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Synopsis 

The ventilation of a Swedish single family house is investigated by means of tracer gas and pressuriza- 

tion techniques. The ventilation flow plays an important role in this house as it enters through a dynamic 

loft insulation and exits via the crawl space. This design is said to give preheated and clean supply air, 

warm floors and good energy efficiency. But to meet these promises, it is essential that the air really 

flows in the intended paths. 

A single tracer gas technique is used to determine the air flow rates. The measurements show that actu- 

ally too much of the supply air by-passes the dynamic insulation by direct infiltration. The measurements 

also detect an unintended flow from the crawl space to the living area. If there exists radon in the ground 

seil such a flow must be avoided. 

Pressurization tests are used to build a pressure drop-flow model. This model describes intended flows, 

i.e. supply air through dynamic insulation, extract air to crawl space and exhaust air from crawl space to 

the outside, as well as the unintendedjlows, i.e. infiltration to living area and the two leakages from out- 

side to crawl space and from crawl space to living area. The model is used to explain the present flows 

and then to tell how to change them. This is done by simulating the model when one of the parameters 

(e.g. a size of a leakage) is changing. One conclusion is that the crawl space must be made considerably 

more airtight. 

Introduction is natural that a thorough measurement of the 

function and effectiveness of the ventilation system 

The aim of this paper is to show how tracer gas 
should be made. 

and pressurization measurements have been used to If all the air flows of interest were confined to 
study the ventilation system of the Skanska ducts and terminals, it would have been sufficient 
"Optima' house at Dalby in southern Sweden.' To a to make measurements by conventional techiques 

large extent. the idea underlying the Optima house (i.e. pressure drop or hot wire anemometer meas- 
is to try and make optimal use of the ventilation air urements). But this is not the case. Not all air 
florv Since the paths taken flow flows take the desired paths; a considerable pro- 
through the house have such central importance, it portion of the supply air infiltrates into the house, 

- 
some of the supply air passes - as intended - 

l ~ h e  presented work is part of a laqer measurement project through the dynamic insulation but then passes 
'Optlrniit' in which an evaluation is made of the energy 
consumption and occupant the Optima house and around the terminals, and an unintended portion of 
On a.hich a report be by E1mroLh and the extract air flow recirculates from the crawl 
Fredlund (1994). A full report on the ventilation study is 
also available (Hedin, 1994b). space foundation back into the dwelling. 



This necessitates the use of the tracer gas method 

to determine the flows and flow paths through the 

Optima house. In the tracer gas method, an  easily 

detectable tracer gas (in this case laughing gas, 

N20) is injected, the resulting concentration proc- 

ess is measured and a model is fitted to the meas- 

ured data, with the sought unknown flows (and 

possibly the volumes) as the parameters. It is a 

special characteristic of the tracer gas method that 

all flows which influence the tracer gas concentra- 

tions - i.e. the 'diffuse' iflitrations also - can be 

determined. Two unique properties are that with 

tracer gas it is possible to determine measures of 

effectiveness such as air change efficiency and air 

quality measures such as air change time. The lat- 

ter two are however only possible for well defined 

flow paths, i.e. not for infiltration. 

The arrangement of the paper is as follows: 

Section 1 describes the Optima house from the 

standpoint of ventilation. In Section 2, the air 

leakage flow between the dwelling and the crawl 

space foundation is determined by steady state 

analysis of a simple tracer gas test. Next, in 

Section 3, an idealised flow model is determined 

for the dwelling with the assistance of other tracer 

gas measurements. 

Tracer gas measurements clearly demonstrated 

some problems due to air leakage from the crawl 

space foundation into the dwelling. In Section 1. a 

pressure drop and flow model is determined for the 

dwelling and the crawl space on the basis of pres- 

sure test data. This model is used to analyse how 

the Optima house ought to have been constructed 

to perform as intended. 

The paper ends by a short summary and a list of 

symbols. 

1 The Optima house 

The Optima house is a single family house built 

with one storey, see the layout in Figure 1. Some of 

the more important ventilation data and measured 

values have been summarid in Table 1. 

The supply air is taken in  through a dynamic insu- 

lation, and exhaust air is removed through the 

foundation. This is described in greater detail in 

the next two subsections. 

The supply side 

The house has loose fill insulation in the attic floor. 
Outside air is drawn in from the attic and slowly passes 
through the insuiation which extends over the whole 
ceiling. On its passage through the insulation, supply air 
is filtered and is also preheated according to the 
dynamic insulation principle. Insulation is terminated at 
the bottom by a non woven fabric about 5 cm above the 
gypsum board ceiling, and a plenum is thus formed over 
the whole ceiling through which the supply air can pass 
unhindered. Further preheating of the supply air takes 
place here due to transfer of heat via the ceiling from 
the dwelling to the supply air. Supply terminals can be 
sited anywhere by making holes in the ceiling up into 
the plenum. The house in question has five supply ter- 
minals, one in each bedroom and two in the sitting 
room. The supply terminals are described below in 
greater detail. 

