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INTRODUCTION 

Air inf iltr.:ition is an important component of energy loss in all heated buildings. 'i'he question 
of h.ow to evaluate the magnitude of air infiltration in a given building is a vital part of any 
energ•· audit. i-irr:;~lified methods thst provide an accurate evaluation of this often elusive en­
eq;v loss component could play an important role in any national energy audit or even in t:he ap­
proach taken by a local retrofit contractor. 

In this paper the param~ters governing air infil tr.:ition are outlined. Problem areas of 
house-to-house comparisons of air leakag2 are discussed. The methods primarily dealt with here 
are the tracer gas-dilution method as compared to the pressurization/depressurization ,approach. 
The testing te1kes place in townhouses of recent construction as well as in a number of older 
homes of varied design. A rooftop laboratory test chamber is used to clarify the important ~uan­
tity of the placement of openings in the house envelope. Wind tunnel results are used to pro~. 
vide other important data on pressure distributions around the test houses. All of ·,these fac­
tors help to clarify the problems and the potential for evaluation of air infiltt"ltion in b!.lild­
ings. Both energy related and internal air quality issues are involved in the level of air ex­
change rate finallv achieved. 

A. FACTORS AFFECTING INFILTRATION 

It is important to review the factors affecting air infiltra:ion. Jn an ordinary house the air 
leakage through cracks and crevices in the building euvelope typically accoµnts for a third D.r 
more of the energy losses. This leakage is strongly ).inked to the weather at the sit~. However, 
many factors of house design nncl ~LC!: at ion must also be taken into account. 

weather can cause air infiltration by two separate physical mechanisms, wind ana tempera­
ture-induced convection (stack effect). Unfortunately , the s e mechanisms do not <1ct independent­
l y ; Le., the effects cannot be simply added. l The only statement that can be mad.e in general 
is that the sum of the separate effects (Nr + Nw) is greater ·th11n the actual combined effect (N). 
The ddvil';g. force behind the air leakage in buildings is the insid e-to-outside pressure differ­
ence c au~_~a' by these two mechanisms. . 

Wi nd, e ~ fec ts, ba.se.d on mean wind sp eed over and around a build:1_ng, cause a pre.ssure differ­
ence f:rom inside to outside. This wind p r essure is found to vary over the surface of t ·he build­
ing jnvelop~~ For every point the stagnRtion wind pressure on a building can be expressed as:2 

where: 
!::.Pi .. Ci 1/2 p v2 

(Pa) 

c
1 

= dimensi9,nless pressure coefficient depcn~ing on --he form of the building and t'h~ ex­
posure 

P • density of air (kg/m3) 

V • wind velocity me~sured at a height equal to that of the building (m/s) 

A. K. · Blomsterberp, is Vis:l. ting Research Associe:ce from thP. Royal Institut@ of Technologv in 
Sweden and D. 1'. Harrje is Senior Research Engtneer and Lecturer, Center for Environment.al 
Studies, Princeton Unive:~ sity Princeton, N ,J. 08540. 

THIS PREPRINT FOR DISCUSSION PURPOSES ()Pill Y. FO~ INCLUSION IN ASH RAE TRANSACTIONS 
1979,Vol. 85, Part 1. Not to be reprinted in whole or in par1 w!\hout written permission of the American Society 
of Heating, Refrigerating and Air-Conditioning Enginea.rs, Inc., 345 East 47th Street, New York, NV 10017. Any 
opinions, findings, conclusions, or recommendation,s expressed in this paper a .. ' those of the author(s) and do 
n.ot necessarily reflect the views of ASH~AE. 



j f, 

. J ·-- . . ... --~--....__.._-. --- • -·~ ~-- ... ' ··--- ~~ -·-

- 2 -

The wind direction is an important· factor, when calcula~ing air iafiltreti~n into a building. 
A wind approaching prependicular to the front wall of a building ian't necessar ily tha t which 
~esults in the bigh~oJt leak.age. 3 

. .. 

The mean wind speed varies with height, and the vertical profiles of wind velocity vary ·w1th 
the roughness · of tern1in over, ·. ".dch th2 wind is p~ssing. Local topoaraphical features such as 
hills and valleys can greatly influence wind profiles. For different types of terrain a simple 
formula can be used to describe the wind speed variation as a power-law profile. 4 

v - . v 
m 

(see Table 1) 

:where: 

V • wlild speed (m/s) 

V .. wind speed at height equivalent to 10 l'I (m/s) 
m 

K • coefficient 

Z • height (m) 

a exponent 

A second type of wind induced ventilation through an ope11ing h du1.. to fluctuating Pxtprnal 
air velocity. This f actor is very comp l ex . The l ow-fr equency content of t he f luc t uat i ng velo­
city will produce a pulsating flow through the opening which will dep~nd on the compressibility 
~f the air in the enclosure, i.e., the size of the enclosure. The hi$h-frequency fluctuations 
, .... 111 produce a turbulent diffusion of air through the opening, less dependent on comprdsi.bility. 
Fc-r a net exchange of air to take place, some fraction of the fluctuating airflow passing through 
th~ opening must be mixed with the a i r inside t he enclosure , the remainder passing back out with­
out .mixing. 

. 5 . 
Cockroft and Robertson show in their study _ that as the air velocity (turbulent wind) in-

creases from zero, the measured ventilation rate (in a test box with only one opening) increases 
quite rapidly. At very high velocities there is a levelling-off effect. Their study provi:des 
some indication of the magnitudes of ventilating airflows which may be generated by turbulent 
wind. 

