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Air lnf iltration and lndoor Air Quality-
A Critical Review
R.A. Macriss

ÀBSTRACT

INTRODUCTION

In one- to slx-unit residenttal divellings' natural ventilation and uncontrolled air
infiltration are expected to be tþè predorninãni mechanisms for comfort ánd indoor air quálfty

control in the foreseeable future' Air infi'ltration is also expected to be'responsible for a

progressively larger share of the total heat losses in future new resi<tential consÈruction''

sirnple design-day or tíme-averaged air infiltration knowledge ís quite sufflcient for
energy conservation considerations and various tracer gas or passive techniques can be uSeil to

acquÍre it. On the contrary' such techniques can be cumbergome', time consumlng and prohibl-
tively expensive, when used alone to characterlze the influence of aír infiltration on comfort

and, especially, on j-ndoor air quality'

Variogs models have been developed to facil-itate the estimation of detailed acrd intôrnâlly
consistent air infiltration data. These models have, generally, been based on first, princ'lp'les

and on actual data developed under laboratory or field conditions. The Actual daba 'used for
model development .and verification have either been obtained by the fan-presstrrization t*lÎ1 3t
by tracer gas techniques. The predictive ability of the existing models has also been testàril'by

tirird-party ínvesti¡çators in this country and abroad'

.This,presentatíon is int.ended to cover comprèhensively the factors affecEing air ínfi1-
tration and indoor air quality, the utility of àxisting air inftltratÍon rnodels, and the ideal

and.practÍcal requirements of a.relevant indoor..air quality rnodel thaÈ could be used as a'too1

for management of atmosphere Ín tightly enclosed residential spaces.

The.single most effecËi-ve way to conserve energy in residential buÍldings ís to reduce

heatÍng and aÍr conditioning dernands. Thls is most eaeily accomplished by reducing air infil-
tratlon (natu¡.al ventilatior,) or u,rirding-s, especíally duríng periods when heating or a'1r

conditíonfng equipurent is beíng operatpdi 
-A 

growlng:trend in new construction dubsÈanti'a1ly

reduc-es fnfiltratÍon, wíth such reductlons ofien made from typical levels of about 1'0 air
change per hour (acph) to as liÈtle as 0.2 acph'
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Most recently, concern has been focused on the impact of "energy conservation-through-
inflltration reduction" (in new buildi"ã-ãã""tt"ction) on indoor air quality (IAQ)' and

CO (frorn unvenEed fossil-fueled appliances)'
aerosol sprays), and radon (from concrete'
of researchers and governmerìtal bodies began

s relationship to indoor alr pollrrtion
egies for indoor contaminants, and to the

control of indoor humidÍtY.

Most of these efforts have focused exclusively on simple air dilutíon for indoor contam-

inant and moisture control, in tight residential atrnospheràs, by employing forced ventilatlon
(with heat recovery) schernes, and equipment usually known as AÍr-To-Alr Heat Exchangers

(ATAHE). Already,-serious drawbacks (payback, ventilation efflciency' etc') and other potential

shortcomings (core freeze-up, heat "*"ir.rrg"t 
surface fouling, etc') have been identified'

regarding presently available equiprnent'

', emission control of llances (1ow N0" burners), "source"

excandasbestos(surfaceoverlngwfthsealants)andATHAE
equ st two other sÈrategi ng contaminant concentraEion levels

r^rit y be proven potential effectfve' These are combinatÍons

ofntilatorswithaircleagent)filtersorcartridges'
locactivatedbyit,andcontrolswhichcanrespondtothe
dwe as opposed tã a speci source or air contaminant'

proper irnprimentation of the former, and partÍcularty of the last two approaches, require

conprehensive understanding of the factors affåctÍng air infiltration and indoor air quality' of

the utflity of available means to characterize both, and of the practical requirernents of an

indoor alr quality model, to be used as a tool for tbe management of atnosphere in tightly
enclosed residential sPaces.

This paper presents a surûnary critical revfew of the state-of-knowledge of air infÍltration
measurement and modeling for indoor environment control, with partÍcular emphasis on ernissions,

contaminants, and "orrr"ã" 
related to fossil-fueled residentlal equipment'

DISCUSSION

My purpose of performing a summary Critical Review of the relationship between residential
air infiltration "rrå 

irrdoo. áír qualtty stems fron the need, r perceÍve, for a consensus

approach to be used in the assessment ãnd control of the quality of the indoor environment'

very sÍgnificant and extended efforts have been undertaken, during the last decade' in the

understanding, measurement and modeling of aÍr infiltration for energY conservation purposes'

on the other hand, only reçently has there been an ínÈerest in the comprehensive character-

ization of indoor air quality, and its ultiurate control' under "real world" conditfons' Earlier
efforts have been lirnited to laboratory sfmulation studies, "controlled home" case studies of

línited applicabilfty, and field epiderniologic surveys ín which indoor environment characÈer-

izatÍon was only crude, ínsufficient or írrelevant Eo the understanding of the factors affecting
it.