The supply air system is a passive one and is thus de- 
pendent on the negative pressure created by the extract 
air system and on the uncontrolled infiltration which oc- 
curs. 

The dynamic insulation and the plenum replace a tradi- 
tional supply air system. There are no supply ducts here 
which must be cleaned, or filters which must be 
changed. The filter constituted by the loose fill insula- 
tion is assumed to have the same service life as the 
house. Owing to preheating of the supply air, large 
quantities of supply air can be admitted into the house 
without the risk of draughts. 0 



bedroom No 1 

bedmom No 2 

bedroom No 3 

Figure 1 Layout of the Optima house at Dalby. 

Table 1 Ventilation data and measured values 

I Data for the Optima house Living area 116 m2, ceiling height 2.4 m, volume 277 m3 + approx. 60 m3 in I 1 the crawl space, air change rate n,, = 0.78 ach I 

" From the drawing, corrected volume 

) Design flow, but corrected with 7596 of the total supply air passlng through the dynamic insulation 
:a) Normal supply air terminals, measured with the bag method. 3b) As 3a), but with opened (taped) supply terminals. 

Measured in the ex*act air terminal with a funnel and hot wire anemometer, unreliable measurements. 

4b) Total extract air flow measured across the adjustment dev~ce by pressure drop measurement: 60 11s 



The extract side 

Initially, the extract systemZ has a normal design, with 
an extract fan, duct system and extract terminals in the 
kitchen, bathroom, toilet (with shower), laundry room 
and walk-in wardrobe. But the collected extract air is 
then blown down into the crawl space foundation and is 
exhausted from there with a fan to an exhaust air heat 
pump before it leaves the house. The foundation has no 
insulation on the underside of the floor, but is insulated 
along the ground. P 

The advantages of this design are said to be that it 

provides clean, i.e. filtered, and preheated supply 

air, without the use of a traditional balanced me- 

chanical system with a heat exchanger. The inten- 

tion is that the ventilated foundation would make 

'the floor warmer, prevent moisture problems in the 

crawl space and prevent the entry of soil radon into 

the dwelling. One precondition for the latter func- 

tion is that the negative pressure in the crawl space 

should be higher than in the dwelling. Finally, the 

overall design should make for good utilisation of 

energy. 

Too few supply terminal devices 

Even before the tracer gas measurements were 

made, we knew from measurements in terminals 

that the flow of supply air through the supply ter- 

minals was low. The measurements in Table 1 

show 27 11s which is less than half the extract air 

flow of 60 11s. (On the other hand, we did not know 

if there was any leakage around the terminals or 

where the remaining supply air came into the 

house). 

The low level of supply air flow was found to be in 

good agreement with available data for the supply 

The ventilation air flow will be called 'extract air' between 
dwelling and crawl space and 'exhaust ai~' &er leaving the 
crawl space. 

air terminals, and may thus be blamed on a simple 

- but fatal - design fault: 

Supply terminals 

The supply terminals were developed to suit the Optima 
house. Their special feature is that they have a nonre- 
turn valve consisting of two plastic flaps which open 
and admit supply air if the pressure in the dwelling is 
lower than that in the plenum. If, for instance, a window 
is opened and the negative pressure in the room is 
eliminated, the valve shuts to prevent room air entering 
the dynamic insulation and causing condensation in the 
colder insulation material. 

The design of the terminal gives it an almost linear 
characteristic, but there is a bend between 0 and 2 Pa 
corresponding to its opening pressure 

q = constant (Ap - ApOpn) 

see Figure 2. At a negative pressure of 10 Pa, each ter- 
minal gives 4 Ys. Measured flows through the actual 
terminals are a little higher, around 4-5 11s at 10 Pa. U 

Characteristics of Optima ceiling terminal 
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Figure 2. Pressure drop-flow curve for a fully open 
Optima ceiling terminal (redrawn from the 
data sheet) 

It is obviously desirable - from the standpoint of 

both filtration and preheating - that as much as 



possible of the total supply air flow should really 

pass through the dynamic insulation. This means 

that the negative pressure in the dwelling shall be 

small so that air does not enter through leakage 

paths in the walls and floor. Two factors which 

militate against the use of far too low a negative 

pressure is that it must be higher than the opening 

pressure of the nonreturn valve and that a higher 

negative pressure provides better stability against 

wind pressures. 

A reasonable pressure in the dwelling may be 

somewhere around -10 or preferably -5 Pa. On the 

basis of this - as an initial estimate without consid- 

eration of infiltration - between 15 and 30 supply 

terminals of the chosen size would be needed. But, 

naturally, it would be more appropriate to choose a 

larger size. 