Temperature differences between inside and outside cause differences in air density. This 
leads to pressure differences and can be expressed as:2 .. 0 

where: 

p • ~i'r deni>ity '(kg/m~) 
0 • outside ~·· 

i - i ·nside 
r· 

(m/s2) - 8 . • grllvitational force 

h • height between -inlet and outlet openings (m) 

'l'he aiir flow ~hrough any kind of openin& can be elWressed as a function of the pressure 
~cioss th~ · ~stter; · 

where: 

• 

c • 
i 

volume flow rate of air c~3/h) 

airflow coefficiP.nt, defined as the vol"'me flow rate of air at a p'l'.'esaure difference 
of 1 Pa (111 3/h at 1 Pa) 

pressure difference acroas the opening (Pa) 

flow exponent, depending on the character of the flow 

~ . 
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1/2 .s Bi :;: 1 

Bi • 1/2 for pure turbulent flow 

6
1 

·• 1 for pure iaminar f~ow · ) • 

; , I~ _. ·,•. I 1 .• : 

This empirical equation ilil acceptable for flow through openings with ·pressu70e .-differences :In the 
. . r ,ange of 1 to 100 Pa. 2 

:. !'' 

If .a building is co<1s.:.dt!r.!J chi ha·•:..ng a : certain por6sity;o;1ith ·an overdl le~k:lnes~ .(using 
pressurization, see ~ection o) ui O:ht! fo'rm: 

where: 
Q 

3 2 volume flow rate (m /m h) 

Q • c 

then the natural ventilation could be calcuiated as: 6 

J Q - J Q 
A in A· out · 

where: 

f Q. "' sum of air flow into the building 
A in 

f Q - :mm of air "low out of the builcUng 
A out 

A • buildi1,g leakage envelopP 

Tb~ :•':"e:;Sl!l"e clifference, used in th!" formula above, is ' the pressure dif{erence from w'ind' an~ 
tem.0erature calculated as stated earlier. The resulting interior presstlre is baset.l on the f'act 

· that the average air flow .into and out of the building rnust be equal. To perform such & calcu­
lat:i.on the pressure difference and its distribution over the building envelope, as wel:i. as the 
overall leakness, must be known. The calculation will, in many cases, give an air excha115e rate 
for the natural ventil~tion that iB up to 100% too high (see section E de~cribing calculation of * - .. . . ' . 
natural ven':ilation):. · This is due to a_ number of factors which must be taken into ::sc:~ount. 

-:- .These, include: · 

(1) microclimate (protection offered by terrain etc.) 

(2) differences in wind pressure distribution depending on building shape 

(3) location of openings 

(4) bypasses inside the building (shafts etc.) 

(5) internal flow resistance 

~ : ,,, 

As mentioned earlier the vertical profile of wind velocity varies with the roughness of the 
terrain. In addition, the wind pressure distribution is changed ·and r.he absolute Jevel of the 
pressure is decreased on the building if there are obstacles upwind within a few building lengths . 
For example, it has been shown that trees reduce air infiltration in housing' by converting di­
rected kinetic energy in the approaching wind into random turbulent energy by passing air through 
tortuous paths in their crowns. These trees must be proper.ly placed ·on the windward :;ide to give 
the maximum reduction in air infiltration. Trees placed on the windward ' side of otherwise un­
protected buildings can eive up to 45% reduction in the natural air infi-.ltratior:i. 7 

'l'he building slu~pe .1.niluem . ...,s the wind pressure distribution and therefore thf! area exposed 
to the wind should be minimized. Preferably the relation between building envelop~ and volume 
should be as small as possible. The higher the building, the stronger the stack effect. Thus 
if one is constructing an energy efficient high-rise building it should incorporate a number of 
relatively tight zones in the design in order to diminish the stack effect produced air infil­
tration. 

*Bilsborrow m.ade tne i;ame cill.:ulad.:n~ ~o:- a te.at bc•x in a wind tunnd and came up with numbers 
that were 30% too high.19 

,,-.,. 

,, ·, 
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A theor_f!ti'_cal mOdel confirmed -by Hm!ted tHting. ehows that. for a fii~ed o-v.erdI. lHkiness 

(based upon the total of leakSge paths th1cugh tht:t building ei.welope) the actual -location of 
openings. using reasonable assumption's• couhl c.ffeat natu'!'ul Vi!lltilation r.'\tcl!I by a factor of 
two or more.· This eubject ie diacuseed further in Section F. 

By'passes, unsuspected air floli routes through the structure, can make important contributions 
to the natural venrilatiou. In 'twin ~.ivers tolinhouses, t"c of t"1e· more obv:foa,; bypnaaes8 are 
openings along tire party wall and the c.penin9 arounJ the flue whi ch provides free path from 
the basement up it1to the attic. '1'hes1: h11ve: been lai;gely el1m1nated by pac dng them with fiber­
g°lass. 1'his retrofi't together with sealfag plU!llbin& nnd \tiring l:·yrauu r11duced the •i~ leakage 
~t 50 .Pa., by 35.t in one townhouse unde;. study 'fr· m· 13. 3 to 8. 7 h- ; ·1ee Fig. 1). 

'The internal fi'ow resistance b aiupposedly low in a one-family b(1ua~. The collll!lunication be­
tween different fltidrs .1,15 normally ttuita gooo ,fo'r eJC&lliple ,flo·:~ through the r.iUircase opening. . . . . ~ . 

B. DESCRIPTION OF TEST METHODS 

!rt order to tHt fnr the natur'ally occuring ·~lr J.nfJJ,trat"ion fo, a buildtng and to evaluate air 
ieakag~ levels, several appro·ae:he£· can l'.•e ueed. 