One part of the problen arises from general lack of cornprehensive understandíng' ín my

view, of the role played by alr inffltration; another part' from the attempt to gain such

understanding, on " "ä".-fy-case 
basls, through liruited (due to cost) air tnflltration measure-

ments. Even worse, such lirnited underåtandinl rs at the base of currently available rAQ control

approaches and equipment of limlted or questiãnable value to the consumerr and of air infiltra-
tion control Cechniques which, by aggravating the IAQ problemt tend to nesessltate rernedial

actions that can be conventiently prãvided by less than adequate equípment and methods'

My attempt to provide the need for a dialog' amoog those active in a field which is at once

.rery cãrplex ànd challengÍng, has necessitated that I focus on "Critical" raEher than on

"Revíerv". There. is recenL fiecedent for this approach, and I do not claim novelty' but I have

also endeavored to provide sufficlent reference nateríal for the major subjects covered' for
anyone to pursue a "review" option of these subjects on his/her own.

I Residentlal Air Infiltratlon

Hls
creases

torical trends ln ne¡¡ resldential dwellfng constructlon have resulted Ín gradual de-

in alr leakage rates (or air lnflltratlonj of the building envelop. For the forseable
thfs Crend is expected to contlnue so that air ínfÍltration (natural ventÍlation) rather
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thanforcedventllatlonr¡fllbethepredonlnanÈnechanfsnforlAQcontrolduetoÈhelowÈurn-
;ïä; ;;;; "f 

the bulldlng stock'I

EnchancedpubltcagarenessoftheneedforenelgyconÊelvatlonhasalsore6u]'tedtnslnl-lar
decreaees tn extstrng ã*.ff'rrg" and thf6 tt.id shorrlã contlnue ln the future as a resulÈ of -

o Gradual replaceoent of chfnney-vented"appllances (e'g' gas furnaces) wlth through-the-

r¡a11-veuLeå higher efffclency oodels'¿

. Projected prollferatfon of unventd ÊPace heaters,3 elther as the only source or for

suppteoental space heatlng, a,r.-'tã ti" gr.a,rat reductlon of the bulldlng'6 heat 1ot6

rate.

IJar II.

eÈhane (C2H6) gas used as the tracer'

Table I
23 FTELD TEST HOMES

-CU¡R¡CTERI 
STI CS-

AGE,

SIZE:

CONSTRUCTION:

HOUSE HEIGHT:

FURNACE INPUT'

CHIMNEY HEIGHT:

VENT DIAMETER'

2-130 Yr

800-3850 ft2
BRICK, FRAME, COMBINATIONS

1-, 2-STORY, SPLIT LEVEL

80,OOO-160,O00 Btu'zh

t2-34 ît
4-6 !n.

Table 2'

,#,1 .',ì[.'lJJ t'i8$ 
o#f"

OCCìtJPANT
NAME

ffi*
INGEMANSON

SCHALK

VAVRIK

rî.RA

PATTERSOII

IJHITE

IJEBER

SODERûJIST

sIl'Psû'l
STMTS

i4ACRI SS

H¡RS}I

93

t26
t?2
122

llo
1r7

90

t2a
lo8
1r5
72

l07

69

69

68

69

72

74

7l
76

7?

7?

65

72

98

t43
7S

84

96

170

19

95

t2a
ta7
7A

53

60

61

67

50

40

67

62

6l
35

35

s 14

s 18

HA
s 15

su 23

s lo
srJ 2l
s 14

s7
s 16

sl¡ 19

sr¡ 16

o.36
0.67
0.32
0.55
o.4!
o. ¿16

o- 16

o.60
0 .43

0.50
Oi45

o.3a

ill
t45
97

t07
ils
211

5t

r79

t36

t99
l07

9l
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In the ensufng years, elr lnflltratfon DeasureEent technfques end tnstruDentatLon have
foproved eubstantfally ln the U.S. and abroad, and a recent publlcatfon) PreÊents e

conprehensfve revie¡s of most alternaÈ1ve trecel ga6 technfquee, presaurlzaÈLon oethods, and
othe! nl6cellaneous approaches, and of Lostrumentatlon. theae fnproved oethodologleÊ and

fnstlu¡enÈatlon, coupled wfth weather oeasurlng equfpoent, have broadened the ÊcoPe, detall and

accuracy of alr lnfflÈratfon and atr leakage Deaauteoente posslble. On the other hand, uee of
these technfques for extensfve and comprehenefve oeagurenent6 can be tfDe coDsuDlng and,
therefore, prohlbltlvely expensive. In order to reduce co8t or Lncreaee cost effectlvenesst
addftonal passlve technfques6 have been recently propoeed.

