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l '11.: aUJll of the abov., v...ilucu (J)S) rcprctH:ntt. the wl.,,lc-houl:lc perm.::ability. 

•i1l· �.tJck. permeability con,,t•rnt wat> l!stim.atc<l to be equal to 385 CF/min per 

. ;1«11 IL,O and therefore 

� for house and titack • 740 Cf/min per inch tt2o 

·rids value agrees rather Wt'll with the carlicr estimJtc:d value (712) L'Volv.-d 

at by using Equation 21 and th� measured pressures. 

The specific assumptions and data used in thc�c calculations arc -

Pressure Differences 

� • -0.00JO in.:h H�O wirh sta , ,;. open x . 

� • -o. 0035 inch H.,O \o'ith st.ad do:t\?d x • 

Crack Permeability 

Flow through cr�ckM, at � pt��•ur� diff�ren�� of 0.1 lnch H.,O i& -

�indow• \ "'�•th�r•t rtppieJ) 
Dourai (�·ah .tora.) 
Fr.ain� •nJ •lll pl•t�• 

. 
Cf/min-ft of cracks 

0.5 
0.7 
0.25 

lh\' "�r�\:•mt, 4'Ch ie\'"...! Wllh re.uonable ai;sumpt ions• irnggests that wind°"'s. 

'1vvri-, UUic\ .. •nJ 111H pl•te cr•ck1 account for most of the permeable 

,.,, .. ,I' 'twnt. tnv.t'lt'1ry. 
�t·�_tJ.s,. l�..-.,tw Placen.ent 

\.'.�niai�erable "rl'I\ .,e" wa1 observed in the indoor-outdoor static prt:a11ure 

a.••�re9ent•• Jurlna pcrll.)d¥ when wind �peeds were appreciable, even wh•n the 

ret1u.an�• probe -.ra1 located 60 feet from the "neutral" liide 1Jf the houae. We 
Jo not know to wh•t e xtent thi• 1• a ref lcction of the actual p-•�•ure fluc
tu.atlon• ln the hou1e or of kinetic effectl:i of vertical coaponent • of th• �ind 
oa th• r.ference outdoor probea. 

blocat1on of th� ref e r.inc� probe in the at t i c did appr�chbl>� dup out 
the fluctuation•. However, during par iodli when the wind dhect:iQn vaa tluc
tu.ttin& rapidly at a rcl11tively low winu speed ( == 5 11ph). the indoor-att tc 
•tat le pr•a•ure differ· .u:e wal:i ob•erved 1.�> fluctuat\l, t'or e�uph, it d�
crt!.u.-d ( i. •·, bec&M more nuK4H 1vtt) wh•n the wind wa� �aaurl� (norul ti.) the 

op61nin& to both the livirai •pacu ltn� to th� ;Ht!c) und h"c� ll)*ili nuKAtiv� 
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wh•n the vind wa• •outherly (normal to the aouth wall, which haa no openings 

to �ither th• living •pace or th• attic ) . 

Thit> finding it1i ln direct contrast with tl.c wind cffectt1i observ�� Wht!n the 

indoor-outdoor static preseure difference• were measured with the reference 

probe located outdoors. ln the latter caee, the •••terly wind• iapin&ing on 

th� broad� ide openings of the house increaaed th� pressure in th• houae. We 

can explain the behavior if we assume that the winds impinging on the openings 

to both the attic and living space result in a greater increase in the pres

sure in tht! attic (K /K.1 = l; 7Pp x • 0.5) than in the living space (K /K
i 

a 1.84; 
jp x Q w x 

A�• 0.22). It is apparent, however, that the attic cannot be used as the 

reference probe for indoor-outdoor static pressure difference measurements. 

Locating the reference probe about 40 feet away into a relatively dense 

woods, gave the "best" results. At leaait some of the noise was damped out, 

and the wind effects on AP made aenae. In particular, a 3-mph wind impinging 

on the south wall, which has no openings to th� living space, had no effect 

including 11noise11 on the indoor-outdoor static prt!ssure differences or on 

the "nois�" when th� reference probe was located in the woods. Thus, the 

noise u.s\&&lly observ�d with a wind of that magnitude was not affecting the 

�ouse or the reference probe. 