In contrast to this, the house has only 5 supply 

terminals. If all the design supply air flow of 60  

Ils, i.e. 12 11s per terminal, were to pass through 

the supply terminals, the negative pressure would 

have had to be about -30 Pa, see Figure 2 (outside 

the range of measurements). In order for this to 

work. a very airtight house would have been neces- 

sary, but such a design can hardly have been the 

intention. A more accurate analysis of how many 

supply terminals are needed is given in Section 6. 

2 A tracer gas test which demon- 
strates leakage flows to and from 
the crawl space 

Figure 3 shows an experiment in which tracer gas 

has been injected into the extract air (a few metres 

downstream from an extract terminal) and the re- 

sulting tracer gas concentration was recorded at the 

following measurement points. 

laundry, toilet and walk-in 

other data: p = 18.9 pm3/s T,= 280 s, Tg=35 s, 

es start: 05.2.93 12. 

The expected result - in the absence of leakage to 

and from the crawl space - would be the same 

steady increase in concentration in the extract and 

exhaust air flows and no increase in concentration 

in the dwelling, i.e. 

cf(")=ca("o) ( = p l q f )  

and 

ell (00) = ci2 (43)  = c1"3 (43)  = ci4 (43) = ci5 (00) = 0 

The results in Figure 3 are different. The tracer gas 

concentration in the extract air is just under 300 

ppm when injection of tracer gas commences, and 

gradually rises to 350 ppm. This shows that all ex- 

tract air does not leave the house with the exhaust 

air but some, a flow 4ik, recirculates from the crawl 

space back into the dwelling. The exhaust air also 

has a lower steady concentration than the extract 

air. This shows that there is a leakage flow q k  from 

the outside to the crawl space which dilutes the 

extract air. 

Analysis of leakage flows with a simple 

steady state model 

For the determination of the magnitudes of these 

two leakage flows, we need a model. It is easiest to 

make a simple steady analisis, i.e. to make use o f .  
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Figure 3. LHS: Tracer gas test with constant injection of tracer gas into the extract air for about 8 hours. 
RHS: Period selected for steady analysis 

the relationship which applies under steady condi- An upper and lower bound can however be given. 

tions. The advantage of such an analysis is that the dilution gives c~k = cf and complete dilution 

requirements on the model are less stringent, e.g. or ideal mixing in the crawl space gives c,k = c,. In 

the requirement for complete mixing can be omit- the first case there is in actual fact no recirculation 

ted. The drawbacks are.that it gives less informa- of "crawl space air" at all since there has been no 

tion - for instance, volumes cannot be determined - time for mixing to occur. Figure 4 shows a model 

and that only the steady portion, i.e. only a fraction in which these two cases occur as extreme cases for 

of the experiment, can be used as measured data. the parameter values a = 0 and a = 1. By 

calculating with these two cases, we also obtain an 
One is that we do know lhe 'mean) upper and a lower bound of the sought flows qk and 
concentration ',k of the 

qlk lvhich leaks into qik Since it is found that the upper and lower 
the dwelling from the crawl space. This concentra- bounds are situated near one another, ,ve can 
tion depends on where this leakage is situated, or ignore the intermediate cases where < < I -  
rather on the extent to which the concentration in 

the extract air has been diluted by the flow qk of Note that we cannot determine the value of a from 

outside air before it returns to the dwelling. the measurements presented. We can only assume a 

certain value of a and comment on the results thus 

obtained. 



Figure 4. Three cell model which describes the flow sys- 
tem dwelling - crawl space foundation. The crawl 
space is divided into two cells. 0 5 a 5 1 is that 
proportion of the outside-crawl space leakage flow 
which is mixed in the upper of these two cells. 

Calculation of steady flows 

The fundamental steady relationship in appropriate units 
is 

P c = - + c o  
4 

where 
c  is tracer gas concentration [ P P ~  
c, background concentration [ P P ~  
p tracer gas supply [ W ~ / S I  
q air flow [m3/s] 

The model in Figure 4 has six unknown parameters: 

qj3 4,. qik* qk' Ci and 

but only four known measured data: 

C I P ,  Cf, C2=Ca'P 

and one constraint: 

4 f + 4k = 4, + 4ik 

One more measured data or constraint is therefore re- 
quired. 

One possibility would be to require that q = q,, which 
we think is true on the basis of pressure drop measure- 
ments across the balancing device. But we decide in- 
stead to make use of the measured data relating to the 
extract air flows, see Table 1, and to calculate with the 
help of these, using the expression below, the mean 

concentration in the extract air as a weighted mean of 
the five extract air concentrations. 

5 

The five steady extract air concentrations c .  are calcu- 
lated from the measured data. '1 

The other known relationships are as follows: The in- 
crease in the concentration of the extract air when the 
tracer gas flow p is injected is given by P l q f .  We then 

have: 

i.e. the extract air flow is given by 

Furthermore, according to the model, the tracer gas in- 
jected will sooner or later be removed with the exhaust 
air, i.e. p = C,  qa. The exhaust air flow is thus given 

by. 

