and five upstairs. 
were selected. Fig. 2. The first and the second floo r are 
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Fig. 5. Cumulative frequencies of the relative mean dose. 
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Fig. 6. Cumulative frequencies of the relative mean dose. 

connected through zones l and 9. which are the living 
room and 1he upstairs hall. In between is a stair of a very 
open construction which, from a theoretical point of 
view, could be described as a rectangular opening in a 
horizontal plane. Here the air flows are vertical , from up 
lo down and vice versa. Some work concerning vertical 
flows has been done {25-27), however, no simple algo­
rithm for caloula1ing vertical air flows between floors is 
available at the moment. For this reason 1he transport 
of contaminants between zones I and 9 was treated in lhe 
same way as the transport between horizonlally adjacent 
zones. This procedure does not meet the real conditions 
but the error due to this approach is within acceptable 
limits in 1his application, where the air flows in any speci­
fic, existing building are not striven for. 

Indoor temperatures 
The temperatures of the indoor air in different zones 

have a remarkable effect on the contaminant transport 
between adjacent zones. Herc the temperatures were 
simply chosen according to the "experience gained from 
measurements in similar situations [ 18, 19]. As long as 
the doors are open, temperature differences from-0. 1°C 
to 0.3°C are typical in dwellings where the heating or 
cooling load is not very unevenly distributed . The tem­
perature differences between adjacent zones were chosen 

as 0.1 °C while the mean indoor temperature was about 
21 °C, Fig. 2. This assures a moderate transport of the 
contaminants and eliminates stagnant areas in the 
system. When the doors are closed, considerably larger 
temperature differences can occur. This, however, no 
longer affects the contaminant transport because the 
flows become unidirectional. 

Weather 
The most important weather parameters affecting the 

pressure distribution and the infiltration and exfiltration 
flows of a building are the outdoor air temperature and 
the wind speed and direction. The mean two-dimensional 
frequency distributions of the temperature and the speed 
values measured during the years 1961-1980 [28] were 
used as input data for the calculations. The weather 
stations and thus also the locations of the object of 
the computational examination were Helsinki 60°19'N, 
24°58'E and Oulu 64°S6'N, 25°22'E. The yearly mean 
temperature in Helsinki during the observation period 
was 4.4°C and in Oulu l.9°C. The mean value for the 
wind speed was 3.9 m/s in Helsinki and 4.0 m/s in Oulu. 

The meteorological data never describes the local con­
ditions near the building in the best possible way. For 
this reason the measured wind data was reduced with a 
coefficient ofO.S, which takes into account the difference 
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of the terrain and the height between the weather station 
and the building [29. 30). For the outdoor temperatures 
no criteria for corrections were available. The correlation 
between wind speed and direction was also available. The 
effect of the direction was, however, tested only in some 
cases because of the much more complicated and labori­
ous calculation procedure and the fact that the orien­
tation of the object building of the type used here does 
not greatly affect the primary results. 

RESULTS 

Concepts 
As already mentioned earlier, a sudden gaseous con­

tamination of the outdoor air was the starting point for 
the calculations. To be more precise, the outdoor air 
concentration increases from 0 to 100 cu (contaminant 
units) at the moment 1 = 0 and remains at that value. 
This is of course a very theoretical starting point and 
does not correspond to the real physical phenomenon 
(4), where the outdoor concentration usually varies con­
siderably as a function of time. The air capacity of the 
building does. however even out the influence of the 
varialions and the indoor concentrations correspond to 
the mean concentration outside. 