Wind Effect on Stati� Pressure Difference 

We wer� surprised at the effect that very low �ind speeds had on the 

indoor-outdQor st�tic pressure differences. For example, wind speeds as low 
a& � to 3 mph resulted in significant static pressure fluctuations (of the 

order of 0.002 inches of H2o), when tne indoor-outdoor temperature difference 

approached zero and the blower was off. Admittedly, there is little net 

effect of these very low wind speeds on the average indoor-outdoor pressure 

difference. However, the resultant dynamic fluctuations can in fact account 

for the base-line infiltration rate of 0.07 air changes per hour observed 

under the no-driving-force conditions. 

The•e effects would lead us to believe that each static pressure excursion 

froa positive to negative observed on the windward side of the house results 

in a s .. 11 amount of infiltration-exfiltration of air, together with some 

aixina becauae of kinetic forces on the outside and on the inside of the wall. 
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Simultaneoualy, the �"111� exc ur•ion •lao cAu.ea a amall exfiltratioo-infiltratipn 

<>n tale other •idu of the hou11e, with aixing inttide and outside being enhanced 

by th� kinet ic motion of the air . The result v-ay be a pumping action. 

2. 1\.ro-St oE)'._ Dwellings 

In addition to the single-story, heavily instrumented, unoccupied home 

c�xc�pt for the test personnel), we acquired two additional 2-story ho�s (usually 

free of the owner-occupants during measurements) to carry out specific tests 

relating to effec ts of buoyancy and shielding. Of these , one was a 6-room, 

two story, all brick 1.Jme (30 years of age) wi th a gross living area of 

2100 square feet, �nd with shield ing on the 2 sides due to adj acent buildings. 

In the former 2-story home, full collll'Qunication is provided between the 

furnace room and the rest of th� house . In the latter , only aini .. l 

interact ion is ;.·vai l able since the furnace is located in the attached 

garage (underneath the second floor bedrooas). Both of these ir.stallationaa 

contribute to house infil trat i , ... n di ff�rent ly and represent the two most 

significant variations in home construction controll ing the effect of 

furnace operation on house infiltration. 

One object!\· ... · Ill the test progr:un scheduled for these homes is to 

d�termine the eif �ct that the second floor barrier may have on air infiltration 

rate�, �"hen thes� �r� pri.arily driven by buoyancy forces (i.e., hi gh indoor

outdoor teraperatur.· diff"•rcnces at low wind speed). Another objective is 

to obtain the ef :��t �i shielding when the infilt ra tion motive force is 

mainly wind velocity (at essentially zero indC'or-outdoor temperature difference). 

Prelimin�ry infiltration data from these two homes are summarized in Tabl e  

� &nd ). Additional data ar� currently being gen� rated to provide full 

delineation of these effects. 

B. Extensive Field Testins 

A significant amount o f  data is available from the 23 test homes, 

obtained du ring 1977 as part of t he A.G.A. project HC-4-33,21 and most, i f 

not all 1 of these data are of rele·.'l:�nt value to this phase o f  the program. 

?lie main thrust of this ph ast! of extensive testing in the 23 homes has been 

th� development of data rt!lat ing indoor-ou tdoor t emperature differences to 

the r·�t1pective d riving forct!s a ffecting infiltration as they vary from one 

type of home to another. Therefore, the test program during 1978 concen

trated primarily in mt: asur�ments of pressure diffe rences that provided 
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Tabll' 4 • BASE-I. rnr. DATA FROH 2-STORY TEST HOKE WI TH nmooR FURNACE 
.... 

-

-

.... 

c Avg. Wind Conditions Avg. 

