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INFLUENCE OF NATURAL INFILTRATION
a¿a? oN TorAL BUILDTNG vENTTLATToN

DOMINATED BY STRONG FAN EXHAUST

D.E. Kiel, P.E. D.J. Wilson, P.E., Ph.D.
ASHRAE Member

ABSTRACT

Tracer gas measurements of the toEal venÈilaEion rate were made in an unoccupied test house in
which an exhausÈ fan was cycled on and off for four-hour íntervals. The exhaust was operated
at a flot¡ rate equivalent to 0.85 air changes per hour, and the house leakage configuration -
varied by window opening and flue blocking'co produce nacural infÍltration rates - was from
0.1 co 0.5 air changes per hour. Several sirnple theorecical models for combining fan and
nacural ventilaÈlon flows urere cornpared co the measured data. Direct Iinear addition of che
exhaust and natural flow rates was found Eo give a superior estimate of the cotal flow
compared Èo oEher formulations, including Ehe quadrature superposition recomrnended in ASIIRAE
Fundamencals (ASHRAE 1985).

INTRODUCTION

In o::der co Provide adequate venÈilation Eo maintain indoor air qualíty, concinuous
vencilaÈion wlth an exhausc fan or a balanced flow air-co-air heaÈ exchanger may be necessary
AE current energy prfces, an exhaust fan ls often the mosÈ acÈracEive choice because of lts
low capical and maÍntenance costs. To avoid oversizing the exhaust fan and causing excessive
energy loads, a slmple mechod ls required to combine the natural venËilation raEe,Qnat, wiElr
lhe exhaust fan raEe, Q¡.r.,, to escimaÈe toÈal rate, Because the prediction of naturäT-
vencilation rat,es from infilcraÈion has an uncertaincy of abouE + 20t at best, and as much as
50t to 100t tf the buílding leakage siEes are noE well known, the mechod for combining chis
nacural infilcratlon rate wich che fan exhaust rate need noE have a higtr level of acc.ira.y,
buc ic should be physically realiscic.

our study will presen! resulEs for strong exhaust venÈilation flows co shon that Ehe tocal
ventilaËion is noc well predicted by current models used to combine mechanicaL and nacural
flow rates. An improved model will be developed, which accounts for the variation of ghe
fraccion of cotal leakage area participatÍng in infiltration with the scrength of the exhaust
fan flow rate.

I,IODELS FOR CO},IBINING VENTIIATION RAÎES

The major dtfficulty in developing a simple theoreÈica1 model for superposing nacural a¡cl
mechanÍcal vencilatlon lies in the nonllnear interaction between Èhe pressr.¡res chat drive c5e
cvo flows. For example, mechanical exhaust will depressurize the building and raise Ehe
heÍght of the neutrel pressure level further above the floor, changing the wind and stack
induced natural vencllation flows. SimpIe models for the combined effecc of mechanical anci
naEural vencilation, such as Sherman and Hodera's (1984) quadraÈure superposition, which is
used in ChapÈer 22 of ASHRAE Fundamentals, make che impliciE assumpcion chat the effective
Pressure differences, ÀPfan for.mechanical ventilation and APn-a for natural ventilation, rìra.y
be added linearly to estirnâce the neE predicted differu.r.", lÞpiua,

aPpr"d - aPf..t * ÂP.,"c (l)
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whfch also Ímplles Èhat the effecÈ of wÍnd- and-stack induced flow can be represented by a
slngle effective pressure difference that ts unaffected by fan-induced flor¡s. The Iinear
addtÈlon of che cÍto pressure dÍfferences is correct for local pressures aE a given leakage
siÈe. However, characterLzlng the leakage of the sÍtes on an entire building by a single
characterisEic Pressure difference is only a rough approximation. Ifhile this single AÞ
assunPÈion is typical of most simple infiltration models, ê.8., ASHRAE's (1985), the use ofthls whole-house AP may noc accurately characterize the way ln which fan-induced and nacural
venEilatÍon Pressure fields lnÈeracÈ. Some cauÈion must be used in drawing physical
conclusions from the superpositÍon models developed here from Ehese single characteristic
AP's.