The relevant quantity from the health point of view is, 
however, not the concentration but the dose, which is the 
integral of concentration over Lime. ln this context the 
dose in zone i at the moment t is defined as the linear 
dose according to the equation 

D,(t) = 1 C,(t') di', (2) 

where the integration begins at the time of the step change 
in the outdoor concentration and t' is a dummy variable 
of integration. Further, a mean dose, to describe the effect 
of the contaminant in the whole building with N zones, 
is needed 

1 N 
(D(t)) =NI D,(t). 

I= I 
(3) 

This is the dose the occupant would get if he could 
move around the building from zone to zone extremely 
fast and spend infinitely short time periods in each zone. 
This is in practice not possible. The mean dose is an 
estimate of the dose an occupant gets as he moves around 
in the building. The concentrations and the dose inside 
the building are dependent on the concentration level 
outside. The inside dose can, however, be proportioned 
to the outside dose by dividing the former by the latter 
according to the equation 

D*(t) = D,(t) 
' D0 • 1(t), 

(4) 

which gives the relative dose at moment t and in zone i. 
The mean dose for the whole building can be pro­
portioned to the outside dose as well 

(D*(t)) = (D(t)). 
D0 • 1(t), 

(5) 

to give the relative mean dose at moment t. The relative 
mean dose describes, in a way, the ability of a building 

to protect the occupants against sudden outdoor air 
contamination when the location of the building and 
consequently the weather is specified. 

Statistical approach 
The two-dimensional frequency distribution of the 

temperature and wind speed for one year was the basis 
for the statistical approach : 

(i= 1,2, ... ) 

{

p 

f(w, T) = 
0

11 when w = w, 

andT= 0 
otherwise 

(J= 1,2, ... ), (6) 

where w is the wind speed, T is the outdoor air tem­
perature and p,1 is the frequency of the pair of values in 
question. The temperatures varied from - 32°C to 
+ 30°C with class intervals of 2.0' C and. the wind speed 
varied from 0 m/s to 14 m/s with class intervals of 2.0 
m/s. From a physical point of view this distribution is a 
continuous one, but presenting it as pairs of mean values 
based on measurements in practice makes it discrete. 
Calculation of the air flows. concentrations and doses 
corresponding to each speed-temperature combination 
presented by equation (6) produces new one-dimensional 
dose distributions 

{
Pk when D(1) = Dk(t) (k =I, 2 . ... ) 

f(D(t)) = O 
01henvise 

(7) 

where D represents any type of dose, absolute. relative 
or mean, t is the exposure time and Pk is the sum of the 
frequencies of those cases which give a dose value inside 
the limits of the class in question. Some examples of 
the frequency distribution of the relative mean dose at 
different exposure times and for difference tightness levels 
are presented in Figs 3 and 4. Here the weather data is 
from Helsinki and contains long term mean values for 
one year. The class intervals for the relative mean dose 
in the figures are 2% and the class midpoints are I%, 
3% .... '99%. 

The cumulative frequency function of the <lose is 
mathematically described by the equation . 

F(D.(t)) = L f(Dk(t)). (8) 
k-1 

The cumulative frequency function can be considered 
as the probability or the relative time when the dose 
D(t) will not be more than the value D.(t) if a sudden 
contamination occurs, i.e. 

P(D(I) ~ D,,(t)) = F(D.(1)). (9) 

As a consequence, the risk of the dose exceeding some 
threshold value D.(t) during an exposure time tis 

cx(D.(t)) = 1-F(D.(t)). (JO) 

Basic results 
The basic results contain cumulative frequencies of 

the relative mean dose calculated using three different 
weather periods for two different locations, Helsinki and 
Oulu. All the inner doors were wide open. The indoor 
temperatures of the zones were according to Fig. 2. The 
four different airtightness levels mentioned earlier and 
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Fig. 7. Ranges covering all cumulative frequencies in different zones in a "tight" building. 

five different exposure times t = I h, 3 h, 6 h, 12 h and 
24 h were used. Two examples of cumulative frequencies 
corresponding to different weather periods are shown 
in figs. 5 and 6. The basic results show that the most 
significant factors affecting the cumulative frequencies 
are the tightness level of the building, the exposure time 
and the weather period. The influence of the tightness 
level is very obvious. With decreasing airtightness, the 
cumulative frequency lines move to the right, which 
means a higher risk of exceeding some specified value of 
the relative dose. The increasing exposure time has a 
similar effect. A more thorough presentation of all com­
puted results is given in reference [20]. 