.... Furnace Mode Speeci, Temperatures Infiltration Rales 
Run No. Blower Furnace Stack mph - Direction Jn Out air changes/hr 

m - - ----- -

la On Off Closed 12 South 68°F 60°F 0.33 

0 2a nn Off Closed ] 2 South 71 °F s1•r 0.38 

.,, 
lh Off Off C lo s ed 12 South 68°F 60°F 0.18 

le On Off Open 12 South 68°F 60°F 0.39 

� � 2b On Off or en 12 South 71°F 57°F 0.40 

• ld Off "" Open 12 South 68°F 60°F 0.29 

"" le On On Open 12 South 68°F 60 °F 0.60 

2c On On Open 12 South 71°F 57°F 0. 74 

A On O ff Closed 12 Southwest 68°F 70°F 0.48 
� 

Off 12 68°F 70°F A On Open Southwest 0.48 
"' 

n A On On Open 12 Southwest 68°F 70°F 0.60 

z c On Of f Clos ed 15 South 70°F 63°F 0.43 

z c On On Op�n 15 South 70°F 63°F 0.55 
0 [i On Off Closed 3 Southwest 68°F 3 7°F 0.69 
r" '•, 

D On On Open 3 Southw�st 68°F 3 7°r 0.85 0 
C') E On Off Closed 10 Southwest 68°F 6°f 0 . 89 

� "'" 
� E On On - Open 10 Southwest 68°F 6°F 1.31 c V1 c VI 

.. .. .. ..  - - - - .. ..  - - .. .. .. . . 
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Table S • IASE-LlNE DATA FROM THE 2-STORY TEST HOHE WITH fllRSACE JN THE GARAGE 

Avg. Wind Conditions Avg • 

Furnace Mode Speed, Tt·mp£:raturl·S 

Blower Furnace Stack mph Direction In Out - - -

On Off Closed 8 Southwest 72 54 

On Off C losed 11 Southwest 70 53 

On Off Closed l3 SouthWL'St 68 50 

Off Off Clo&ed 8 Southwest 72 54 

On Off Closed 8 South\:cst 72 54 

On Off Open 11 Southwest 70 53 

On Off Open 13 Southwest 68 50 

On On Opc·n 8 Southwest 72 54 

On On Open 11 Southwest i'O 53 

On On Open 13 Southwest 68 50 

-
..... 
...., 

Infiltraticn Rates, 
air changes/hr 

0.80 

0.91 
0.39 

0.44 

0.68 

0.74 

0.43 

0.68 

o. 74 

0.44 
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t10<· t..·1.�ic .. rnJ,·rst.:mding Ln tla.• tormulation of tht• l\;·1 modvl of ;1ir infil-
t 1-.lt i Oil. 

1 • �.1_ckgr<?_und 
,\s d.i:>..::ussL'd carlh·r (section l'lltitlcd. 11lnL,·11siv1./' FiL'ld Tcstin�), the 

in..; . ._1or-outdotH pressure diffcrtmtial can b,'. dirt.•ctly �a�urcd h:-. pl.a('ing a 

proli''• conncct�d to the other leg of the sensor . indoors. However, in the 
f icld homes, the measurements wt-rt> found to be highl�· sens it i Vri! to wind gusts 

and veh icula r traffic. Initially measured pressun· differences exhibited 

large variations ranging from -0.0::? inches of i,..•att•r to over + 0.03 incheo of 

wat�r column over short time periods. 

The t<ests were carried out in 8 oi the �l HelJ test homes and, in 

order to reduc'-· th"'S"' efh•cts on th"' Jiffcrcntial pressure measurements , the 

outdoor lq; of the S'-"llliOf' Va¥ rl.1��d in the attic of the house (Figure 24) • 

,\ typica l tr�1cc obt4incd by th� attk or indlrt.�ct mt?thod is sho•m in Figure 25. 