Due to hlgh oeaeureEent coat6, the tendency has been to llElt afr lnffltratfon
charact.erlzatlon to the "¡¡hole house". As eho¡rn fn Table 3, knowledge of whole house afr
inffltraEfon fs useful for energy conÊuEptfon and coneervatl-on con6lderatl.ons./ On Èhe other
hand, coufort and lndoor afr quallty are affected or controlled by local eources (¡¡fndor¡ leakage
of cold air-draft, emfsefon aource - kltchen range) and, therefore, whole house alr lnffltratlon
ts of l1ttIe value fn these ca6eÊ.

lable 3.

HEATING SEASON AVERAGE INFILTRATION
AND INDUCED HEATING LOAD

I.IASHINGTON, D. C MADISON, IJISCINSIN

I-€ATTNG SEASOI.]
AVG. II¡FIL'N AIR INFIL'N

RATE HEATINC LOAD,

HEATING SEASON
AVG. INFIL'N

RATE
AIR IttFIL'N

I-IEÀTING LOAD,

HOUSE cfm ACPH therrc cfm ACPH

IGT-CC t65 0-72 ?õ7 187 0.81

IGT-CW 124 0.56 201 140 0.63

osu-KTSc I t3 0.39 lao l3l 0.45

osu-sRsG t34 0.34 21? l5l 0.38

TAIîJRA 39 0.21 62 44 0.23

Wæh I nstm: Hcot lng Seocm, 4774 
^' 

40 ,7 'F, I ' 4 mph
Modl¡m: Heotlng Seoeon, 5487 h, 33O"F, lO.l ryh

446

334

304

35r

t02

Isolated Deasurenent.s of alr lnffltration, or sfngle nuuber characterlzation of the afr
exchange rat.e of a Êfngle fanÍIy dwelllng, are of very llnited value to energy conservetlon'
¿oufor! or lndoor equallty. Table 4 lllustrates the effect of a chinney and furnace oPeration
or the seasonal range, seasonal nean, mlnlnun and Eaxlnutrt al! fnffltration rates' measured ln
the 23 IGT tesÈ hones uentloned eerller.4 Table 5 sunnarlzes Donthly average and nonthly and

yearly maxinurn and r¡lnlnu¡r air fnflltration rates, ln anoÈher IGT test hone./ Final1y, Table 6

lllustreÈes the effect of ¡reather and of e 6o1arluE, ln a passive 8o1ar hoEer on oeasured alr
fnflltratlon rates.T

Table 4.

23 FIELD TEST HOMES
-AIR INFILTRATION RATES_,

WITH FURNACE ON
SEASONAL RANGE
SEASONAL MEAN
MINIMUI4
MAXI¡1UM

ACPH

0.30-1.7
Ò/
25
65

o
o
2

WITH CHIMNEY CLOSED
SEASONAL RANGE
SEASONAL MEAN
MINIMUM
MAXIMIJM

0.25-r.25
o .55
o. t2
2.41
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Table 5.

MONTHLY AVERAGE, |'IAXIMUM -AtL^
N i ñ"i,rüy"u.tåA ¡Måïîåi åBN 

RArES

AVG. T, AVG. WS,
rph

T4ONTH

JAMJARY

FEBRUARY

MARCH

APRIL

MAY

JUNE

JULY

AUGUST

SEPTEMBER

OCTOBER'