Special attention should be paid to the influence and 
meaning of the weather period. The results concerning 
the one year period can be interpreted as mean prob­
abilities for the who.le year. The contamination of the 
outdoor air can, in this case, happen at any time during 
the year. lf, however, the contamination occurs during 
the winter, the temperature difference between indoors 
and outdoors is large and, as a consequence, the doses 
inside grow higher than average>. In fact, the probabilities 
presented vary with the season. The computed values for 
January weather data thus represent minimum values for 
the cumulative frequency function, but ma.ximum values 
for the risk. The wea ther data used in the calcula tions is 
average data from a twenty year period. For this reason 

the weather for an individual, real year or month can 
lead to slightly different values from those based on the 
average data. 

Influence of the internal doors 
Even though the building is assumed to be surrounded 

with air having a uniform concentration, the con­
centration and dose values inside the building grow at a 
different speed in different zones. This phenomenon 
arises mainly from two factors. First, the temperature 
dLfferencc between inside and outside drives the usually 
colder outdoor air through Lhe walls and the floor into 
the fi rst floor and back again through the walls and the 
roof from Lhe second floor. Second, the wind makes 
the outdoor air penetrate through the walls from the 
windward side of the building. When the doors between 
adjacent zones are open, a usually quite effective trans­
port of the contaminant from zone to zone occurs. This 
is due to air flows circulating through the doorways 
created by the temperature differences between the zones. 
The concentrations in the zones do not differ remarkably. 
When the doors are closed, there are no circulating air 
flows and the transport of the contaminant occurs 
through the cracks around the door. In thil case much 
larger variation is expected between the concentration 
values in different zones. 

The influence of the inner doors is presented in Figs. 
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7 and 8, which show the ranges between the minimum 
and maximum cumulative frequencies of the relative 
doses. The maximum values, on the right edge of the 
range, are from the zone where the highest concentrations 
and doses occur. The minimum values are from the zone 
having the lowest dose values in the buiJding. The input 
data oflhe calculations corresponds to the "basic results" 
with the exception that the status and the type of toe 
doors has now been varied and that only one location 
and period is under consideration. 

Figure 7 presents the results for a very tight building. 
In a tight building the concentrations grow slowly and 
do not usually reach the outdoor values during the 24 
hour exposure time. The ranges between the minimum 
and maximum Jines are not very wide in the case of open 
doors because of the strong mixing. Closing the doors 
does not in practice affect the position of the ranges 
because in a tight building the status and type of the 
do.ors has only a small influence on the air flows through 
the envelope. The extreme values at longer exposure times 
do, however, draw away from each other and the ranges 
grow, the wider the tighter the doors are. The cases with 
"leaky" and ' normal" doors are almost identical. The 
"tight" doors seem to decrease the air flows slightly, 
which moves the whole range to the left towards the 
smaller values. 

What happens if the building envelope becomes more 
leaky? The consequence can be seen in Fig. 8. The con­
taminant penetrates the building faster and the dose 
ranges bounded by the lowest and biehest frequencies 
move to the right towards the larger values. The range 
for short exposure times is wider than for long exposure 
times because the concentrations grow fast in the begin­
ning and much slower later on. In a leaky building closing 
the doors clearly decreases the air flows through the 
building shell and the dose ranges move to the left 
towards the smaller values. 

The conclusions from the viewpoint of sheltering are: 
If a good guess of the zones with smaller concentrations 
and doses can be made, the inner doors should be closed. 
In a tight building the greatest benefit is derived from 
this during a Jong exposure time, while in a leaky building 
the advantage is gained when the exposure lime is rela­
tively short. However, if such knowledge does not exist, 
the doors should be kept open to aUow mixing between 
zones and to avoid the risk of exposure to the largest 
concentrations. 

lnjiuence of the occupant location 
Considerable differences in the dose values between 

zones have been established. To avoid large doses, know!-
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Fig. 9. The location in the building and frequency of the maximum dose values after a 12 hour exposure 
time. 

edge of the zones with the lowest and highest con­
centrations would be useful for occupants sheltering 
indoors. In this context the most important parameters 
affecting the location of the maximum and minimum 
concentrations are the outdoor air temperature, the wind 
velocity and direction, and the status of the internal 
doors. The tightness of the building is of minor import­
ance as long as the leakage distribution is kept 
unchanged. In Figs. 9 a.nd 10 examples of the computed 
results are shown as the numbers of the zones with the 
maximum or minimum dose after a 12 hour exposure 
time. The numbers of the zones are placed in a coordinate 
system where the corresponding outdoor air temperature 
and wind speed can be read fro'iit the coordinate axis. The 
frequency of the location of the maximum or minimum is 
presented as well. 