Altt1ou�h th'-"rl.' .:.ar"· still �i�ntfk.·tnt \'.il ri at ions in the 111e.asun�d pressure 

dith·rcnti.il. tlh· 1lud.u.athrn� �'-'r'-' con:siJ'-•rably damp··ned .  Howt•ver, th·� data 
ma� n,,t �,. ,.,.ty •�.:ur.at\' (;a� Jb�uss'-'J in the "• arlic r section) and are presen

t1.•J h,·r,· l}l\l\ H' illustr.atc the r"latt.v" d�fec-ts of important variables on 

11r,•.,,sur, h·\·,.1,.,. 

n1, J;,at:1p,·n�n� ,.ffcct 1.1.as sufficl1.•nt tu allow us tu obtai:i Li timc-av"·ragcd 

:·,·:.�·ut·, .. Ju:,•r, .. tHt.alt b\' i nspn-c ti.on ,)f :ht· tracc of Figurt· 2). Tl1c :.P . or x 
���J'"'r-,•ut.J,X'lr pi·,-.s:-.ur'� Jiff�r"•nc" at a particular l ... ·i.ght above �round l'-"vel, 

�-. .-.tl, .d.tlt'•l :·r-orn t� ,. �asur'-'d prcssurt: diffc rcnct! (:.P ) throu�h Equation 22. m 
\.!.1, h ,,.)tr,•, t' f,_;r tn .... prcs:-.ur .. · Jiffcr,•ntial rcpr'-·�\.!ntcd by the column ,if air 

h t1''''''" tl1··· ref,-r,·nc .. · .ar.J the attic levels. 

:.P U1) • :.P x m 7. 66L(l /T 
1.'lh.' r�· 

.\P • m,. •'llt<".t prt•s,,urc <liff,•r'-'ntial. in . H..,O rn -
I. 
r 

l) 

• h, .�ht of attil· jlroh� ;1l>ov,• st>nsor, ft 
• outdo0r ttmp� raturc , •R 

11 • indoor t�mpcraturc, 0R. 

I) ·- 1 /T ) i (.: 2) 

Th� .ndir!.!Cl or <Attic m\'lhod lola!oi us1:<l to ,h.·t.�rmint· th� P"'�ssur,· distri

hution!>i in H tc�t homl·io. In most 1.·as1.i�; it -..·;1s Jlftll'tall tu ,�ump11r,, th"· tttti•· 
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. t 1o1_"1 • lt:• c.l1l· di r,,, c w. t l11>d J11L· to tr1l' l.1r).',t' var laL ion:; ol>tainl'd when twing 
t: .• .J1r,·1·L u .. ·tlioJ. 

L.;'l'-':' r iml·11 t ;ii '.la t.i 

·111, d.1ta from tn..: l:l LL·sl homes ar ... � shown plolt.._·J in an id ... ·1ltical 11l.imlh!r 

.i� .1 function of stru..:turl' height above the furnaCl". in Figures 2t> throu�h 33. 

Tile indoor-outdoor pr"'ssurc differential profiles for t><ici. hom\.! are �hown for 

3 case�: furnace off, stack clos�d; furnace off, stack open; and furnace on, 

stack open. Tiu: profiles, in gt·neral, behave in a manner similar to the cal

culated profile discussed ear li.:• r (i • .._�., th.._• pressur"' differential incrl.!ases 

lincJrly \.itn 1i.._•ight:1. 

Th�· effect of C?ening the st.a.:k iao b�st Jemt.ln�trated with the data ob

t<dned from Test Humt:' �""'• �. iaumm.ari:cJ in 1-'isuru �b. 1.;nh the litack closed, 

the indL'or-outJo.._>r pr"·�sure Jiflur'1n.:� ( .:.  P�) w.;1s found to be positive at �ch 

level .ibov.._• t.hc turn.a..:..: le\·,•l ,whih lh111t a.tru.:tur\: WOlh being iaubjected to a 
wind t'rom thl." "1�at " :. : ; nip:1, •H JI\ outJ\lor tcmp�r;1ture of ss•F, during the 

\°\lUrS\: uf th� ll�aaura.tnt�. 'rh" !.l\IC w.&li founJ to Vary from +Q.001 to 

+0.008 in. li"v' whi..:h �r.11\liLHieli to .in indoor preiasure higher than the static -
uutJl'"'r pr .. ·:a:aur111 .-t \,'\'C'r\' l�\· .. •l of  the houaoc. 