J' 

The test methods employ£d itr thi!! paper· are the tracer gas-d:l ll~·tio.n method a.nd the P.res ... 
i;urization-depressurization technique. In the ·later proc~ure· both the overall house and :indi-

. vidual. components, such 1!_!.S · windo'Ws, 1114Y be tested·. . ., 

a) rracer gas•dilution L•ethod 

The tracer gas dilution' method 1snd the. associated a~,tomatr.~ air infiltr.ation un it (MIU) 
have been used many times in the past by our research group.9-11 The equipment is shown in Fig. 
2. The method is based upon the use of a tracer gas , in this case sulphur he~fluoride (SF6), 
which is injected into the wat"lll air duct system. The amount of gas and the method of injection 
are carefully contro,lled to provide rapid mi::i g and t o echiP-ve concentration levels of approxi­
mately 40 parts per billion (ppb) wi h : ~ the houoe under s t udy , With the pArtic4lar AAIU deploy­
t>d for these tests, m~asur911 1 nts of co: ::entra t i on t.:ere made every five min . using the electron 
capture dete<:tor a·nc. K• chr,,m1a- t ograph which are par of t hoe .MJ.U . The dllta WRTe Rtored on mag­
ne~ic tape cassette~. Tape ca~~ettes ould stor e the dnta for one we~k but were normally chang­
ed on a four or fi e day schedule. 

Each AAIU has a slightly different calibration factor and the units were recalibrated peri­
odica,lly. ·'rhe general form of the governing, relationship, is bas~d uptin Beers la..,: 

I - ,, 1 •• 
wher~: 

• . I) 

' atid : 

1 is · the current reading for. the SY6 co~centration present 

T is the standing current (i.e., steady-state reading prior to sampling) 
0 

k is a co:tstant 

c is the concentration 

B is the concentrat10~1 exponent which is the item check.ed in. the calibrat.ion procec!ute . 

·:: ·In determining air exchange rates, one measures concentrat:l.ons at two times, C and C +tit, 
where tit is the time between: tes-ts. · In this r.dculation the air infiltraUon rate is simply 

1 ct 
A• ~t ln C 

t + lit 
and t~1e k facto'! cancels out. 

* Throughout the test perkd • :f,n a w~rm a .~r heated home, the AAIU w~s placed next to the fur-
nace in the basement, monitorir.g the duct ah. The samples are . made 11l'&tream of the SF 

6 
injec­

tion point with the furnace blower operating throughout the tests to insure complete mixing. 
Such mixing is normally completed in less than 15 min. after injection. 

*Limited studies have been !Ude in hydrol'.ic and electrically huted homes where auxUiary fans 
are required for tracer aas aixing. 
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One vers'ion 'oi ·this · met:hod1 ~""·inv?lves -:l)llectina individua.J., bag s~les at selected times 
after injection of the tracer gao. In. th.is way. inexpensive. reJDOt.e t~sting ca'n be pe:..·formed and 
the bags sampled and the infiHr11.t1,or ratec determin.ed under . lahor.atoey condit.ion.s. 

(b) Pressurization/depressurization 

13 Using a blolorer · door devfce, de·,eloped ui part of . our. ·home energy am:lit P.rocedure. the en-
tire test house l:Sn be a;·r1;!1>Rurh•.d ar.t! deprcssurized accordfog to well-establhhed. methods.14-15 
The blower door is shown i n fig. 3 and is Clest~ned to fit: tightly into ·.a wid·e var~ety of door 
frames . . The proc.aclure h1 ther1 t» ~~rovide a ,,.~Hfferential pressure . bet~een inside and out.side. the 
house under test. Thi• pressut"l! r1Hference is completely adjustable ~ing e. variable-speeci 
axial fan motor (d.c. motor and solid-state control). In the step-by~step changes in differen­
tial pressure the fan speed is r.:.ad 1:d':!!ul !'.aneous1.y • . Wi.thin a matter of , l'l:lnutes ~ pressure-flow 
rate profile is ~stabU.shed for tile house . . Tbe flow.) ~s . o\eterm:!netl from previous laboratory cali­
brations of the fan speed and flow rate. The technique used also allowed internal ooor cl6'sure 
to provide an additional plot of pressure vs flow rate and isolation of , leakage sites. 

In the case of individual houso envelo.p~, COll'!lonents, such iU:' doors and windows• the d~pres­
surizat ion technique can be used together with ·'ft iplo.sti.c cover tigh.tly taped to the window· or 
door frame (see Fig. 4). Depressurization is accomplished with a vacuum cleaner(suction side) 

: .'''.ind the flow is measured· with & sen!litive l?&S flew meter over a- timecl period. The differential 
·'-;,~pressure was measured as in the house te·sts- using a sen.ritive i:;.ressu.re gavge. ln order to mini­

mize the chance for any leakage, other than thrqugh ' the house compo,nent under _ test• the pressure 
in the house was lowered to the component pressure level using the blower door. In this proce­
dure no differential pressure existed between component an.d ·bouse interi9r.; .hence, even if a ST:lall 
opening developed along the taped plastic at the window frame edge or hoses, the leakage would be 
negligible. See Refs 16 & 20 fo~ deteiJs of other simil•r studi~s. 

l;... 

< . 

, C. !!QY_SE COMP LEXI TIES AND l·RESSURJ ZATION TESTS-

Using the pressurization u.ethoci, or.e is confronted ~1itt. the problem of. comparing leakinei;s from 
one house to the next. · Kronva1115 attempted to mP.ke such cot11parisons .for a number of Swedish 
houses using the parameter Q/A (fl..i..,/surface area)• and then deri.ved a relat:l.onshj_p between pres­
s"unzation tests and natural air infiltration. One factor helping tb.ostt. cOITlpari.sons was the high 
degree of simirarity of newer Swedish homes as compared to those encountered in the United States!? 
For example, it is important to consider the basis for calculatior_ of representativ.e .su.rface area 
and how zones communicate. 

One fai...i:o.- lhat complicates houc~-to-house comµnrisons is the variety cif l;leating, methods. 
The use of ducting in warm air systems tends to provide a good means of communication between 
floors and often provides a flow path to the basement (or attic) depending on the actual duct 
routin~ in the house. The older floor furnace represents an even more severe case of zone-to­
zone communication. In contrast, electrical resistance heating tends to provide the least flow 
communication between different zones. Hydronlc sy1Hems co.ver a m1.ddle · Jtround, but if pipes fit 
tightly through floors S'1d walls• tightness can ap~.roac~ the . electrical~),' heated hous~. 