The slmplest relatlonship between pressure and flow is Sherman's (1980) orifice florv
approximation. The lnflltracion raEe is

o, l. ,o, lo's
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t¡here A¿ is the toÈal leakage area (assuming an orlfice
standard fan depressurizatlon mechods, and f ls the frac
inflltratlon. The flow rate is normalized wlgh the inte
changes per unit Ètme, and the,density po Ls evaluated a
exflltracion raÈe ls Ehen
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where.(1-f) oL i: the leakage area engaged ln exfilcration, and pi is che indoor air densiry.
Considering t,he level of sophisticaÈion inherenE. in approximating-Èhe Ieakage
characterisÈic as an orifice flow, we wiIl neglecc densicy differences in the following
analysÍs and sÍmply assr¡me po pí - p.

Gonscanc Infiltratlon Leakaee Fractlon

The nacural ventllacton race ls the infflcratlon in Ehe absence of mechanical ventilaEion,
in whlch case Qlrr¡ - Qexf and f - 0.5, so thac

\ ( 2 aP.,".lo'5
Qna--o.s_t_l (4)L v[ r )

For very r.¡eak mechanical venÈilaËio., Qf"r, is much less than Qr,"t, and the leakage area
engaged in infllcratÍon rernai.ns consranE är f - 0.5 wich rhe fäfr-on. The equaciðn fo. Qfu.,t'¡ith f - 0.5 is ídentical co Equatlon 4 with APnat replaced by AP¡.r., as Ehe effecrive
Pressure' Solving the fan, nacural, and total þ'ièaicted pressureä-äiffer".rc"s allor¡s rhelinear superposftlon in Equatlon 1 to be writÈen in terms of flor.¡ rate as
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for very weak mechanical ventilation. l.Ie use Ëhe notation Q---¡ co indicace che tocal
combined flow rate predicted by a model ln order Èo disting.rlèñ-ir frorn the acrr.ral measrrred
total rate, QtoE. EquaÈion 5 is Ehe form recomrnended by Sherman and Moclera (f984) ancl in

ASHRAE Fundamentals.

ing case of very scrong exhaust:-gt"., !s much larger than Q.,oa, ¿nd chis
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it is easy to show that the superposition of pressures in Equation I leads
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for very scrong mechanical vencÍlaEion. Comparing EquaÈlons 5 and 6, we see that in the case



of very strong exhaust, Èhe natural ventilaEion contributes four times as much to the combined
flow as lE does ln the weak exhaus! case.

Variable InfilEration Leakage Fraction

A more reallstic approach, which accouncs for the gradual lncrease in infiltration area
fracË1on, f, from 0,5 co 1.0 as mechanLcal ventllatlon becomes domlnanÈ, has been developed by
Wllson and KIel (1987). Because the lnflow and oucflo$t through the bullding envelope musÈ be

ln balance,
Qi.e - Q"*f + Qf".r (7)

Using Equations 2 and 3 in Equation 7, the fractlon of leakage area active in infiltration for
che comblned flow Qpred is

1f- (8)

( r0)

From EquaÈlon 7 lt ls apparent ÈhaÈ Qlrrf i" always greater than Q¡"rr, so that f must lie in
che range 0.5 < f < 1.0. If mechanicãI ventilation acts alone, with no natural ventilation,
we have Qt.f - Qgo. and Qexf - 0 ln Eqtrnclon 7, Equaclon 8 glves f - 1.0 because nll lcirl<u¿r:
stËes are tñflltraÈtng. Equatlon 2 becomes

ALl2APfa., I o't
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The comblned mechanical and natural races are found by using Equation 8 in Equation 2 with
Qtrrf - Qpred co yield che predicÈed total ventilation
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Solving for che châracEeristic pressures AP,r.a,ÂPf".r,and their sum, APor"¿ from Equacious 4,
9, and 10, and then using the llnear superposi rion of pressures from Equàtion l, che resulring
flow rate is,

I lar"., l2 2 ìo's Qr"r,
Qpred-ttT) +QnaE) -z (rr)