NOVEMBER

DECEMBER

YEAR

HOURS

744

672

744

720
744

720

744

744
720

744

720

744

8?60

l7.o
2l .3
2A -7

47 .7

58.4

67.4
7!.9
68. I

62.3
5r .0
36.3
25.4
463

lo.l
il.3
12.4

,2.5
to.7
ro .8

a.7
7.O

9.6
8.5

to.7
8.5

o.36
0 .43

o .3l
o.12
o. 06

0.06
o.03
o. ol
o. 07

o, 09

o.27
o.37

AVG.
ACPH

o .54

o.54
o.52
o -44

o.32
0 .25

o.24
o.31

o .35
o.47
o.50

MAX.
ACPH

o .79

o.87
o.86
o-s7
! .03

0 .79

o.66
o.7 r

o. 85

068
0 .86

0 .80

MTN,
ACPH

to.l 0.40 1.03 o'ot

Table 6

MEASURED AIR INFILTRATIO\ RATES
IÑ THE NORTHERN HOME

MEASURED

WEATHER INFILTRATION

rESr coNDITIoNS INDooR :SIE+-'rTo".' ó-ar-zusTwo rErÞ, "r scFM AcPH

SOLARIUM
CLOSED

Eofss and

34/ 1o/su
40/ 1 5/S\l
47 /21 /s
o/ I 3/W
7/t5/V

31/ 8/W

44/ 13/S
6/ l5/Vt

38,/ 9,/Nl.l

r

t-l
l-6
1-8
2-l
2-4
3-l
SOLARIUM
OPEN

2-3
é-¿

74
70
73
62
6-7
65

72
65
67

204
235
373
315
306
178

426
342
160

44
51
8l
70
66
38

8l
73
3t

o

0

o
o

o
o

The prevl-ous dlscuÊ8fon nakes qufte clear thst understanding the fnpacÈ of air tnfiltratlon

on indoor air quallty requires.o.oottouJ-;;;";¡ of afr inflltratfon daÈa frorn a hone' Such

extensfve and cooprehe"sit'e teasureoents ãt-"ft fnffltratlon Ìates can be so tine consunlng as

tobeprohlbftfvelyexpenslve.}IhflethepasslveEeasureEenÈ.approachnayreduce.suchcosts,
the need for an alternaÈ1ve approach, f.".'l-"ãtptebenslve end àccurate but practlcal oodel' has

been indfcated as far back as 1957 '8

ItfsnecessaryetthisPofnt'thetabrlefaccountof6ources,ernlssionsandlndooralr
contanlnant concenrratLons be present.a, i"ioie the potentfal-utt1lty of these nodels to Èhe

undersÈanding and contlol of lndoor afr qualfty can be properly assessed'

2. S

The effects of afr pollutlon on hunan health and welfare have been a naJor netional

conceÌn. The naln enphasfs Èo date t¡t" uee,'-ãrrected to ouËdoor sources and outdoor conlemlnent

concentretlons. As a reBult, source nrntsston standards and Natfonal A'nbfent (outdoor) Air

Qualfty Standards t"r" ¡""n in force afo"ã-ltt"-earIy 1970's covert-ng several aLr contaninants

such as carbon monoxlde (co), nitrogtt ¿ro*i¿" {'o'i' o""tcurate' photochemical oxfdants (such

as ozone), and hYdrocarbons.
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As implementation of the above standards followed its nâtural course, attention shifted to
the indoor environment. As early as L972 and L974, ASHRAE co-sponsored the firsÈ tr¡o
conferences in the U.S. on Indoor Air Quality, organlzed and adrninistered also by Engineering
Foundation Conferences.9,l0 These have been followed, in most recent years, by other more
cornprehensive, nationalll and internationall2 worksbops, symposia and conferences, which signify
enhanced current ínterest.

A recent summary assessrnent3 of the factors affecting indoor concentrations of air
còntaminants fron the operatlon of fossil-fueled appliances is shown Ín FÍgure 1. This figure
illustrates the many and cornplex issues needing to be addressed towards the understandíng and
control of indoor air qualÍty, under realistic condítions. One such example may be "sources",
such as space heating appliances and equipment to be found in the home. These can be
represented by:

Varlous types of kerosene heaters.

Various types of unvented gas space heaters.

I,tood burníng eguipment, such as open fireplaces and wood stoves.

FACTORS AFFECTING INDOOR CONCENTRAT]ONS FROM COMBUSTION APPLIANCES

Figure I

o

o

a

Table 7 summarÍzes emission levels of contamlnants produced fn such equÍpment, per unit
energy lnput, as a function of the type of fuel burned.13 Table 7 illustrates how little
leakage into the indoor envfronment (frorn otherwise vented fireplaces and stoves) night lt take
Èo sr{amp the effect of er¡Íssions from any other unvenÈed appllance in the hone.