In all, the results are much as expected. The tem­
perature difference between indoors and outdoors is the 
major driving force when the wind speed has low values. 

The lower the outdoor temperature is, the more air pene­
trates the building shell to the first floor. Depending on the 
doors, the maximum values occur in zones 2 or 3. If the 
outdoor temperature is higher than inside, which happens 
quite seldom at this location, the maximum values cor­
respondingly occur on the second floor in zones 7 or 10. 
With higher wind speed values the maximum is on the 
windward side of the building, usually in the first floor. 

The minimum dose values usually occur on the second 
· floor and the leeward side of the building. Depending on 
the wind direction and the doors, the smallest values are 
in zones 6 or 8, in very few cases in zone I 0 or on the 
first floor in zone 5. 

From the viewpoint of sheltering, the following rules 
can be given : If the outdoor temperature is lower than 
indoors, go to the second floor. If the outdoor tem­
perature is higher than indoors, stay on the first floor. If, 
additionally, the wind direction is known, close all the 
doors and go to the leeward side of the building. 
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Influence of the indoor temperatures 
The indoor temperatures influence the transport of 

contaminants in two ways. First, when the inner doors 
are open, the temperature differences between adjacent 
zones generate the circulating flows from zone to zone. 
However it is difficult to make any universal conclusions 
considering this phenomenon because the air tem­
peratures in the zones depend on so many factors. 
Second the temperature difference between indoors and 
outdoors affects the infiltration air Bows. The smaller 
is the difference, the smaller are the flows through the 
envelope. With respect to sheltering, this second phenom­
enon is more relevant and offers potential for reducing 
the penetration of contaminant. 

When the outdoor temperature is lower than the 
indoor and the heating is cut off a decay of the indoor 
temperature follows, leading to reduced infiltration. lf 
the heating is cut off at the beginning of the contaminant 
exposure, the decay of the temperature is not fast enough 

to have any significant influence on the doses. If, 
however, warning of air contamination is received in 
advance, the beating can be cut off in advance and some 
benefit gained. The longer is the time between the heating 
cutoff and the beginning of the exposure, called the 
advance time, the slower is the rise in the inside con­
centrations and the doses. When the heating is not cut 
off, the indoor temperature and the infiltration air flow 
remain constant during the calculation. When the 
advance time t. = 0 h, the beating is cut off al the begin­
ning of the exposure and both the temperature and the 
air flow decrease with time. When the advance time is 6 
h or 12 h, the temperature and consequently the air How 
are already a little lower at the beg.inning of the exposure. 
The influence on the concentration and dose is quite 
small. An example of the stniistical approach with tb 
heating cut off is given in Fig. 11 . The benefit gaine 
through the cutoff in a tight building decreases with time 
This is due to the small infiltration flows and slow!~ 
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Fig. 11. Cumulative frequencies of the relative mean dose with different advance times for the heating 
cutoff. 

growing concentrations, which do not reach the outdoor 
concentration during 24 hours. In a leaky building the 
concentrations reach the outdoor level in a few hours 
and the largest differences in the doses appear in the 
beginning of the exposure. 

From the viewpoint of sheltering, not very much is 
gained by cutting off the heating. However, in threatening 
situations all possible measures must be taken to decrease 
the dose. When the circumstances are favorable for this 
procedure, which is a low enough outdoor temperature 
and a long enough advance time, the heating and all 
other temperature sources in the building should be cut 
off as fast as possible. 