Comparing this to Equation 6 shows that the effect of allowing the infilcration leakage
fraction, f, to depend on the strengch of mechanÍcal exhausc causes half the exhausc florv to
add linearly rather than in quadrature. Thls tendency for parÈ of the exhaust flow to add
linearly to Qnat, rather than ln a sum of squares, will be significanÈ in interprecing ot¡r
experlnencal data,

v

oÈher Suoeroositlon Models

The mosÈ obvious objection Èo the quadrature superposÍtlon, Equacion 5, is its implicic
assumption of orifice flow. The leakage characceristic of buildings is often becter
correlaEed by

Cn
Qt.,f -f v(^P) (r2)

where G is a constane, and the exponent n = 0.65 racher than the orifice flow limit of n:
0.5. Uslng EquaÈion 12, the key assumpÈion of linear pressure superposition in EqtraEion L
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Shaw (1985) used experinental daÈa from infiltration measurements with several types of
mechanical vencilatfon systems to develop superposition rnodels. He deflned the boundary
bectteen sÈrong and weak mechanlcal exhausc as Ehe point v¡here the stack-lnduced flow, Q"ao"O,
was equal to the forced exhaus! rate, Qfan, and suggested thaE the effecË of scrong mecñãñiðal
venÈilation is to suppress the stack-lnduced flow, leaving only Ehe wlnd-lnduced flow, Q*r.,O,
to contri.bute Co the Eotal l,¡ith this condition, Shaw's superposÍtion model is

L/n
tl

Qpr"d - F Qf 
".t

L/n' + Qwind

for strong exhaust wfth Q¡"r, > Qstack. The factor F is an empirical correction, whÍch varies
from 0.8 Èo 1.0, !o account for the overpredlction of tocal flow by che linear superposirion
of pressures assumed in EquaÈion 1, Sherman and Modera (198ô) and Modera and Peterson (1985)
using both experimencal data and theoretlcal calculaclons have also observed chis tendency of
Èhe llnear pressure superposlclon of EquaÈions I and 5 to overpredict È.he tocal flow from
combining wind and sEack effects.

Levtns (1982) suggests a purely empirical model for superposltion of a strong exhausc florv
on natural infilcration, using data from a clothes dryer exhaust in a single-story house. His
nonlinear flow rate superposicion is an exponencial of the form

I Q.,". I
Qpred-Qnat+Qf.r,"*n 

l-ar"",J 
(15)

In practice, Equation 15 gives almost the same result predicEed by the quadrature
superposition of Sherman and Modera in EquaEion 5. At most, Levin's equation predicts a toral
flor¡ 5t smaller Èhan the quadrature superposition when Qf.r, = 0.5 Qnat 3t smaller when o- -
Qnac, and onry lt smarrer when e¡.r, - 2 Qnat, 

"'Yfan "'- Ynat wrrçrr Yfan -

TEST FACILITY

The home heaEing research facility consists of six unoccupied tesE houses tlrat have lreerr
conclnuously moniÈored since 1981 for buildlng envelope energy losses and air infiltracion
rates. The tesc houses are located on an agriculEure research farm abouc l0 km south of the
cÍcy of EdmonÈon aÈ 53.5'N laÈltude. They are siÈuated in a closely spaced easE-wesE line
r.¡ith about 2.8 m separation betr¡een theír side walls. False end r.¡aIls, with a height of 3.0
m but t¡ithout roof gable peaks, \,¡ere consEructed beside the end houses of the line to provide
equivalent wind shelEer and solar shadÍng. The flat exposed sÍte is surrounded by rural
farmland, whose fields are planted in forage and cereal crops ln summer, becoming snoru-covered
sEubble in wincer. Ilindbreaks of deciduous trees cross the landscape ac inEervals of a few
kilometers, with one such windbreak locaEed about 250 m to Ehe north of the line of horrses.
The houses are totally exposed to south and easE winds. Several single-sÈory farm buildings,
locaËed abouÈ 50 m to 100 m to Ehe vrest, provide some shelEer from q¡esE to northwest winds.