~ .!: 

The question of surface area can be quite complex in the variety of , homes found in the United 
States. In the Southeast and West one finds a high percentage of slab construction;l7 hence, the 
leakage surface is considered to be simply the walls and ceiling above the slab (typical of Ref 
14 and 15). Other areas of the country prefer basements. crawlspaces or a mixture of the two 
si;metimes .i·ith slab construction involved as well. Thi.; complicates m'ltters. 

These cor.-struction 'features,· heatir1g methods and basement- treatments . are further . complicated 
by side wall constr~c.:tio·n. Luring mu·ch of l.;r1eric~'s history. br4ced fr~:.ne a'!d balloon-typP, con­
struction prevailed.17 In many versions of these designs the walls are essentially open from base­
ment to attic. Thus, when pressurizing or depressurizing such a house large volumes of air are 
drawn into the basement through these paths. Depending upon the degree of colllllunication b~tween 
basement and living space. the air infiltration can be directly affected. Refer to Table 2 and 
Fig. 5 for illustrations of the various effects. Looking first at the r.ir excl-ange rat£ in Fig­
ures 5a and 5b, the inclusion of the basement is shown to improve the leakage performance of the 
wanu ah heated homes (Fe, Ha. TR(2) and La) at1d decrease performance in the hydronic heating 
home (Cz). The latter occurs becauve the Cr house has limit"'d ccmmtmicat:fon with the basement 

*Tests are made over a ra1.~e of pressurf!s tip tc. 51) Pa. er somcwhe.t hieher. Outside weather iT'flu­
ences are evident at the lower pressures. ~ 10 Pa. making comparisons difficult at such pressures 
which ac::ua11y co:r.Tespond more closely :o the: natura~. pressv.re differences . 
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and was · shown to gain w1·e in air e-hange• than u!s ..,rhet b:y added VCtlu111~" Tt:e warm air hNted 
homes already coD111unicated well with the basement ao that the additional volume served to provide 
a lower air exchange rate. 

When comparisons arf! made v.e.ing the leakage para.111ete.r Q/A (the volume divided by. envelope 
area) the relative pcsiti~ns of the houaes is aeeri to change considerably (aee Fig. 5 c,d). 
Whether the Twin Rivers townhouse is conEri-:1.ered es an :l.1'\teritir unit or as. a detac,hed house, where 
the party walls counted as pa.rt of the envelope, almost. makes th:f.s identical floor spac·e and vol­
ume .house the best or the vorRt on the graph. In the case of house er •. if the leakage were based 
upon the same r:.nvelope but the basement door were closed, then this house would fall to 11 .• 3h-l at 
50 Pa, by far the best in the group. The question then becomes: should the envelope be ceiling 
plus walls down to the ground, or since the basement has been largely excluded by closing the 
basement door (in some cases it was avan taped closed) should th• floor surface then be included? 
Applied to house Cr the value would fall to 8. 3 (if taped). Just by using this house as an ex­
ample, it is easy:to see some of the sources of confusion - confusion th.at would not be present 
using slab construction.14 and 15 

D. !_'.RESS_!'_R_IZ~TI~N _T~S~ REJULTS ·v~~~~J;!EN 

A 1Bamp,.e, including ten Twin Rivers townhouses and ftvc detar.hecl hciuses, has been tested using 
the tdepreuurhat:icm technique.. (See Table 2.) 

Fig. 1 indicates that the townhouses tested at 50 Pa expPrienced a '\. 12. 2 exc.hange rate per 
hour and detached houses'\. 13.3. These air exchange rates are very high compared to what can be 
achieved in modP.m housing using well-sealed windows. and doors and a continuous pl as tic vapor bar­
rier. Swl;!dll:;li trlilct houdng built during the seventies ~nd empluying plastic vapur b~rriets were 
found · to provide exchange rates of. 1-6.14 ,fhe •verage value was 4.5 h~l, or approxi~tely, one 
third the value found in the U.S. housing tested in this research. 

If t;.he 
be':wP.en the 
the Swedi.<1h 
can housing 
3'!.4 m3/m2h 

. 0 . 
leaka~e fr.: related. to the building envelope, A • instead c·f the volume, the difference 
tll!:~t;ed houses and modern housing in Sweden is etill greater. The average value for 
ho•1ses :!..s 6. 3 m3 /m2 /h, . which b only one quarter, of the same measurement in Ameri-
25. 3 m 3/m 2h (average detached house in these tests). A Twin Riv~rs townhouse leaks 
(or 22. 8 1113 /m2h if party. wdls are included). 

However, it has been shown in two leaky houses that it is often quite simple tci ,drastically 
reduce the air leakage while depressurizing is in progress. The reason is that in a leaky house 
there are often a number of larger open:i.ngs, whi!:'.h ar'! !tasy to find during. a depressur.ization 
test. _Normally, these are simple to block off. For example, the first house in which thi~ de­
pressurization retrofit was employed was the Twin Rivers townhouse. Prior to corrective, action, 
~he house leaked 3t a rate of 13.3 air exchange@ per hour •t 50 Pa (see Fig. 1 Sa-house). The 
house was examined under depressurization and efforts were ce>ncentrated on plugging all basement 
opening$ associated with bypass routes leading up into the attic. The post test reading was 8. 7 
h~l at 50 Pa. This was a 35% re~uctio~ in air leakage, which should result in a major reduction 
in, the nRtural. air infiltration. 

In several townhouses the leakage sites had earlier been blocked off in a s.tep-by-step pro­
cess, without access to a blower unit. Four of those houses •11ere depressurized after the retro­
fit was done and their average leakage rate ('\.l2h-l) was then "'40% higher than the leakage rate 
of the Sa-house. :It h~s to bt? mP.ntion~d 'ln thh context that those six houses, with their average 
leakage .rate of 12, have an a~erage nat•.mll ventilation of 0.4 h-1 • Before :retrofit the average 
'ventilation was 0. 7. h-1 .. 