Other measures can also be considered to increase the 
temperature decay before and during the exposure. Air­
ing the building before the exposure is one possibility. 
Increasing the thermal conductance of the building shell 
by e.g. opening the inner window frames is another possi­
bility. However, a risk is inherent in both. In the former 
the right timing is crucial. In the latter the tightness of 
the building might suffer and some additional sealing 
could be necessary. 

DISCUSSION 

In theoretical calculations using models, several factors 
always exist which cause uncertainty in the results. In the 

following some of these factors and their consequences 
are discussed : The weather parameters used as input data 
come from a meteorological station. These parameters 
are not identical with the ones near a building because 
each building is surrounded by a microclimate of its own. 
Naturally some kind of relationship exists between the 
meteorological and the local parameters. As far as the 
wind speed is concerned, this relationship was roughly 
described using the factor 0.5. 

The air flows through the building envelope are com­
puted using a stationary wind pressure. 1n reality, 
however, the wind pressure is fluctuating. This phenom­
enon has been investigated both theorelically and empiric­
ally [21 , 31, 32). It is not possible to give any universal 
quantitative result. A common opinion seems to be that 
lhe fluctualions increase the infiltration and exfiJtratioo 
air flows lo some extent. As a consequence the calculated 
doses are slightly underestimated. 

The value of the flow exponent describing the flow 
through the cracks in the building shell has an influence 
on the computed results. The flow coefficients of the 
leakage paths were determined by the flow exponent and 
then 10 value in a situation where the pressure difference 
between indoors and outdoors was 50 Pa. The pressure 
differences during the computation were, however, much 
smaller, of the order of 0-20 Pa. Such a procedure leads 
to a variation in the air flows depending on the flow 
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exponent chosen. For example, with a typical pressure 
difference of 5 Pa, the air flow through a flow path with 
a value for the flow exponent n = 0.60 is 26% larger than 
in the case n = 0.70. Consequently, such an effect causes 
some uncertainty in the air flows, the concentrations and 
the doses and needs to be examined further. 

to be of the correct magnitude and they should be useful 
for the authorities in making decisions and taking action 
on sheltering in single family houses. 

CONCLUSIONS 

The sudden step change in the outdoor concentration 
is, of course, only hypothetical. The real concentration 
in such situations varies considerably with time [4]. On 
the other hand, the air capacity of the building evens out 
the fastest fluctuations, and the concentrations and doses 
inside correspond to the mean value ~utdoors. Slower 
changes in the outdoor concentration level are, however, 
always possible and cannot be taken into account in 
calculations of such a universal nature as those presented 
here. 

Because the outdoor concentration fluctuates in a real 
sirnation, the biological response to the concentralion 
peaks is probably much higher than indicated by the 
outdoor dose [4] . As a consequence the denominator 
in equations 4 and 5 defining the relative dose is an 
underestimation and further, all the relative dose values 
are slightly overestimated. The magnitude of the over­
estimation depends on the toxic gas and the volume of 
the fluctuations. 

As has already been mentioned, the purpose was to 
investigate single family houses as a group of bu.ildings, 
not any specific building. Bearing this in mind , despite 
all the aspects mentioned, the results can be considered 

The mosr important property of a building, and one 
that vitally affects the contaminant penetration is the 
tightness of the building shell. In a leaky building, 
depending on the exposure time, the doses are from two 
to fifieen times as much as in a tight building. 

Closing the inner doors leads to higher doses in some 
parts of the building and lower doses in other parts, as 
the dispersion of the concentrations increases. By closing 
the inner doors and choosing the location in a proper 
way inside the building, the occupant can decrease the 
dose by an additional 50% compared with the mean 
value. Cutting off the heating has no significant influence 
on the doses. 

From the viewpoint of sheltering in a single family 
house with two floors, the following rules can be given: 
Close all doors and windows. Cut off the ventilation and 
seal the ducts. If the outdoor temperature is lower than 
indoors, go to the second floor. If the outdoor tem­
perature is higher than indoors, stay on the first floor. If, 
additionally, the wind direction is known, close all the 
inner doors and go to the leeward side of the building. If 
the outdoor air temperature is very low, cut off the heat­
ing and all other temperature sources in the building. 
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