Micrometeorological Eo$rers are located mÍdway along Èhe row of houses on both the north
and south sides of che house line. The wind speed and direction aE a 10 m height are measurecl
with low friction cup ânemomecers and vanes on boch tor.ters, with the dâta acquisition systetn
recording the value from the Eovrer upwlnd of che houses, In practice, there was very liccle
difference between upwind and downwlnd values and the tr^to-toster system simply provided
addltional reliability, Because Èhe anemorneEers are locaced beside the houses they have the

'same wind exposure buc ac a height of 10 m, which may be easily corrected Èo the value ac che
wall height of 3 m. This means thaE 1È is noE necessary to account explicicly for cerrain

t roughness and wind shelËer from nearby bulldings and trees in daca correlations.

The present scudy was conducted on TesÈ House 2, located wich one house on its east
side and four houses on the west, All houses have idenclcal exterior dimensions and door
locations, but with varying types and sizes of windows and air-vapor barriers, and different
amounts of thermal insulaEion. Figure 1 shows the configuraclon of Test House 2, r,rhich is a
wood frame bungalow with a 2.6 n deep poured concrece basemenE and a 46 n' inside floor area



about half Èhe area of a Eyplcal CanadÍan single story house. The exterior walls are covered
in stained plywood panels over 5 cm of styrofoam insulation. The 2 x t+ scud wall frames are
Ínsulated with glass flber batts, and the lnterlor r.¡alls and ceillng are Painced drywall over
a 0.1 mn (4 m11) polythylene alr vapor barrier. The alr vapor barrfer ls penetrated by
eighc eleccrical outlet, boxes on Ehe insfde wall¡ and three llghc fÍxtgre boxes in che

""Illrrg. 
The air leakage envelope area is L75 m¿, including che 5'6 m¿ of window area. The

heaEed alr volume, including the basemenË , Ls 22O m' '

An electric heater is locaÈed in the basement wiCh a centrifugal fan distributing air to a

slng)-e upper room. To promote mixing, there are no Permanent lnterior walls in the house, and

the fan operates contlnuously, recirculatlng 4,5 alr exchanges per hour. The air from the
heater vents reËurns to the basement through a large open stairwell and is picked up by fan
intakes at basement floor and ceillng leveI to avoid stratification. A sEandard room
thernostat controls Èhe lnterlor temPerature to about 22"C a 0.5'C.

Five of the six uniEs, including Ehe one discussed ln che present study, have a standard
0.15 m I.D. naÈural gas furnace flue pipe Ehat acts as Èhe major exflltration site. This
unhea¡ed flue begins about 1.5 m above the basement floor and passes through the roof to
cerminate in a ratn cap above the roof ridge. Because Che unheated flue is continuously
fllled wlth room-Cemperature air, tt ls equivalent to a leakage slte with the same flow
resistance located at a helghÈ above the celling equal Co Èhe dlstance from the ceiling to the
rain cap. 1{1lson and Dale (1985) found that there vtas no effect of wind shelter frorn adjacenc
houses and nearby bulldlngs on natural air lnflltration rates, probably because of the
presence of thls flue.

Leakase Conf ieuraclons

The leakage configuratÍon of TesÈ House 2 was altered by opening and closing the sliding
windor.¡ on the west si{e of che house to create an opening of 2I4 cm' and by blocking and
unblocktng the 177 cmz.r"" of che 0.15 m dlameÈer chimney flue pipe. House leakage
characterisEics were determ:-ned by mountlng a varlable-speed fan and a flowtneCer in a paneL

sealed over Èhe opened east-side r^¡lndov¡ and measuríng che flow rate over a 2 Pa Eo 70 Pa

range. These data were fitted co the power law of Equatlon 10 with f - 1.0 to determine C and
n, The teakage area A¡4 at a reference pressure of 4.0 Pa was determined by equaEing
EquaÈions 2 and 12, anã'the results are summarized ln Table 1. The leakage area for flue and
wlndorl boch open was lnferred from the oEher daca by finding a flue leakaie area ofn9l "t2 by
dlfference and addlng thls co the measured flue-closed, windovr-oPen value ot 275 cm",