The seco~d retr~fitted dwelling was .an apartment. The before retrofit number was 24.4 h-l 
(see Fig. 7). The same procedure as in the Sa townhouse was_fPPlied. Closing a bathroom closet 

~door and cove!fng a fireplace reduced the air flow to 19.7 h • Taping windows changed the leak­
age to ,17.4 h • T~pinf, the joint on bathroom closet door ga.ve an additional rrduction to 15.3. 
The last step was tapir.f the wate!' manifold door •nd the en~ result w11s 14.4 h- • Thhl :l.s a re­
duct.ion from 24. 4 to 14, /1 h-1, or ~- 1~0,; :reductio111. The concksion h that the rate of cir f!xchange, 

.J as measured by depreuuriuticm, in a leaky house can reacH.ly be reduced 30-50%, (within the period 
of an hour if one were to judge by these tests). This leakiness level still falls short of such 
codes as the current Swedish standard(3.0 h-1 for detached houses af.ter July 1978) and also brings 

*A calculation, using .the model in Section E "'H •df! which ahowed a 50% (rather than 35%) reduc-
tion in natural ventilation. lbis was because of the change in the flow exponent, .68 to • 72. 
This calcul~tion was t11&de assuming the same distribution of openings before and after retrofitt­
ing which 1 s always open to ·question. 
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•::, i.-ne face-to-face with t1'e que; tian cf how tight :h t-!>o tight, bas~d ">On intf!rnal air quality. 

E. CALCULATION OF NATURAL VENTILATION FOR TR-HOUSES 

In four retrofitted townhouses ~t l~in Rivers the air infiltration has been measured "with both 
the pressurization technique ano the tracer gas technique.* Data from t~acer gas measurements3 
was used to determine the natur&l ventil.ition-. l'his was done for M typical winter day in New 

: Jersey. (t 1 • + 2(J°C ,' t~ • +' 3°C, wind at 10 meters height • 4 m/s). Pressurization tesi:s were 
used to calculate the air leakage characteristic. 'I.le houses had an average overall leakiness 
of 11.8 air changes per h~ut at a 50 Pa pressure difference inside-outside. The air leakage 
for a variety of pressure differences was plotteC. for ev.ery house. This gave as a result an 
equation of the form; · · · ' 

Q • C (llP)f?, 

'Win'd pressure was calculated from wind tunnel test I esults (Section A). '!'his was done for a wind 
speed of 4 m/s at 10 m height. A correction was made for height, i.e., the wind speed at a height 
equal to that of the building (7.25 m) was used. The terrain was regarded as "country with scat­
tered windbreaks"4 or "urban" depending on the location of the house compared to other houses at 
Twin Rivers. In addition to the calculated wind pressure the pressure caused by the temperature 
difference was taken into account. Tnis combin.ed pressure Jif'ference was then used to c~.i:culate 
the natural ventilation for the four townhouses. 6 The ope-.; ings were a.>sumed to b.e t!Vt!nly distri­
buted around the entire house except on the party walls which were assumed to have no openings. 
'All f 01:i'r townhouses were interior uni ts. · 

The average ·natural veiitilation for the four townhouses was· calculated t"o tie 0. 88 h-1, or 
2·, 4 times the average measured value (0. 37b-l) using tracer ga~. ··Several reasons can be sited 

t fcfr this occutcmce. One is that the openi·ngs in any teal h"use al'"e dbtriuui.:ed in a different 
manner than the unifom distribution assumed here and that furthermore no attention has been paid 
to bypasses going from the basement up into the attic. Another important factor is that the mi­
croclimate, ·wf-.1d speed and temperature at tne house, isn't knowu ac.:urate:..y enough for these com­
pu te:r caL:ul&tior1s which were based upon 36 surface locations on the 1.1ind tunnel house model. In 
all, the follow.;,ng data had to oe supplied to the computer in order to calculate the air infil tra­
tion rate from depressurization dat~: (1) the ~ressure distribution as determiued from wind tun­
nel tests, (2) matrix size, (3) dimensions of the townhouse (4) wind si.>eed (5) temperature dif­
ference inside-outside (6) air flow when depressurizing/pressurizing at 50 Pa, and (7) average 

.· 'flow exponent for ·the entire building envelope. 

One point has:·to be made in this context, to mention only the ai• leakage at 50 Pa as char­
aderization of a house isn't sufficie·.1t. The flow exponent has to be sµecified Rs well. For 

:i - the townhouses, the exponent ls in the range'(), '.:19 - Q, 72. Fig. 8 illust.-ates the air leakai:re 
characteristic for three houses, all wit~ the ~ame leakage at · SO Pa, but with different fiow ex­
ponents. For an u11pr0tected tow.1house under average N.J. winter conditions,the calculatec·· pressure 
difference is approximately 5 Fa. The average value for the calculated houses is':"' 4 "Pa; If 

;·"" this pressure valu'c is used, the natural ventilation would increase by {L 25 - 0. B)i/O. H = · 55% 
in changing the flow exponent from O. 7 to 0.5. However, these two houses have the 1 same aili leak­
age at 50 Pa. The flow exponent differences are an area of current investigation. 