9a = ~ l c a  

If cik = c (case a = O), the following mass balances f 
apply in the dwelling and in the upper crawl space cell: 

c f  qik=ci q f  

and 

~f q f  = ~ f  ( q a - q k ) + ~ f  qik 

Rewriting these relationships, we have 

If, instead, cik = ca (case a = l), the last two relation- 
ships are replaced by the following two mass balances in 
the dwelling and the crawling space cells: 

Ca 9ik = ci 9 f 
and 

When these are rewritten, we have 



The results of the steady state analysis: 

From the measured data in Figure 3 we calculate 

the following mean values for the selected meas- 

urement period: 

After substitution of these values into the above 

equations, the following results are obtained: 

: Results fm steady state analysis 

(ci = 60 ppm) 
q~ = 65.7 I l s ,  qa = 65.5 11s 

10 5 11s I qk 112.5 11s 
10.7 11s I qik 1 12.8 11s 

The lower bounds apply for a = 0 and the upper 

ones for a = 1. The steady concentration in the 

extract air before injection of tracer gas, c, = 60 

ppm, is in good agreement with the value of cfjust 

when the injection of tracer gas is turned off; see 

Figure 3. 

Distribution of the crawl space - dwelling leak- 

age flow 

We can also estimate the way in which the leakage 

flow q,k divides between the different spaces. One 

source of uncertainty is that we do not know the 

infiltrations in each room. However, the influence 

of these is not very large. 

All doors were closed during the test. It is therefore rea- 
sonable to assume that the transmitted air to the five 
rooms with extract terminals is directed only into these 
rooms. It is further assumed that there is no leakage 
from the crawl space to the bathroom and toilet. This is 
reasonable in view of the watertight floor of these rooms 
(with heat welded plastics mats which are drawn up 
onto the walls). This is also reflected by the time curve 
for the concentrations in these two rooms, with a slow 
rise and decay, see Figure 3. This means that the con- 

centrations in these two rooms are equal to those in the 
corridor and living room respectively. In particular, 
cliving -,,, = ctoilet. The further rise in the kitchen, 

laundry room and walk-in wardrobe, all of which have 
extract terminals and, in the same way as the toilet, re- 
ceive their supply air in the form of transmitted air from 
the living room, can therefore be considered to be due to 
leakage flows in these rooms. We therefore have the 
following type of mass balance for e.g. the kitchen: 

ckit fbt = Cliving qkit living + Cik qkit k = 

= Cliving (9 fLrit - qkit k - qkit inf ) + Cik qkit k 

( c k t  - Cliving ) q fbt + Cliving qkit inf 
qkit k = 

(cik - cliving ) 

The infiltration into the kitchen, qkitinf, is unknown 

and its influence can be written as a (relatively small) 
correction term: 

(ckit - cliving ) 
%it k = q fkt + qcorr qkit inf 

(cik - '!living ) 

In the same way as before, the concentration in the 
crawl space, cik, is replaced by cf or c, (depending on 
the parameter a), and the leakage flow from the crawl 
space to the kitchen can thus be calculated. 

The flow from the crawl space to the laundry room and 
the walk-in wardrobe can be calculated in the same way. 
The following results are obtained: 

Itration, these values are increased by: 

2.2 11s 5 qkitchm k I 2.7 11s 
2.3 11s 5 qlaundryk I 3.0 11s 
1.8 11s 1 qwamlrobek < 2.2 11s 

Although the leakage in the walk-in wardrobe is smaller 
than the others &spite being most apparent in Figure 3, 
it is nevertheless the largest leakage as a proportion of 
the extract air flow. 

The above calculations locate more than half the leakage 
flow from the crawl space. Most of the services entries 
for ventilation, water and drainage are also situated in 
these three rooms. The remainder passes into the living 
room and the hall, and, to judge from the difference be- 
tween the bathroom and the toilet, to a lesser extent to 
the bedrooms. D 



4 Determination of an idealbed also shows that only less than half, or about 27 Us, 

flow model of the total air flow into the house passes through 

the supply terminals. The flow which proceeds the 
Even though the steady analysis is easy to use and 

to understand, the common idealised flow model 

utilises the whole test and yields more exhaustive 

results. The latter describes cell volumes, the air 

flows between different rooms, infiltration and the 

leakage flow to and from the crawl space founda- 

tion. 

It is not the intention here to describe the determi- 

nation of such models. For this, reference is to be 

made to Chapter I11 of AIVC TN 34 or more spe- 

cific to Hedin (1989, 1994b). Here we just give the 

final results, see Table 2. These confirm the 

leakage paths from crawl space to dwelling and 

right way (through the dynamic insulation) is not 

quite so small since about 5 Ys leaks from the ple- 

num into the dwelling around the supply terminals. 