Mechanical VenÈilatlon System

A cencrifugal fan wich a conscanc speed AC moEor exhausted room air through an ASME

standard orifice meEer. The exhaust pipe was sealed lnEo the same panel over the east windot.¡

Chat was used for Che fan pressurizaCiqn leakage Cests. The metering orifice was sized to
produce a flow rare of 51.7 L/s 1rA---3fn¡, which is an air change rãte of Qf..,:0.85 h-1.
Because Che pressure drop through the fan and orifice system r¡as abouE 180 Pa, of which abouc
120 r¡as across the oriflce, Ehe mechanical ventilacion rate r¿ras constant and independenc of
Èhe weather-induced pressures, whÍch were never more Èhan about 10 Pa.

The exhaust fan nas operated in an eight-hour cycle, four hours on and four hours off.
When the fan t¡as Eurned off, a motorized low-leakage damper sealed the mechanical exhausE
duct. Because Èhe exhaust system was sealed when the fan was off and had a very large
pressure drop when the fan nas operating, the exhausÈ system leakage area made no significanc
concribution to the total leakage area for natural exfiltraclon. Thls cype of exhaust
provides a reasonable simulation of high pressure exhausts ltiEh backdraft dampers, buc it
would be a poor simulaClon, of a low pressure propellor exhaust fan.

Infiltracion MeasuremenEs

InflICratÍon measuremenCs were carried out continuously in the slx tesc h<.¡ttses r-tsirtg a

consÈanE concenEration SF6 tracer gas injecÈlon sysCem in each house. Two independenÙ
infrared analyzers sampleá chree houses in sequence through a manifold controlled by solenoid
valves, as described in Lfilson and Dale (1985).

A microcomputer data-acquisiCion system monlÈorlng the analyzers was ttsecl to colìtroI tlìe
discreCe injections of Eracer gas required to maintaln the concentration at a constant LeveI
of 5 ppm. The sampling system moniEored each of Èhe houses for 2.5 minutes with a recurn

I



PerÍod of 7.5 minuces, whlch allowed ample time for the previous series of injections to mix
compleÈely wlthln the house volume and the time requlred for Èhe lnfrared analyzer to draw a
sample from an adJacent house. By moniEorlng and reinJecttng tracer gas eighc times per hour,
the cracer concentraci.on was maintained within 0.2 ppm of the normal 5 ppm set point. Each
day at 12:00 p.m. (noon), fresh air was drawn from a line outside the building to check the
drlfc of the SF6 deÈectors. In addltlon to the dally zero-concentraÈLon readíngs, the
detector was calibrated at rnonthly Íntervals using a closed-loop system with syringe
lnJeccions of SF5 mfxtures.

Hourly averages of the tracer gas lnJectlon rate were recorded along with indoor an{
outdoor cemperature and wind speed and dlreccion. The measured infilcration races in mJ/h
were divided by the total air volume of, 220 m' to determine the total exchange rate, QtoE. An
error analysis of the lnJection and concencration-measuring systems predicted that^the"
standard deviation in air inflltration flow rate was che sum of. A 2.it an¿ + 0.5 m37h. For
the infiltraEion measurements recorded in Test House 2, this represents abouc a + 4t sE.andard
devfation, or t 8t to encompass 95t of the data.

ESTI},IATING NATURAL VENTII¿,TION RATES

To deÈermine how the forced exhausc and natural raEes combine, it was necessary Eo esÈimate
che natural venEilatlon raËe, Qnats, Èhat r,¡ould have occurred during the period when the
mechanical ventÍIat1on system wäõ-acclve. In our cests, thls estlmate was made by operating
Ehe exhausc fan ln four-hour on-off perlods, as shown 1n Flgures 2 and 3. Each ol these
Periods produced four hourly averaged ventllation rates from the Eracer gas system. The first
hour after the exhaust fan was turned on and the first hour after it was turned off tended co
produce unrellable data, as che tracer gas system trted unsuccessfully to follow the sudden
large change in toÈal ventilatÍon raÈe. Discarding these hours, the fan-off periods
preceeding and following the fan-on perlod were used to escimate Èhe natural (fan-off)
ventllation that would have occurred durlng Èhe fan-on interval.