·F. IMPORTANCE OF LOCATIJ1~ OF OPEl~INGS 
_, 

To find out how the natural vent.il'atio11 changes when openings are moved from the top to the' bot­
tom and fi~m the front side to the back side on a hcuse, a prl:!liminary test series··was nm in a 
test-box. The box (2.4 x 2 .4 x 3. 8 m) was built on top of a flat roof of ·a 2-sto'ry"builcling. 
Four "windows", each consisting of six 1-in.-diameter openings, were built into the te~t-box, 
two on the L :- cnt side aad iwo c--.1 che back sid~. The· natural v.mti!ation wus me&sureci with twelve 

:'t of 24 vents ~pen.*** 

The highest ventilation wa..; achieved with openirigs low on the windward Eide and hig.h on the 
leewani oide (for numbers, see Table '.!.). [;,oth wind effc:cts and the stack effectE &id in ventilat-

' ""·'' · !ng t:he hex in thic case. Ventilatior• driven by l:EmperaturE: differences causes the air to cor:ie 
tc .... '' in:through the lo\o:.?r upl?nings of tht: wall anc! leave through the higher openings.· In case two the 

.~ ;i: * These townhouses are listed in Fig. 1. 

**Final weather metering equipment had not been insi.:alled at the tilrie of the tests. 

*** In this simulation, """-ed upon pressur:i1;et:lon,. the test box was cperated with 50% leakage 
through the 12 vents, 25% leakage around the door, and th~ l'eNincler through small opeuings in 
the box envelope. · 
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stack intake i& an the '4ind:w11z.d d.de 1 ll~ich aieJl-M that the wind · effee;t .ta helping the tempera­
ture effect in driving the .a1ir 1.-.tto ·:thu> b1nt. On the l~eward aide the teri(;eratur.e and th~ ·wind 
effect together auck air ~ut of the bo;x:. 

The loweat ventilation was achieved· vi th 1111 c;penings c;n the ~indward · aide (case four). In 
this case the wiocl triea to. puah air in t.:ht·ough all op1minga. There is, hi>wever, no outlet for 
the !lit~ And depending upan th.a> evenneea ·uf the pre11Su1·e 1 the wLnd .effect can cancel out. The 

· temperature 'rill thus b£ t}ie Mdr. dri~ing force iti thia case. 

The other cases lie betw~~n those mentioned above. For the case with openings high on the 
.windward siJ e and low on the leeward aide (c&aa: 3), there can be a set .of weather conditions 
where the effects· essentially cani:al Mch othe'L" out and hence the ventilation will lie very low. l 

The test-box study can be .uaa& to explain 11airing", i.e. ; · to e](l>l11i:r1 what happens when you 
open various windows in an actu~l ~ouH. Natural ventilation haa· been measured for diffe-rent 
window open:!.ngs in an i~1st?"umented Tw1n Riv·.era townhouu: (intd!!rfor unit). rig. 9 snows the nat­
ural ventilation if only ,windowa on tht!: lst floor [S[ or only windows on the 2n.d floor [6] are 
llpen. This gives a relatively low va<'\tilatfon, which corres·pok1d* to the ·rasults in the test box. 
If one window on the 1st ilool' aud one 'rindow on the 2nd ' flooT we·re op.en [3] nahrral ventilation 

· is increased, as was shown in the test bo-x. Windows open on all floors [l] give 6 much higher 
ventilation; however, this was not shown in the box since, unlike the house, total open area re­
mained fixed. 

6 
An addi-tional survey was l!lllde using the calculation model' of a TR-house, 'aieritioned earlier. 

In all calculations for a TR-house it was assumed that the number of openings vaa constant. The 
only difference between the caeu iii that the openings are located in different ways. All stud­
ied cases would give exactly the same air leakage characteristic when using the blower-unit. :he 
overall le,o;i.kage was assumed to l>e the following: Q/A. • 1. 87 + tip O. 7 which gives 29 ml/h m2 at 

. 50 Pa. · In ~ach .case, three wind-t2mpe:rat~Jre conditions are, considered: (.1) a wind of 4m/& per­
Pto?ndicti~ar. t:o the front side and an inside temperature of_+ 20°C, .and an outside temperature of 
+ 3°C; (2) the <1;1me wind with t .ero temperature difference; (3) the aame .temperl\ture difference 
with ~ !;\ro wir,d. 

~ix different patterns of ,,pe;d:ngs were studied .Ci;ee Fig. 10): 

(1) Openings evenly located .a:r9und: the whole house. 

(2) Op'enings evenly located on the front and the bsck &ide and roof absolutely tight·: 

(3) Openings only on the lower part of the walls and on a limited area at the center of 
the roof. 

(4) Openings evenly around the whole house, exc'ept that there are no openings in the area 
between 1.2 m and 4.2 m on the frout aide. 

(5) Openings only on the lower part of the front wall and on the upper part of the back 
wall. 

(6) The same as (5) but, 'with the wind coming from the backside. 

}Jhen conside::ing l:he combined eff .~ct of wind anf tel'Ilpereture difference, thct highest. venti­
lation is for cases (2) (1.29 h-1) .and (5)''" (L 30 h- ) ; the low.est ventilat:l.tin is for case (4) 
(0.70 h-1). This is assumed to be the most realistic case. 

The cuu with ventilation c.11used only by wind ahow a maximum of 1. 35 h-l for case (6) and 
a min,.mum of O. 6 h~l for ca.ses(3) and ((!). Thia latter reeul t may aeem surprising since one 
mfght expect a strong Bel'noulli sucifon at the peak of the roof. The case assumed to be the 
realistic cas~ (cas~ 1) ha~ 0.93 h- • 

The last ~aau a:re tboaf.' with vantUation c.auHd only by temperature. The maximum ventila­
tion is 0.52 h-1 for caae (3) and the minimum ventilation 0.30 h-1 for caaes (2) 1 (5) and (6). 
Case (l) has 0.38 ~-1, 

The relati•>'1S ?>et1o1een 'iMXimum ·and minimull'l ventilation for. the three w1.nd-temperature condi­
tions are as foU1>ws: 1.30 I 0.70,. 1.87. 1.35 I 0,60 • 2.25', and 0.52 I 0.30 • l.73. The re­
sults also show tnat thl! 11ind b a domfaant faC'.tor. unlirff t.est conditions •uch as the ones used 
here (see cue (2) ui.d ca1e (6), Fig. 10). Again, remtomber that all of the 110deled hou1es would 
give the !9ame ~tr. leabge tf tuted vith a blower-unit. The model teats made here confirm that 
the ·, case with openi'ioll• only or. the lover part of the ~11• and on the t.op of the rOQf, has ·the 