The remaining supply air flow breaks down into 

about 17 Vs infiltration and 12 Us recirculated air 

from the crawl space. 

Obviously, the fact that such a large proportion of the 
supply air flow bypasses the dynamic insulation reduces 
the filter function of the system and lowers the 
coefficient of heat recovery &dyn for the dynamic 
insulation. Simple estimates, according to Jensen 
(1993), are that E& < 331 53x 0.5 = 0.3, and in view of 
the insulation thickness ~ d y n  = 331 53 x 0.23 = 0.14, 

which can hardly be said to be 'optimal'. 0 

Table 2. Identified flows and volumes for the Optima house. 
The absolute values along the diagonal represent the total flow into and out of the cell concerned. 

IFlow matrix Q [US] I 

1 =116) =3261 =16.61 

1 Active volumes [m3] 



Figure 5. 
flows 

bedroom No 2 

@ Extract 

Infiltration from crawl space 

Infiltration from plenum 

---+ Infiltration 

Graphical presentation of identified air 
[lls] from table 2 

Figure 6a Overview of design flows [lls], Figure 6b Overview of identified flows [lls]. 
corrected, with 25% infiltration. Bedroom 
section = bedrooms + corridor. Daytime section 
= the rest of the house. 



6 Analysis of air flow with a pres- Detailed description 

The model comprises two pressure nodes pi for pressure 
sure drop-flow model in the dwelling, and one, pk, for pressure in the crawl 

space. These are measured in relation to the pressure 
outdoors which is put equal to 0 Pa. The intended flow 

In order to analyse why air leaks in from the crawl path passes along the right of the resistance network and 
is described by the flow resistances R, Rf, R, and the 

space and how this is to be prevented, we now pressme risespp pa. 
introduce a simple pressure drop-flow model for ~ h ,  fans are assumed to have quadratic characteristics 

the Optima house. The model is shown in Figure (see Note 2 below), with tbc pressure rises pf - R> q; 

7a9 and resistance network has been re- for the extract air fan pa - R: < for the exhaust air 
produced in Figure 7b. fan. Rf is modelled as a pure turbulent flow resistance 

for the extract air duct and its components (i.e. for the 
The model describes the supply air qt ,  the infiltra- te&ls, the fan parameter R* and the bal- f 
tion q, (outside-dwelling), the leakage flows qik ancing device). We then have 

(crawl space-dwelling) and qk (outside-crawl p i - q = R  q 2 - P  f f  f (1) 
space), the extract air system which removes ex- 

In the same way, R, is assumed to be a pure turbulent 
tract air qf from the down into the flow ,sismce which describes the exhaust duct and its 

space, and the exhaust air system which removes components (i.e. heat pump, , the fan parameter R: and 

exhaust air q, from the crawl space to the external the balancing device). We then have 

air. 

unintended intended 
flow path flow path 

L %L 

Outdoom 0 

Dwelling pi 

Crawl space 

Outdoors 0 

Figure 7a. Pressure drop flow model for the Optima house Figure 7b The corresponding resistance network. 



The flow resistance R, describes the - possibly nonlinear 
- relationship between the supply air flow q, and the 
pressure pi in the dwelling: 

0 - Pi = %(qt) qt (3) 
Apart from the intended flow paths, the model contains 
three leakage f l~ws /~ l t r a t ions  with the resistances Ri, 
Rib Rk These describe the outside-dwelling 
the crawl space-dwelling leakage flow and the outside- 
crawl space leakage flow respectively, as follows: 

Remark 1: Note that all flows are defined as positive 
when they are directed downwards in Figure 7b. 
Normally, all flows apart from qik and qk 2 0. In the 
initial stage, when the house has been balanced before 
the tracer gas measurements, q,k and qk I. 0, but the 
direction of these two flows may be reversed depending 
on how the system has been balanced, i.e. on the values 
of Rf and R,, assuming however that the fans are suffi- 
ciently powerful. qkr however, can be only positive if 
there is positive pressure in the crawl space, which is 
hardly a desirable operating case. 0 

Remark 2: The fact that R and R, are modelled as pure 
turbulent resistances may 6e open to discussion, for in- 
stance in view of the possible fan curves and the fact 
that they include a filter. In actual fact, however, this 
choice is of no significance when, as below, we chiefly 
consider balanced cases, i.e. when Rf and R, have been 
adjusted to yield a certain intended flow. It is instead 
the choice of the other four resistances which is impor- 
tant. These are all modelled as arbitrary, monotonically 
increasing and convex functions. 0 

Remark 3: Above, we use the general pressure-flow 
relationship p = R(q) q. where R(q) is a flow-depend- 
ent resistance. Certain relationships can however be 
k ~ t t e n  more simply in the inverse form q = k(p)p  
where k(p) is a pressure drop-dependent flow conduc- 
tance, sometimes referred to as the (flow-pressure) 
charactenstic. Both methods of notation are used. 0 