To accounÈ for weather-lnduced varfatlons ln Èhe nat:ural vencflaÈlon raÈe, che six hourly
averages of Qrr.c, U, and AT ln Èhe preceeding and followlng fan-off periods were used Eo find
a least-squares best fit to che currenc wind and sÈack "conscanÈs',, Br^r and 8", in che
quadrature superpositlon from ASHRAE (1985).

2
Qnac

ar -Bs+Brt v2
AT

The wind speed, U, and temperaEure difference, ÀT, for each of the last three hours of the
fan-on period vtere chen used tn Equatlon 14 co esEimaEe the natural ventilation race cluring
each hour of the fan-on period, Finally, the estlmaÈed natural and measured total values r¿ere
averaged for Èhese three hours to obÈain th" Qrr"c and Qcoc values used in the superposition
correlations.

REIÁTIVE EXI{AUST FLOI.¡ STRENGTH

Before cornparlng Ehe measured and predlcced total ventllation rates, Ít is helpful Eo cornpare
the relatlve strengchs of the exhaust and natural venËilaEion flows Èo determine the range of
condiElons over which the comparisons are made. Figure 4 shows thaÈ for the three tightesE
leakage confÍguracions defined in Table 1 (flue blocked-window closed; flue open-windõw
closed; flue blocked-window open), the nechanlcal exhaust raÈe was Eotally dominanr, wich Qr-.,producing abouÈ 75t co 85$ of the total flow. only ln Ehe leakiest configuraÈion (flue
open-wfndow open) did the naÈural ventllaclon have any significanc effect, and even in Ehis
case, the exhausE rate r{tas almost always'rstrong," varying from 45t to 80t of the total.

Because all the models for superposiÈion of natural and forced venÈilation âssLrne a linear
additlon ln Equacion 1 of the two lndependent pressure differences, it is interesting Eo
examine Èhe range of AP¡"r, and APr.r"a covered by che experimenÈs, The pressure across the
building envelope inducèd by the äiñaust fan alone was calculated from Eqr-rarion 9 for all
leakage inward (f - f.0) and is llsted ln Table I for che four house leakage configuracions.
For the leakage configuraÈion with flue open and Ehe window closed, the natr.rral infiltrati-on
rate, Qn"a, yarled frorn 4bouc 0.1 co 0.5 alr changes çer hor.rr over the tosr perio<l . U:rirrg
AL4 - 215 cm', Y - 220 m', f - 0.5, and p - 0.92 kg/nr in Eqrration 4, rhe clraracceriscic
naÈural Pressure difference ranged over ôPnoa = 0.2 to 4.0 Pa. This range is ror-rglrly Ehe same
for aIl four leakage confÍguraÈions, changlñg somewhaL because the leakage area was
distribuced in a different way over tne Uuifãfng envelope for each leakage configuracion.

(16)



Taklng che ratio of the naÈural pressures of 0.2 Pa Èo 4.0 Pa r,¡ith the fan-induced
pressures of 0.93 Pa Eo 8,1 Pa, ylelded a pressure ratlo, AP¡"¡/AP¡at, chat varled by a factor
of 200, from 0.25 to 40, wlth a typical value of about 6.0 for the three tightesc leakage
configurations. From thls, we conclude thaE our resulÈs deal only with the case of strong to
very sErong mechanical exhaust, where fan-induced pressure differences are dominant,

COMPARING MEASURED AND PREDICTED TOTAL VENTIIATION RATES

The predicted ventllation rates from the superposftion theories are compared to cracer gas
measurements of Ehe total rater QtoÈ, ln Figures 4 through 8, wÍth a su¡nmary comparison in
Figure 9. Least-squares llnear best fits of the predlcted to total ratrlo versus the ratÍo of
fan Eo total ventllatfon are plotted on the flgures to show the underpredlction or over-
prediction and glve a reference l1ne about whlch data varlabllity scaEter may be estimated.
Perfect agreement beEween theory and measuremenÈ v¡ould produce a ratlo of predicted to Eotal
flow of unity. The resulcs ln Flgures 4 through I lndlcate thac Ehe best agreement with rhe
measurements ls obtalned eiEher with the lÍnear addltlon of the cwo flow races or v¡ith the
strong exhaust model that converts all the exflltratlon slEes to infílcration siÈes when the
fan is on.