EURNER
AOJUSTMENT

FUEL TYPE

EMISSION
RATES

FUEL
CONSUMPTION

APPLIANCE
TYPE

POLLUTANT SOURCE
STRENGTH PROFILE

BUILDING
GEOMETRY

BUILDING
VOLUME

CONCENTRATI

OUTOOOR
POLLUTANT

OUTDOOR

POLLUTANT
REACTIVITY

BUILDING
ORIENTATION

APPLIANCE
PAITERN HEAT

BUILDING
INSULATION

POLLUTION
CONCENTRATION

PROFILE
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The locaI, tlDe-everaged concentratfon of lnternally generaÈed contattrlnanÈs fs noÈ only a

functlon of the 6ource str;ngth buÈ of Èhe sourcers schedule of oPeratlon and lndoor-outdool
relatfonshfps. Table 8 coDPares renges of steady-staÈe (peek) contanlnant concentråtfons and 1-

hour average conCenÈretfpns fron actual hones uSlng kerosene heaters. ,The.peak levels were

Eelntalned over long perfods (4-6 hours) 1n a study of 13 fteld hooes'ra whfle the l-hour
ave'rages nere obteined durlng the sÈudy of a "contiolled" test hone, uslng sfnflar heaters.3

COMPARISON OF
RESIDENTIAL

SOURCE

GAS

OIL

COAL

r.looD - F

wooD - s

NO2 PPM

CO PPM

SO2 PPM

COz %

Table 7.

EMISSIONS FROM SELECTED
sÞÃcE HEATINc SYSTEMS

IoNS, lb,/106 Bt.- ¿Glto6 Btu
CO NOx AS NO2 SOx AS SO2 TSP B(o)P

o.o2 0. 08 0.0006 0 'o2 80

o. 04 0. og 0.3-7 0 07 900

3.50 o. lo o.5-7 0'60 2,5OO',OOO

3.OO o.zs 1.30 45'OOO

22.OO o.o7 o.o3 1'2O l3s',OOO

Table 8.

POLLUTANT CONCENTRATIONS FROM FIELD HOMES
WITH KEROSENE HEATERS

YALE wEsloN
I 3 HOUSES

lPcak Lðvo¡s)

0.07 - 0.'ls

3.0 - 19.0

o.o7 - o.22

o.21 - O.37

1 HOUSE
(Maximum one
hour average)

0.08 - 0.14

s.4 - 26.3

0.03 - 0.10

0.39 . 0.76

WHITE FLAME HEATERS

NO2 PPM O,08 - 0.31

co PPM 0.0 . 3.4

SO2 PPM O.Og - 0.65

cQz oh 0.33 - 0,54

0.21 - 0.38

2.6 - 6.2

o.07 - 0.10

0.82 - t.09

The cornblned Lrnpact of cbanglng årDblenÈ NO and NO2 concentratlon, and of gas range

operatlon, on fndoor concenÈretfons of No and Noz' fn ã calffornla ffeld hooe' fs shown fn
ii;;;;;-t'and j. rh"-;;;iã-i;ðiãã"" of aurbÍent Ño "oncentratfon 

(Fisure 2) starts at sunset' es

tbe photochenfcal oxldatl-on of aDbient No to No2 ceases-t":lt ebEence of sunllght' Conversely

(ffgrrt" 3) and sfmultaneously, Èhe hlgh concentiation.of e¡rblent No2r-durlng the-daYtfne hours,

,'"piaty dècreases beginnlng ¡¡ith the tlne of sunset.l) The relatfvõ lnfluence of these changing

concentratfons on thã respãctive peak-helghts of No and No2r Produced by the norroal oPeration of
the gas range, fs qulte evidenÈ.
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o.20

o.l5

NO
CONCN, o. to

PPM

o. 05

0o 39 78 il7 156 195 234 273 312 351 390

TIME, min
Figure 2. outdoor effect on who).e òouse Do concentration

o .20

o. t5

Noz
coNcN, 0. t0

PPM

0.05

o 0 39 78 r t7 156 r95 234 273 312 351 390

Figure 3

TIME, min

Outdoor effect on whole ¡iouse no2 concentration

The local concentraÈl-ons of lnternally generated air contamlnants 1s also nuch nore
strongly dependent on the 1eve1 of coDnunfcalfon betneen Ehe varlous zones of the dwelllng than
on the whol-e house air fnflltratfon rate. Table 9 lllustrates l-hour everege and Êteedy-state
(peak) con!anLnant concentratlons fn a roou heeted by a kerosene êpece heaÈer wfth the door open
and conmunlcatfng nfth the ree! of the house, the door left aJar and c1osed.3