Data from pressurization tests 

The problem of determining appropriate values of 

the flow resistances R,(q,),  &(qi), &(qik) and 

Rk(qk) for the supply air, infiltration and the two 

leakage flows tolfrom the crawl space respectively, 

has been solved by making use of measured data 

from pressurization tests carried out before. The 

made by Lundberg and Lundh (1993), was to de- 

termine the airtightness of the house and the crawl 

space in the form of the leakage factor njo. The 

leakage factor is measured as the specific air 

change, the unit being number of room volumes 

per hour or more simply air changes per hour (ach) 

at a pressure difference of 50 Pa across the build- 

ing envelope, but measurements are also done for 

lower pressure differences. Intended openings such 

as supply and extract terminals are normally sealed 

during these heasurements. Luckily, the authors 

had the foresight to make several additional 

measurements, for instance with and without 

supply air and with and without a pressure differ- 

ence between the dwelling and the crawl space. In 

the latter case, the measurements were made by 

simultaneously using two pressurization test 

equipments. All four nonlinear flow resistances 

will be determined below from these measure- 

ments. Typically, this is done by forming the dif- 

ference between different pressure drop measure- 

ments. 

The determined characteristics consist of tables 

which set out the flows for each whole Pascal pres- 

sure difference. These have been fitted to the 

measured data, with the constraint that they shall 

be monotonically increasing and convex, but, on 

the other hand, they need not have the form 

q = k pl'n, with a fixed exponent n, but the expo- 

nent can increase from 1 (laminar) for small pres- 

sure drops to 2 (turbulent) for large pressure drops. 

Owing to the convexity condition, the exponent is 

not permitted to decrease at higher pressure drops. 

The determined characteristics are shown in Figure 

8. 
primary object of these measurements, which were 



Characteristic for supply air (Rt) Characteristic for outride-dwelling infiltration (Ri) 
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Figure 8. Measured relationships between flow and pressure drop for supply air, infiltration and the crawl space- 
dwelling and outside-crawl space leakage flows. The dashed curves show a linear and a quadratic characteristic 
up to the maximum value. The markings o and x denote measured data or the difference between measured data 
in those cases when these are measured at the same pressure difference. 

Owing to the convexity condition, the exponent is the notation A q  being introduced for the extra ex- 

not permitted to decrease at higher pressure drops. haust air flow which is removed from the crawl 

The determined characteristics are shown in Figure space in addition to the extract air flow. 

8. 
By making A q  sufficiently large, the negative 

pressure in the crawl space can be made greater 
Adjustment to  eliminate the leakage flow from 

than that in the dwelling, ice. pi > pk The leakage 
the crawl space to the dwelling 

flow between the crawl space and the dwelling is 

Since both qfand q, can - within certain limits - be then in the desired direction, i.e. down into the 

crawl space, and according to our definition qlk is adjusted, we start with the way these flows are to 
positive. The magnitude of Aq required depends, 

be selected. The condition for all nodes is at all 

times C q = 0, or in this case: according to (6) ,  on the outside-crawl space leak- 

( 5 )  
age flow at the prevailing pressure. In the limiting 

qf =qt  + q ~  -91k  
( 6 )  

case, p, = pk = pbm, we have q,k = 0 and, according 
A q = ~ l a - 4 /  =G'lk-qk 

to (51, the prevailing pressure is given by the pres- 



sure in the dwelling when qf = q, + q,. This can be the leakage flow (i.e. qk at a certain value -pk) 

easily calculated by summating the characteristics decreases. 

for supply flow and infiltration and reading off the 
In the absence of better information, we assume pressure plim which corresponds to qf With plim 

known, Aq is calculated according to (6), and the that such a more airtight crawl space has the same 

flow characteristics as now. In view of the fact that characteristic for the outsidecrawl space leakage 
it is more likely for the few large and "turbulent" flow as 
leakage paths to be found and put right and for the 

(7) many small and more "laminar' leakage paths to 

Note that the magnitude of the leakage flow be- remain undetected, this is not quite realistic. 

tween the crawl space and the dwelling, Rib has no 
There are several reasons why the exhaust air flow 

effect on the condition for the change in direction 
should not be allowed to become too large: higher 

the flow' After 
the flow qik is zero in the energy consumption and noise from the exhaust 

limiting case. 
fan, and also a drop in temperature in the crawl 

Equation (7) can also be ravritten as a more formal space, so that the floor is cooler and the operating 

relationship between the characteristics. conditions of the heat pump deteriorate. 