Thls result vras totally unexpected, and it conflicts with the experimental results of Shaw
(1985), who found that the superposiElon model of EquaElon 13, shown in Flgure 5, should tend
to overpredict the toÈal ventilation rate by abouE 10t to 20t and not underpredict it by lot
to 25t as lndlcated by our daca. the calculatlons of total ventilatÍon race made by l4odera
and Peterson (1985) suggesÈ thaË the quadr¿rcure superposition shor.¡n in Figure 6 should
accurately predfct (withln lOt) the total ventllaÈlon rate. Our results show that the
quadrature superposftlon, tends to underpredlct the cocal raÈe by 15t co 30t over the range of
exhaust flows tested. Because Levln's empfrlcal Equatfon 15 is essentlally the same as che
quadrature superposlÈlon, our resulÈs also confllct with his experiments.

The trend llnes shown on the flgures are llnear least-squares best flcs co the data. It
is imporÈanE to keep ln mind that Èhese trend lines are only for-comparison and do not
represent any physical model. In fact, Èhe location and slope of the trend lines depends on
how much daÈa was taken !n each leakage configuraclon. For example, in Figure 7, if rnore data
had been Èaken with flue open and r¿lndow closed (trfangles) and less data wich both flue and
window closed (squares), Èhe trend llne may have developed an upward racher than dol¡nward
slope. Flgure 7 also shot¡s that for the same ratio of Qf..r/Qtq¡, the location of the leakage
site, flue (triangles) vs. window (crosses), affects the agreement with the superposition
model. Thls sugtests Èhac a wlder range of leakage siEe locatlons may be needed for a
definÍtÍve tesÈ of superposiEion nodels.

The results in Figure 6 are consiscent r,¡Íth a direct llnear addition of the natural and
mechanÍcal flor¡ rates, rather Èhan a quadrature superposition. If we assume that the
actual toÈal rate ls Èhe lfnear sum Qaoa - Qnat + Qf"rr, lt ls easy to show that the quadrature
superposition of EquaÈion 5, shown ln Figure 6, should underpredlcÈ the daca by 29t when

Q¡¿¡/Q¡q¡ - 0.5 and by 17t when Q¡.rr/Q¡os - 0.8. Thls result is close to what we observe,
wich the leasc squares data trend llne, underpredictlng by 31t and by 15t for the two ratios.

Shaw's model from Equaclon 14 glves even larger underpredictÍon errors than the power laru
model, because Shaw's superposicion assumes thât the exhaust pressure cancels the stacli-
induced componenc of the natural ventÍlacion raCe. In most cases, the wind-induced cornponenc,
Qwind,made the domlnanÈ contribution to Qnac in our tests, and EquaEion 14 predÍcts total
flow rates abouÈ 10t less than Èhe poerer law superposiclon of Equation 13, which icself
underpredÍcts by 5t to 20t.

The strong mechanical venÈilatlon model of EquaÈion 6 is shown in Figure 7, As expecÈed,
because che model assumes that all leakage sites are infilÈrating when the fan is on, it
overpredicÈs the total ventilaÈ1on rate as the exhaust fan race becomes less strong. In
addiÈlon, che daca scatter is much greaÈer for the strong ventilation rnodel of Figure 7 than
for the quadrature superposiÈion of Flgure 6. However, this higher variability is expected,
because all of the data scatter ls due to the varíability of Qnac, whlch contribuces four
times as much to the sErong ventllaEfon nodel as it does to the fixed infil-tration fraction
model. The very strong exhaust model of Equatlon 6 gives a more accurate prediction chan both
the quadracure or poe¡er law superposiÈlons of EquacÍons 5 and 13.