* Which correaponda to the rea,,..lu in the te1t box. 
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highest ventilation caused by temperature. and that the case with openings only on the windward 
an1! the leeward ·side h ,E· the; t,~_gh~st ,,,,,,t~ 1.ation C6\.,Sed t) -wind. In one cau the. ventihtion 
c•used ·by wind wa;; l·i11;her t:hr.n th~ vf\ntilation c.aus~ ~ by the cc:nbinat!ora ·of wind a•id'· te\llperature; 
i.e •• the two effects counteract each other (eee ca~e (f) Fig. lC). 

All calcula 1::l.ons El :o,, that th" l~e:1t:i.or. of cpP.r.:'.r.e,r.: coi·!.cl be ·of grc3t ir.portance. There­
.fore, such calc1Jlat.:lonr. should be c!~r.r:. for d1.ffnPnt housefl. temperatur.es. \•inde €one fl::>"· expo-

', nents. With .~dfide~·. t d'Bta,or.: t~·pir.al 1-omiss C:•ne c;ould ee;.:r·c.h for the model of openings which 
is closest to a real house. The re':rofit e:-per ierr.e et Tw:f.n R:l."t:rs v1rwed frc-m ir1filtration re­
sults would tend to indicate a preference to models which emphasize openings high and low in the 
.,townhousl': (3) . For a fixed .oven.11 leak:l.ness (&ii mc :a~ured ty a blo"•er uni.t) it appears that 

.-:the loce.tion of openir.gs, imder re&sonablc £r-si..mpt1c.1.s; t.oolc. affect . nstu1·al ve.:itilation -r:ites 
::; ,. hy a f .ctor of twc c•r more. This is r.hc.un by the TR···mc1deJ. and the: test· box. 

. The results mt<ntioned .here indicate. · that wl,en :a house is te> be t~. ghtEned, it is quite im-
·•. ·,p0rtant where this is done on ,the 'buildiug ~nvel :>pe. This questio·n .was studit!d in a 1940' s house 

.. , (see Table~ 2 .• Fe house). windows we.re wes.ther stripped which reduced t"ie .9ve7age nat•1ral ,,enti­
": l .ation uride:r wi!l.ter. conc1itioTls 1'y 10% (tracer ga.s tePt). The house leakiness ('Jsing the blower 

·;.:; ~ :door), however, was reducec! ~· 15%. Tha house in question is fairly well protected, which implies 
. ·· . - .the.t the main driving force for tlie ventilation is the temperature diffe:-:enr:e. Important for the 
· · _.'.· reduction. in 'natural ventilation is .then how close to the neutral Zl'.>ne the tighteru!d. openings are 

I ' , '. ~ . 

located. 

In this case, it should be possible to regard the weather stripped windows as being close 
to .the natral zone, of.lich mear.s ths. ~ windows are less important tha~ what a blower test indicates. 

CONCLUSIGNS 

·this paper outlines what problems one might have in trying to estimate : the natural ventilation 
knowing the air le.akage characteristics as measured by the pressurization method, e.g. using the 
blower door. '!'he physic.al mechanisms for ventilation, which are the basis for i:he aualys l s, are 
wind and temperature (i;tack-e(fect). The basic equation used in the ealculations iS the equation 
for air flow through an opening driven by a pressure difference. A computer model was derived 
for infiltration prediction of the whole house. The input data were: air leakage characteristic 
as measur·ed by a blower unit• ti!mperature. wind speed · '(corrections were made fo-: the Toughness 
of the terrain) and wind pressure coefficients as measured in a wind tunnel. The calculated val­
ues of air infiltration for each of four Twir. Rivers townhouses wer'e · shown to b'e 2.4 times higher 
that' that measured. The most likely. ~ources of error are, a. lack of kno"7ledge or accounting for 
the fol lowing factors: · 

microclimate 
buildjng proportions 
location of openi.ngs 
bypasses 
interhal flow resistance 

For example, a change in. the location of openings. was shown ~o be a'Jle to increase the natural 
ventilation by 100% or more. These conclusions were the result of measurements' in a test box 
and computer calculaticns for a Twin Riv:!rs townhouse . . An analogy with the test box study was 
made with the opening snd c:loeing of different windows in an instrumented house which ~asically 
showed the same results. 

In the actual leakage measurements. the tracct gas techrdque and the pressurization techni­
que for whole buildings and individual components were uaed. When evaluating the results from a 
preasurizatior. test the question arises ho1"' to normalize these results. Should basement or crawl 
space be included in the volume when using this factor for normalization? 'What should- be consi­
dered as the building envelope when relating the air flow to this factor? Depending on how this 
is done, the houses will have a dif! ertmt air leakage characteristic relative t-> eac·h other . 

A major difference in house leakiness. as determined by the preeauri&ation technique, was 
shown to exist between modern Swedish housing and American housing represented by Twin Rivers 

··.-.:;n: townhouses ·•mi e 11cr iety of older homes. Thill differe\ice wae found to be of the order of 3 or 4 
t •imes. Howeve•, it '"as shown in two houses that it is faiily easy to accompi'ish major tighten-

. ing by blocking off openings in a leaky houel! during d~pressurization~ In this way the air leak­
i.{: · ; agl:'was ;:educed by 35-li0%. In one test ~ouee built in the 40'a it was shown that ~eather · stripp­

. · ' ing reduced the natural ventilation by 10% (measured by tracer gas) and reduced dep•essurized air 
: ::rexchanges by 15%. 'lhie is further indication tl'.at when retrofitting a house it 1111 'quite important 

' - 'l 
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where the house is .tightened, and that a pressurization teat do••n't neceasarily 1ive the same 
impe>rtance to variouc opl!nin&• iand bow thtly h1fluence air :li.'l!iltrttion under '7.Ati..,ral condiUons. 