Table g

PREDICTED EXPOSURE CONCENTRATIONS
DURING HEATEF USE

POLLUIANIS

CO, PPM

NO2, PPM

co2, L

DOOR OPEN OOOR AJAR DOOR CTOSED
Dl-NArvUc SS pyNAMtC SS oylltMtc Ss

4.t I
0.o6

o 13

4.66

0.o7

o.l5

9.02

o 12

0 31

O OUTDOORS
K KITCHEN
R REMOTE
B BEDROOM

- 
IAO MODEL
ESTIHATION

.--- TREND LINE

CARLIN

oo

oo00
-0€

CARLlN

o

õ----i

O OUTDOORS
K K]TCHEN
R REMOTE

- 
IAO MODEL
ESTIMATION

---- TREND LINE

o0 EXPER I IlENTAL
DATA

-Þ^'
z-o- o
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0.1 3

0.30

r 9.54

o.23

o,63

1s.70

o.25
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The fopact of zone conmunlcatfon fs aleo anply fllustreted ln Flgures 4 and 5 which sho¡¡
Nô qn¡t No^ concentratlons fn the kltchen, bedrooo end-anoÈher remote fron che kltchen locatfon
Ïi r""lrii"'"ì"il;;;; sptrt-level hooe rl'rth baseoent.l6 DfBtlnctlv dlfferent levels or No and

No._dul to gas cooktng, are ahor¡n betrreen the kfÈchen and other locatl-ons. Conversely' stmllar
ääËå-iirg".Ë-á i"¿ 7)'iron a typlcal caltfornfa ranch honè (wfth asDle interior conrnunicatron)

Ehow prsctlcatly no dffference fn the concentratl-on levels frot roon to rooro.l5

Eoo

¿
IF
IE
l-z
t¡,
L'zo
L)
oz

¿lO

2.O

t.o
o.8
o.6
o.a

o.2

ol
o.o8
o.o6
O.O¿l

o.o2

o.o

Eeè

¿I
F
(r
Fz
r¡J
(.)zo
c,

oz

ao

2.O

t.o

o.6
oa

ol
oo8
oo6
ooa toilt2t2

50 100 150

.l

t?!21a5570

70
p.m.o'm' 

TIME, hor¡rs

Figure 4 - continuous no nonitoting in the glenwood hone

IINFILIRATION RATE ¡

XITCHEN

t
A N _t I

=

20 ñhZO ñr æt.

89roil
om. TIME, ho¡rs pm.

Figure 5. Continuous no, nonitoring in the glenwood home

0.30

o.25

o.20

NO
CONCN, o rs

PPM

o. to

o.05

250 300

TIME, min

Figúre 6. Gas cooking and whole bouse no concentraËion

o

) ¡rlcÆ¡
r l€docl-t

=ì=
=lF =
f¡- E

\-\ÈoIo
@20

o
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Another 
"rg.rrir"..ra 

factor ln afr contanfnant distributfon ¡¡lthin the hor¡e ls theexfstence' fan capacfty and schedule of operatfon of the central alr dfstrlbutfon EysÈeD fn the
houe. The quallty of fn6tå11atfon of the centrel air dlstrlbutfon Bys¡en (level of leakage at
duct JofntÊ' duc! locatLon, etc.) å160 cen effect afr conÈamfnant levelr and the whole house
rate of alr inflltratlon. lab1es 10 and 11 fllustraÈe quantltaÈlvely how comunfcatlon betr.leen
the furriace roou and the rest of the house depends on the ope¡atfon or setÈlng of the alr
dl6trfbutlon systen. l7

-lable 10, for exanple, fllustrates that under certeln clrcurnstances (furnace registerstaped, fan operatlng), flolt of alr counter to buoyency (frou house to basesent, r¡here furnace fslocated) can teke place. Table 11 (r¡hlch reletes to perfornence of a test hone under constant
house afr fnfflt¡atfon rate) sho¡¿s that under cerEafn condltlons (fan operating wlth furnace
regfsters open), the rale of a1¡ cfrculatlon withfn the hone cân be 2 to 3 tfnes lelger Èhan the
raEe of elr inftltretlon lnto the hone fron outdoors.

Table 10,

MEASURED COMMUNICATION BETWEEN FURNACE
ROOM AND HOUSE (GKC Finol Reporl)

AIR FLOWS, SCFM

FAN-OFF
FURNACE ROOM

REGISTERS TAPED

FAN-ON
FURNACE ROOM

REGISTERS TAPED
HOUSE

N

A

B

MI

MA

o
l4

il
t4

20

2t

F

253
t37

r06

t32

r57

r53

Ftz

r28
il6
t36

286

il3

19t

F?t

206
207

t53

460

t25

234

Fzt

ro3
58

44

75

36

32

F2¡D F

256
t66

t22

AA

t76

t34

Ftz- Flow ol o¡. lroñ ho6e to lurnoc. ræm

F2¡- Flon of oir lion ,ur¡occ .@m lo hds
F- Tolol hou¡r .¡tillrol¡on
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Table 11.