�·1.-ur"' �b otlhi•) :,.��'"'"� th.\l, when the stack was opened, the pressure in the 

l"1ua,· b.:,·�•• •tntlr€:._y -:'l�g.itivt.> \iith reapec�t to thl• outside, ranging from 

O.ul� t.\l ·� O.CJ.: �n. H2o, �ith the pressure differential at each height re

J,h·\.'J by 0,008 tn. h�'- . This behavior is qualitatively consistent with the 

t\\)thn\ that \,)p�nlng ��"� stack increased significantly the crackage for exfil

tr�t1�n; the •xlatin� buoyant fore�& creat�d additional flo� (up the sta�k) 

.anJ, therefor•, �au"�d an increaae in the rate of infiltration to atatbfy th� 

aa•• b.al.ance around th.c house. Indeed, the measured infiltratioh rate, with 

th!! !§tack open (0. 51 •ir changea/hr), was found to be much greater than \/ith 

th• nack clolied (0. 33 air changea/hr). On the other hand, quantitative cor

r�l �tion between �px• the infiltration increa�e. the wind ipeed and indoor

.iutdoor difference, t he reL.ttive crack.age of the house, the wind direction, 

etc,• ha• not yet been c11ttablilihed becau11e of the ablienc� of a coaprehenliive 

and interactive governing model, which h preli\lntly under d..:volopment. 
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CHIMNEY FLOW RATE, SCF/min 
OUTDOOR TEMPERATURE, 9F 
WIND SPEED and OtRECTION, � 
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� � 
., .� II 

� ii i/ 
�CE LEVEL -..........._ _ .// 

0.51 
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Figure 26. INDOOR-OCTDOOR PRESSURE DlFFERENTL\L MEASUREMENTS 
IN HOUSE NO. 8 {Vavrik )  
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CHNNEY FLOW RATE, SCF/min - 43 
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Fiaure 27. INDOOR-OUTDOOR PRESSURE DlFFERENTl.AL KF..\SUlEHENTS 
IN HOUSE NO. 43 (Patterman) 
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HOUSE N'LTRATION RATE, circ�tw 0.40 0.4S 
OWNEY FLOW RATE, SCF/min - 65 
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Figure 28. INDOOR-OUTDOOR PRESSURE D IFFERENTIAL MEASUREMENTS 
IN HOUSE NO. 4 (Petrulis) 
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LEGEND 

CHIMNEY FURNACE 
VARIABLES CLOSED ON 

HOUSE IELTRATION RATE, aifchCl'Qel!tw 0.51 0.69 
CHIMNEY FLOW RATE, SCF/min 70 
OJTOOOR TE�ATURE,-,: 35 
WINO SPEED and DIRECTION, � 10-NW 

·� COJNG 

C) 

s 

Q I r un!W\Q. LQIP. 1 dlr6 l l I 
·0.04 ·0.03 -0.02 

AP., in.H20 
·0.0t 0 

........ 

Figure 29. INDOOR-OUTDOOR PRESSURE DIFFERENTI\L MEASUREMENTS 
IN HOUSE NO. 5 (Soderquist) 
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LEGEN) 
ClilMNEY FURNACE 

VARIABLES CLOSED ON 
HOUSE WLTRATION RATE, airc�lltw 0.20 0 21 
CHNNEY FLOW RATE, SCF /min - 40 
OUTDOOR TEIFERATURE, 91=' 24 
WINO SPEED and DIRECTION, • 16-N 

,, ..----------------------.--. 

-
.. 