If the above calculations are made with the meas- 

uredkalculated values of the parameters of the 

pressure drop-flow model, the pressure p, = pk - 
15 Pa and the outside-crawl space leakage flow is 

as much as 81 Us, while q, is 141 Us compared 

with qf which is 60 Us. Naturally, the existing ex- 

haust air fans do not have such a large overcapac- 

ity. This explains why it was not possible to attain 

a lower pressure in the crawl space than in the 

dwelling when the house was taken into use - in 

spite of the fact that attempts were made. 

In order that these figures may be brought down to 

more reasonable levels, the crawl space must be 

made considerably more airtight. Figure 9 shows 

how the necessary eshaust air flow decreases to- 

wards the extract air flow when the magnitude of 

Necessary exhaust air flow which makes qik=O 
150 I I I I . I . . . .:. :. - . . . . . . . .  ....... 

pi=pk=?l4.? .:. - . . . . . . . . . . . . . . . . .  
. . 
. . .:. - . . . . . . . . . . . . . . . . .  
. . 

.:. :. :. - . . . . . . .  . . .  . .  . . 
. . :. :. - . . . . . . . .  . . .  . .  

0 20 40 60 80 90 100 
Reduction in outside-crawl space leakageflow 

Figure 9. Exhaust air flow required if the outside-crawl 
space leakage flow can be reduced. The circles at 
0% airtightness denote the present situation. 



If, as an example, we regard 10% of the nominal for Rk in Figure 8 is extrapolated to -pk = 50 Pa, 

flow - i.e. 6 Vs - as a reasonable additional flow %- the leakage flow becomes approximately 190 Vs 

qp the leakage flow must be reduced to about 6/81 ) and, with the volume of the crawl space put at 60 

7% of the present leakage flow. If we instead select m3, the present value of the leakage factor for the 

5% additional flow as reasonable, the requirement crawl space will be nso = 11.4 ach and the re- 

is made more stringent and equal to half this value. quirement regarding the airtightness of the crawl 

space will be 18% of this or nso = 2.2 ach, while 
By increasing the negative Pressure Pi = Pk towards increasing the to about 7% of the re- 
zero, however, these requirements can be reduced. maining leakage flow corresponds to the stringent 
If, for instance, the number of supply terminals is requirement of nS0 = 0.84 ach. 
increased from the existing 5 to 30, so that the 

value of pi is about -5 Pa instead of -15 Pa as Further values with some other assumptions are 

above, the leakage flow also will diminish, but not given in Table 3. 

by a factor of 3 but 2.5 because of the somewhat 
One comment on the above calculations is that in 

nonlinear characteristic of Rk. The requirement for 
the limiting case p, = pk and qik = 0. In order to 

the crawl space then remains that it must be made 
ensure that no air from the crawl space enters the 

just over 5 times more airtight, or the leakage flow 
dwelling, it may be advisable to increase Aq by a 

reduced to 18% of the existing flow. 
few more 11s so that a small flow q,  > 0 takes place 

In view of the fact that the existing crawl space - in the desired direction. The check for this is that 

constructed as a normal one - is very leaky, this is pk is a few Pa lower thanpi. 

no unreasonable improvement. If the characteristic 

Table 3. Required airtightness of the crawl space to prevent air leakage flow from the space to the dwelling, for 
different numbers of supply terminals and different accepted additional flows. The present leakage factors are 
n50 = 11.4 ach for the crawl space and n 5 ~  = 0.75 ach for the dwelling. 

Further simulations with the pressure drop-flow Action: Increase in 
Adjustment [Us] 

4, qf 

model 1. number of supply terminals 60 60 
2. outside-dwelling airtightness 60 60 
3. crawl space-dwelling airtightness 60 60 

In order to further illustrate how the flow system crawl space-dwelling aifiightness 66 60 

.functions? on the pages we present Figure 10 shows that about 30 supply air terminals 
some simulations with the pressure dro~-flOw of the type are required to atbin the mod- 
model which show what When the follo'v- erate aim that 75% of the total supply air should go 
ing natural action is taken: the right way, i.e. through the dynamic insulation. 



The small circles at the beginning of the curves crease in airtightness. (The small x's at the begin- 

indicate the existing values according to the model. ning and end of the curves in Figure 14 and 15 de- 

(The same for Figure 11-13). note associated values). 

Figure 11 shows that the same results can be summary 
achieved if all infiltration between the outside and 

the dwelling is eliminated. The remaining 25% of While the new ventilation solutions in the Optima 

the extract air is then taken from the crawl space. house may have a development potential, they also 

impose more stringent requirements on the 
l2 shows that the leakage flow decreases construction of the house in order that it should 

but that the driving force pk -pi increases when 
function as intended. The investigated house has 

the airtightness between the crawl space and the two serious sho~comings in this respect: due to a 
dwelling is increased. There is however no point in fatal design fault, the supply air terminals are too 
this if the leakage flow between the outside and the small, and the airtightness of the walls of the crawl 
crawl space is instead eliminated. space and its airtightness towards the soil are 