MEASURED COMMUNICATION BETWEEN

FURNACE ROOM AND HOUSE
(GKC Finol RePort)

HOUSE N

AIR FLOWS, SCFM

Fp Fzt F

FOF/RT

FON/RT

FOF/RO

FON/RO

to3

206

ill

687

253

256

24t

24t

o

tza

t5

623

3. Hodeling of Alr Inffltrarfon

In contråst to the dynanric oodels avallable for heat transfer by radlatfon, conductlon and

convec!1on through the building envelop, early nodels of air lnffltratlon have been elÈher
prlnftfve, extrer¡ely linited and not courpreþçnslve. A revfet¡ of avallable nodels ln the U.S.
and Canada, before 1979, has been publishedlS and, therefore' would not be addressed here.
Slnce that tioe, however, signiffcant efforts heve been underÈaken, 1n the U.S. and abroad,
to¡¿ard the developnent of relevent and conprehenslve oathenetlcal nodels andr at leas!, 14 such
nodels have been revfewed 1n a 1982 publlcation.l9

The detatlÊ of IGl's air lnffltratfon r¡odel have been publfshedlS earlfe¡' as has lts
applicatfon to the sfnulatfon of afr lnffltration in exfstfng hones.20 Parllal verificatlon of
Èhis nodel by Perslly end LlnterlE2l has been publlshed 1n the ASHRAE lrensacÈfons. Mos!
recently, a valfdation and comparison of 12 different a1r fnfl1t¡atlon nodels, r¡1th acÈual data
fron 3 Èest hooes (Canadlan, S¡¡1ss and Brftish), was publlshed.22

The results of thls conparative evaluatfon are sunnarized 1n Table 12. Of the 12 models, 7

use courp1ex nultfcell (¡l) uaiheoatlcal foruulations whfle the other 5 use a slngle cell(s) basic
approach. The nunbers under the heading "DÀTA SETS" fndlcate the percent of tfme that each
uodel r¡as able to sluulate the actual al¡ lnfiltratfon Eeåsulements available fron each of the 3

test homes, wfthtn 25 percent of che neasured va1ue.

F¡2- Flow of oir lrom house lo furnoc€ toom

F2¡ - Flow of oir from furnocê room to house

F - Tolol house exÍllrotion.

AIR

Table 12.

INFILTRATION MODEL COMPARTSONS
BY AIR INFILTRATION CENTER

DATA StrTR

CELL TYPE SWISS CANADIAN BRI'TISHMODEL

I. BSRIA

2. NRC

NRC

3. IMG-TNO

4. OSCAR FABER

5. BRITISH GAS

BRITISH GAS

6. I{BRI

7. IGT

8. LBL

9. BRE
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The most significant conclusíon, drawn frorn this comparaÈive evaluation of models, Ís that
sing]e cel1 models were more successful in slmulatíng the actual data, wlth the LBLZJ and
IGTIS'20 r¡odels being the most successful. It should be noEed that for its operatÍon, the LBL
model requires actual pressurizatíon data (available from the 3 test homes). The IGT rnodel, on
the other hand, requires no experimentation at the siEe, relying totally on standard ASHRAE
crack length data, structure orientatÍon and shieldÍng by adjacent building or foliage, and
weather data. Most of the required data can be obtained from house blue-prints, local weather
stati-oû, etc.

4. ModelÍng of Indoor Air Oualíty

A basÍc model for describing the dynamlcs of air quality varlatÍons in enclosed spaces has
been around for a long tfne in one form or atother. For example, a derivation of the general
equations involved v/as reported by Turk24 Ln conjunction wlth the use of an odor test charnber in
evaluating odor reducing devices or producing odor free environments, for test purposes. Sutton
et aI.25 presented a theoretical analysis of an alr cleaning system, in an enclosed space, for
the purpose of determlning alr fllEer efficiencfes. SÍnce the Clean Air Act. of 1970, similar
derivations have been made for indoor air quality models, for N0* by IGTI6 and for particulate
and gaseous pollutant by NBS26 and by Geomet¿'.

Currently, whÍle the equatÍons involved Ín these rnodeling acÈlvitÍes are rigorous,
urodels tend to be imprecise or of limited appllcability, unless suitable sub-rnodels are
for the followíng:

the
províded

a

a

o

a

Internal generation rates for the contaminants of lnterest

Alr infiltration dynarnics of tbe structure

Decay or disappearance rates of the contamlnants of lnteresE

Degree of nlxlng withln the various secÈlons of the house.