� I� � 

I 
i s 
� 
� 

CEILING 

-·-·-O FURNACE ON, 
STACK OPEN 

- - - -·FURNACE ON, 
STACK CLOSED 
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STACK CLOSED 
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o.._ ____ ...... _._ ________ .__ ____ �.....__.. ____ __ 
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Figure 30. INDOOR-OUTDOOR P .�:'RE DIFFERENTIAL MEASUREMENTS 
IN HOUSE .-d. 42 (Weber) 
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VARIABLES 
CHIMNEY FURNACE 
CLOSED ON 

HOUSE tELTRATION RATE. oirchangn/tw o.� 0.83 
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Fiaur• 31. INDOOR-OUTDOOR PRESSURE DIFFERENTIAL MEASUREMENTS 
lN HOUSE NO. 40 (Hexdal) 
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Figure 32. INDOOR-OUTDOOR PRESSURE DIFFERENTIAL MEASUREMENTS 
IN HOUSE NO. 46 (Elliott) 
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VARIABLES 
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Figure 33. INDOOR-OUTDOOR PRESSURE DIFFERENTL\L MEASUREMENTS 
IN HOUSE NO. 6 (Ingemanson) 
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F1�urt:" 26 al:;o sh<1W8 tlkll furnJcc opcr.nion, at steady tHate, further 

.k, r,«Hicb tlw prea;.:.urc in lhc lhlU6C ·- a fact contdi.;tent with the incrca1»c in 

t t1�� buoy.Jn! forn! due tu the hot flue products. Figure::. 27 through 30 preiocnt 

the d.Jt;..l. ior Test Home Nos • .:.3, 4, 5, and .'..2, respectively. ln th�se test humcs, 
the �cncral behavior observed with Test Home No. 8 is repeated, wi th Lwo ex
ceptions: the level ot pressure reduction upon optming the stuck (whkh varict> 

fro::-i one home to the other) and the initial .:.P (with the stack closed). ln eaLh x 
of t.ht:sP. 4 homes, the initi.'.l.l aP was found to be mostl v ne<•ative, deatpite the x . " 

fact th�t the wind speed levels (and dirdc tions) were 23-S-. 15-S, 10-NW, and 

16-�. respectively. Again, quantitative relationships to explain these be-

haviors are not available at this time, �nd the data arc presently being �nalyzed to 
<dd in the model de\'dopmcnt. An �v•n mure difficult b,�havior iii pre1tented 

with the following t�� t�st home•, ��-. �O �nd �ti (fi�ur�� 31 and 32), in 

which no chclnse in th\l .'J'� W.aai \)hai•N•J (wh.ather the :.lJ\.'k was open or closed 

or th� furnace burn .. ?' �"• un ur .., ( i) �hil• .appr\.!� i.abl"' changes in the air in-

f Ht rat ion ratva -w.tr• fV\.'urt..l•J. 

t"¥t Hu1M !W. � \fi�ur� Jl) reprQMenta � 5pecial case: In this home, th� 

duor tu th" furn&�c r,,,,m wa kept �huied Juring the .�p measun.:ments, and, as x 
a r.:•ul t, � lih�\llH h\uit y �\U \lbaerved in the preasure l\;vels be tween tht: fur-
l\.&\.'..: roua �n\I thw r•al of the houae. Above the furll4ce room (ba$e111ent), open-

1n.:, the �u�k �au:<i<e.! ... mly ;.& s:a;ill shift (0.001 in H,,0) in the preHure pro-

t U\.I. ��-.v•r, a.n �h� f urnac e room, there were noticeable e ff e ct& on th.:? 

rr�•aurw pr�til� �her. �pening the s t a ck and operating the furnace. The large 

l'h'1u•urit dr1.l; ( O. Ol� in. H...,O) observed ac ro,;s the furnace room door suggests 
. 

ch.at th• •••li"' of the two z1,ne"' was such that flow was .!st.iblish�d thr0u�h 

th• Jll.)llr a·•ck to the b.aaement. Because the furnace atr tan was operating 

1..'•lnt1nuoudy • .air frum the basement wati drawn into the return air rlenum of 

lh� furnace and finally dis('harged upstairs. This postulate explains fully 

th� change in preliliur\:! upstairs as a function of any action along the chiame:-·. 
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TUE I CT MOlJEL ANO COMI'rn:R l'l\O(;RAM 