More research ia needed in order to better understand auch factors as the •ictoclimate and 
how the opl!nings an >:S'istrib\1ted Mround a b:!Hdi.nl:,. Thfa will make H pouible to de a more ac­
cw.r?ite calci;lat!on of the true •;iz,ntilation f~. a ~.;01.te!: 'iiihich bas been a.-~ign~.d .. n air 'exchange 
value uaing the pressurization technique. 
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Table ~. Factors for determining_ mean wind spP.ed at different 
types of terrain from Meteorological Office wind speed 
U measured at 10 m in open country (see ref. 4) 

m 
-------------~--------·-------·----

Terrain 

Open flat country 

Country with scattered 
windbreaks 

Urban 

City 

K 

0.68 

0.52 

0.40 

0.31 

c 

0.17 

0.20 

o. 25 

o.33 

·1 



Table 2. Test House Information - ~ ·- · --· 
House Sa Sp Hu HI Ka kc Wa llt· ..... .. .... ·- Mc k! . .u -~ "" Cr 

Year o[ 
Cuns.l. ; l'l72 - 1971 - - - - - - - - •. ,.,t; 1'14i i<;72 19S9 i9S> 

llu. of 
ytorys 2 2 2 2 2 2 2 2 l 2 2 z 1,..:z 1.5 1 

Tuwn House ,. T T T T "f T ... T ,. 
lret. House D D D B D 

- . . . 
fravl i1p1ice c c c 
lase-nt I .. B B IJ -~ B 8 8 8 8 II 8 I - . -
fol. em:l. 

C or I ))6.5 - - - - - . - - - - 358 SU 426 250 

(•J) Incl. 
C or I 494.4 - - - - - - - - -· S48 fo66 591 580 525 '• . 

' Fl~r area : 
(•) 1)9.l - - - ' - - - - - - 113 152 210 196 i09 I 

..... 
lld1.ea•l. N 
(-2) .. 
eacl. C~I 217 - - - - - - - - - 329 470 4'4 310 
lncl. c.1 153.6 - - - - - - - - - 295 261 334 344 2.SS 

lat. feat. • 
(slr each. 
I hr.) 0.18 O.ll 0.36 0.42 (1.82 

(0.74) 

Alr leak-
•ae at so,. 
(depressuriaation) 

Alr euh. 
lMI. C,I l).l 12.6 15.2 11. q ll.4 9.K ll.6 11. "} HU! 11. 2 14.4 16.6 l!.2 ll.5 n.o 

(I. 7) (11.'JJ \14.2) (11. 7) .. 
letroflt ... 
A,l,C,D Al D ACD ACO AUCI> AUCI> AllCIJ ICI> AdCU .ACU ACD 

• Natural ventlbtlun ... fllYrn for II 1.:.;.;.:;;t.:..,.e di r.-;:.:;-C-;l:;-,;,-1,-l:-Jnd a wand !IP•'t'd or 4 ra/s. 

•• lletroftt A • attic lnHulatlon tu lt-·m (incl. pluKt:lnt: nll the 11pcnlng>1 alont: party val Is) 
8 • caulklnK and 11cal htK wlndnws and doors 
C • lnsulal Ing war• air distrlbut Inn "Y"t'-'111 In llw has··-nt 
D • pluggJng 111 r the shaft aruund the l°uriMt"t· flU<• In attic 

••• Done •Y private co1111•any 

•. 
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Table 3. Natural Ventilation For A 
Test Box (temperature 
difference inside/.,utsidr, 
wind Si?eed) 

( 19°C,1.3m/s) 

3 
... 

. 

.ll8°C, l.3m/s) 

5 

¢8 
{ 18°C,1.6 m/s) 

Fig. 2 Automated 

( 17°C, l.3m/s) 

4 

Qt 0.81~] 
( 18°C, l.3m/s) 

6 

-~ . 

( 18°(.;, l.3m/s) 

air infiltration unit 

:. 

- 13 -

' ) 

AT SO Pa 
16.6 

I ."' 
15 

134 14.2 

13.4 13.3 
I i 12 .6 

117 

II 

9 
I I ,· 

8·
7 

-TIGHTENED VALUE 

La 

I 
I 

Fe jcr 
Har Ha 

1 

!S- Re He Mi Wa j Ko Sa l~u Sp Ta 
Me 

-PREVIOUS SWEDISH STD. 711177 

3 -NEW SWEDISH STD_ 711178 

l.37 I I 
Q_gg - CAL\IJLt.TED 

~..___..__..___ J ,~l~__.____.__...___.___. 
0.31 0.42 036 0.38 TRACER GAS 

TOWNHOUSES 

Fig. l Number of air exchanges at SO Pa 
for individual houses 

Pn-Pr ( pnlpr 

AflotO•df'r 

I I wt•• "'dot.ii 
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I ADJUSTABLE 
WIDTH 

ADJUSTABLE 
EIGHT 

14 

~--SEALS 

PLYWOOD S/4" 

JACKSCREW WIDTH 
ADJUSTMENT 

--ALUMINUM PLATES 

UPPER DOOR 

fNSID£ OUTSIDE 

Fig. 3 ~~ower door 
•nd control p~nel 

FAN SPEED 
CONTROL 

Fig. 4 Test arrangement for window 
leakage measurements 

SENSITIVE LOW 
PRESSURE GAUGE TO 
-1 Po INCREMENTS 
6P • 0 

ROOM CONDITION 

\ 

INDUSTF!IAL 
VACUUM 
CLt:ANER 

INS/0£ 

TAPE 

GAS METER 

·WINDOW 

W.:l.!..L 
SECTION 
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