For such a model, therefore, to reflecÈ the performance of real homes, additlonal
informatfon is required (part of Ít derived by measurements at the site) to be lntegrated wiÈh
the fundamental equations.

A. Internal Generation and Decay Rates

Nitrogen oxides (N0*¡ and carbon rnonoxide (co) are generated indoors primarfly in dlrect
proportíon to the amount of unvented combustíon (for exarnple, gas cooklng) taking p1ace. A
generation rnodel, in thís case, consists of a gas cooking sehedule whích can be measured, or
conforms to average cookíng schedules, as previously used at IGT.16 From past and recent
studíes' average No* and CO emissÍon factors for gas cooking appliances are well knorn.28,29

Nitric oxide (tlO) 1s quíte stable and its disappearance internally is almost wholly due to
dllutfon by infiltration and exhaust. Nitrogen dioxide, on the other hand, decays sígnificantly
fasÈer than the fnfiltration rate due to absorption and reactÍon with various media ln the
house. rGTl6 as well as Georet2T data índicaEe that the internal decay rate for NO2 is probably
exponential (1st order) in nature.

B. Effect of Mixing Factor

The mixing factor 1n an lndoor aÍr quality model is an important but poorly undersÈood
quantíty. It is usually deftned as the ratio of the actual üo theoretical air change rates and
can vary between 0.1 and 1.0, but ís normally considered3O to vary between 0.I - 0.33. It is
inportanÈ noÈ only because of its effect on indoor air qualfty, Ín a ventflated space, but also
because it affects the measurement of air fnfiltratÍon.

The concept of the rnlxtng factor has recently been redefined by Esman3l strictly Ín terms
of a mass balance equatlon, and a vast lmprovement in data fitting abillty was demonstrated by
eomparison to real data by Ishizu.32 The latter paper has shown tbat, if the mass balance
equation is properly lnteglated, the model does in fact fit real tlure data rnuch better than with
the old definlÈ1on of rnixing factors mentfoned above. As the rofxlng factors can be very small
fractfons, thefr effect on indoor air quallty rnust be taken into account.
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C. Integrated Alr Ouality/ Infiltration Model

The only attempt to dare at developing an integrated air quality/air infiltration model has

been made by Geomet)7. This nodel has been only partially successful, primarily due to lack of

a good infiltration submodel. The Geomet rnodel utlIízes a literature infiltration moder

nodified to account for differences in the tightness of the hones' The Geomet rnodel is an

empiricat one based on a modification of the Achenbach-cob1entz33 regression analysis of

infiltration data obtained in 10 electrically heated homes 1n the Midwest'

The Geomet model also neglects the effect of wind speed on air lnfÍltration which affects'
almost solely, inflltration 1n rnild climates, where the indoor-outdoor temperature dffference is

rather small. In addition, this model does not lnclude a mass balance around the house; this is

very fmportant for an air quality model because of the existence of common contaminants (NOx'

C0, radon) in boÈh the indoor and outdoor air'

CONC LUS I ONS

The following sÍgnificant conclusÍons can be drawn from the previous díscussion -

o The generation, dispersion and fate of potentially harmful contaminants 1n the indoor air
are complex relationships requiring a large amount of daEa and ínformatíon to understand

them or to control the quality of indoor air'

o To gain an understanding of the role natural infiltration plays ín these relationshlps
through air infiltration neasurements can require an enormous quantlty of detailed and

comprehensíve data as to be non cost-effective'

o Since natural infiltration is going to be a prime rnechanisn for indoor air quality control'
in the residential structures of the next generation, comprehensÍve but practlcal and cost

effective air infiltration models are more suitable alternatives'

q The need for interactíve, multi-cell approaches to modeling indoor air exchange is
imperative. Such approaches can be "o,rpl" 

vriEh existing single cell aír infiltration
models to develop more comPrehensj-ve indoor air quality rnodels.

. Point source venEing of undesireable contaminants can be more efficient' energy

conservative and cost effective than other approachesr such as whole-house air-to-air heat

exchangers, that operate with highly diluted products'

r Use of an air-to-air heat exchanger can be justified only on a retrofit basis' for-safety
reasons, as for example in a tigËt dwelling wlth_a proportionatly-1arge open fireplace and

assocÍated chirnney, that 
".., "oir,a"" 

p.op"i ventíng of fossil-fueled equÍprnent'

o Finally, proper selectÍon of indoor air quality control mechanísms and equiPment cannot be

made in the absence of comprehensive lndoor air'guality models which have been verified
under "real world" conditíons'
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