The variable infiltration area fraction used in Equation 1l predicts chaÈ half the fan
vencilacion adds ln quadrature whlle Èhe other half adds linearly. As expected, Figtrre I

+



shows that thls ¡nodel lÍes somewhere between the flxed inflltration fraction quadrature
superposÍÈion of Flgure 6 and the linear addltlon of flor¡ races in Flgure 4. The use of a
varlable lnfilcratlon area fraccfon ln Equaclon 11 helps co glve some Èheoretical basis for
Èhe unexPecEed result thaE a dlrecÈ ltnear addftlon of flow races gives the besE estirnaEe of
total f1ow.

The largesc average deviat,ion and highesÈ scatter of data from the Èrend lines occurrecl
for the leakage configuration with the window closed and the flue open. Under these
conditions, the furnace flue acted as an lnfllcration slte (backdrafting) part of the time
and as an exfiltraEion site when the stack effect was large, This flow reversal in a leakage
siÈe that contribuÈed to more than 40t of the total leakage area may explain the high
variability and large deviation of thfs data set from the general trend.

CONCLUSIONS

The main concluslon of our sÈudy ts that the two separate flow raËes due Èo natural
ventflaEion and mechanlcal exhaust should be added ltnearly to give the best estimate for a
combined total flow. Thls findlng dlsagrees r¡1th che orfflce flow quadrature superposiLion
recommended by ASHRAE Fundamentals. However, Ehls quadracure superpositlon r¡ill underesÈimage
the accual combtned flow at most by about 30t and so will give a conservative estimaEe for rhe
toÈal ventllatlon rate for the purposes of sectlng indoor air quallty ventilation scandards.

Thfs conclusf.on may noc apply to all houses, or even to all leakage configurations for a
single house. The test house was unusual ln chat abouc one-Èhird of the leakage area was
concentraEed ln the open flue, one-third ln che open window, and only the remaining chird was
ln small dfstrfbuted leakage sltes (see Table 1). The location of the flue and window on the
bullding may have influenced Èhe way they change from exfiltration to infiltracÍon siÈes when
the exhausÈ fan ls turned on. A better test of the superposltion models would be to increase
the leakage area by means of a number of small leakage sites distributed over the envelope.
On Ehe other hand, many horrses have open flues and.windows, and for Èhese situations, the
Iinear flow addltlon seems to be the best chofce.

The underpredlctlon of the quadrature superposÍtion model is due partly to its implicit
assumpElon that the fracÈion of the leakage area active ln inflltraÈlon is always a conscant
regardless of the exhaust flow raÈe. Conparing Flgures 6 and 8 shows that thls assumption
accounts for about half the 30t underpredlction of the quadrature superpositlon. The
remaining underpredlctlon may be due ln parÈ to the assumpÈ1on of a simple 1lnear pressurc
superposltlon for the two flows and ln parË to che orlfice flow asstrrnpÈi.on when the acEual
flow exponenÈ 1n our sÈudy was n = 0.6.

Because our results differ significant.Iy from those of other invescigators, more
measure¡nents are required, particularly for weak mechanical ventilation, before any definitive
stacement can be made abouc the relatlve neriÈs of quadrature superposÍEion versus linear flow
addltion. These measurements are now belng made.
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TABLE 1.

Leakaee Characteristlcs for Test House #2

Leakage
Configuratlon

Symbol flue wlndow

aPf"r,
forArça

crZ Exponenc Qf"r, - 0.85 h-l

AI¿
Leakage
at 4Pa

n

¡
A
+
E

closed
oPen
closed
oPen

closed
closed
oPen
oPen

L24
2L5
275
366:t

0.64
0. s8
0. 59

8.1
2.7
1.6
0.9

* escimated using AW - 91 cn2 for flue

stiding r,rindow
1.83x1.07nhigh

ìo

raj.n capped flue
0.15 D I.D.

seal.ed window
1.83xo.91nhigh

2.44m

0.61

basernent waLl
0.6 n above grade

door
0.9x2.Omhigh

sLidinq window
1.83xI.07mhiqh

sealed intake
0.30xo.13nhigh

covered hole
0.61x0.46nhigh

4í\
6.t

electrical conduit
pipes 0.05 m O.D.

b

><.

Infiltratior¡ related variabLes on test house 2 (overhattqing
roof eaves ttot show¡t )

1
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