insufficient, which results in a pressure distribu- 
Figure 13 shows what we want to achieve, namely 

tion such that air from the crawl space leaks into 
to make the leakage flow between the outside and 
the crawl space sufficiently small so that pk - p i  is the dwelling- 

less than zero and the crawl space-dwelling leak- Leakage of air from the crawl space into the 

age flow is in the correct direction, down into the dwelling can be prevented by making the negative 
crawl space. Since the simulation refers to the case pressure in the crawl space greater than that in the 

in which only Action No 4 is carried out, without dwelling. What is required is for the exhaust air 
the simultaneous execution of Action No 1, accord- to the extract air flow by at least the 
ing to the figure an irmease in airtightness to prevailing outsidesrawl space ledage flow. The 
about 7% of the existing leakage flow is required. prevailing leakage flow is a function of the sire of 

the leakage path, infiltration and the number of 
Action to make the house function as intended is 

supply air terminals. The conditions governing this 
not sufficient; the minimum requirement is both a 

more airtight crawl space and larger supply termi- 
were determined, and the result is that the airtight- 

ness between the outside and the crawl space must 
nals. In the following two simulations we assume 

be considerably improved, from the existing value 
an Optima house with a more airtight crawl space 

(nJO = 2 ach). Figure 14 illustrates what happens 
= 11.4 ach at 50 Pa down to about 2 ach; see 

Table 3. This presupposes that there are six times 
when we increase the number of supply terminals 

as many supply terminals as before, otherwise a 
from 5 UD to 40. Let us assume that we decide on 

crawl space of even greater airtightness is required. 
40 terminals (i.e. in practice terminals with a flow 

If this can be achieved, there is no reason to imp- 
8 times as high for the same pressure drop). Figure - 

rove airtightness between the crawl space and the 
15 shows what benefit is gained from a further in- 
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Figure 10. Changes in flows and pressures if the 

number of supply terminals is increased. 
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Figure 11 .  Changes in flows and pressures if the 

airtightness between the outside and the 

dwelling is increased. 
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Figure 12. Changes in flows and pressures if the Figure 13. Changes in flows and Pressures if the 
airtightness between the crawl space and the airtightness between the outside and the crawl 
dwelling is increased. space is increased. 
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Figure 14. Changes in flows and pressures if the Figure 15. Changes in flows and pressures if the 
number of supply terminals is increased. airtightness between' the outside and the 
(Crawl space constructed to give nSo=2ach.) dwelling is increased. (Crawl space constructed 

to give nso = 2 ach, number of supply terminals 
= 40). 



Paths and Flow Patterns in Detached Houses) 
dwelling. Note that the required airtightness of the D~~~~~~ of ~ ~ i l d i ~ ~  science, services, 

crawl space approaches the same order as that 

required for the remainder of the house. This can Hedin, B. (1994b) Ventilation Measurements in the 
'Optima' House. Department of Building Science, 

be formulated as follows: Building Services. LTH 

e From the standpoint of airtightness, the crawl space 
of the Optima house is to be regarded as part of the 
house rather than a traditional crawl space founda- 
tion. 

It is easy to put the design fault right and it should 

be possible to avoid both these faults when new 

houses are built. It is considered that these faults 

are due to defective construction of this house and 

Jensen, L (1993) Energy Impact of Ventilation and 
Dynamic Insulation. Proceedings of the 14th AIVC 
Conference, 1993, p25 1-260 

Lundberg, R, Lundh, U. (1993) Mgtningar f i r  
projektet OptirnBt. Material under bearbetning, 
(Measurements for the project 'Opthiit'). 
Department of Building Science, LTH 

Roulet, C-A, Vandaele L (1991): Air Flow Patterns 
Within Buildings Measurement Techniques. Technical 
Note AnrG 34. International Energy Agency, Air 
Infiltration and Ventilation Centre 1991. 

not to the underlying ideas for the Optima house. ( L -  = ~~d university, hstitute of~echnology) 

Concerning the methods used: the tracer gas 

method has proved to be very useful to uncover and Symbols 

quantify the leakage paths. In combination with the ~~~t of the symbols are explained where they occur in 

analysis based on pressurization data it has been the text. Some are summarised below. 

c tracer gas concentration 
possible to reach both a qualitative and quantitative steady state concentration 
understanding of the ventilation system of the h ceiling height (2.4 m) 

N number of samples 
Optima house. P tracer gas injection flow rate 

Ap, p pressure(dr0p) 

A more thorough discussion of the measurements air flow rate 
T~ sampling period (time period between 

in the Optima house - including impulse response measurement in the same cell) 
time period between measurement in 

tests and determination of air change times and consecutive cells) 

efficiencies for different flow paths - is given in The following subscripts are used (the names of rooms - 
abbreviated - are also used as subscripts). 

Hedin (1994b). 
a exhaust (out from crawl space) 

f extract (into crawl space) 
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