Th.· i�h>J: .lir i1ll iltrution modt.·l 1.wuld be. ant.· for which all of the 
1>ar-.ira .. ·t ... ,rs us.·<l can lw def in.·<l numerically from tht: appropriate weathe r data 
•rnJ the J,•tail architectural drawings of tht• stru•�turc. As discuss..,d carlit.·1·, 

Hittman Associatcs8 have mcvcd in this direction bv usi.ng <m equivalent ori-

t k .. · coefficient, which pre sumably can be estimated from mcasurablt! charac

teristics of the structure. This approach attempts to define an "average " 

driving force, �P, acting simultaneously on all the orifices in the house, 

in terms o! a static r •. ·lat i onship with wind speed, ... ·ind direct ion, indoor

outdoor temperature difference, and other factors such as furnace and/or fan 

operation as parameters. Such an "avcr.igt.> 11 dr iving force, however, docs not 

rcf lec t the effects of th� intcractiuns bct�een the dri v ing forces over a 
broad range oi ambh•nt conJitiC1m•, and, th'-1rcfore, does not provide an accurate 

basis for predictin� in filtratiun for variable :!ltructures, in variable 

cnvi ron�nts. 

ln reality, tt,,• Jrt\'tn" force, :.I', <1cting on a particular orifice varies 

widdy J.:p_,nJini "'" its l\)c•t1on with r�spcct to wind direction and height of 

th"· houlli�. Th� .a�.t�al prcli�u� drop, .lP, .across a particular orifice is deter

•in"•d b)' th\' JUf�r,,nc1..• b�t\o''-1cn th� dynamic pressure on the outside o f  the 

ori fk,• tapoaaeJ lw \o'tnd forc�li, .:P (for which a reasonable model exists), and 
"" 

tlh· h·�ult.al\t indoor-outdoor �tatic p rer;sure difference, .lP 

t.P • .�P - LP 
"" r 

r 

(23) 

�h�r,, .�P
r 

�' th\? swn of t\Oo indoo -outdoor static p res sure difference effects. 

One of theae preuure difference& 18 �B• the static pressure diffenuc11t 

at a particular height in the hou•�. reault1ng from the vertical �radient in

duced by the indoor-outdoor temperature difference only . lta value may be 
••ti.aated from the indoor-outdoor teaperature difference, �T. and the heiaht 

of thtt orifice abov\? or below the structure'• n�utral zone . The othel" ia �x• 

the static pre•aure difference induced by the combined effect� of wind, chimney 

buoyancy, and fan forccli (at mau balance). The pres··"re difht"nce, �x• 

affectM the whole houlie cqu�lly, depending on comnunication bet�een rooms and 

botvven floor•. 
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\ .'"' c an ,  t h e r e f o r � . dc t i nc the f l ow , F ,  t h ro u gh a p a r t i c u l ar o r i f ice in 

t c nn.t>  o f  t he fol lowing equa t i on :  

F • DC [�w - (�B + APx ) J n ( 24 )  

1o1 l a '-' ri..· o • .  ; th� meas u rab l e  or i f i ce coe f f ic ie n t  f o r  t h� par t i cul :ir o r i f i c e . A l l  
o t  t l i c  pa ram� tt= rs i n  l::qua t ion 2 1  a r e  calcul ab le or meas u rabl e exc e p t  t h e  flow , 

F ,  t h rough the o r i f ice and �x · The l a t ter c an be de t e rmined by mass balance 

be tween the exf i l t ra t ion and inf i l t ra t ion through all of the or i fice s  in t he 

house . I t  i s  pos s i b le , therefore , to compute the whole house s tatic preasure 

d i fference , �px • as we ll as the ove ral l  i n f i l t rat ion rat e ,  by charac teriz ing 

a l l  of t he ori f ic e s  in the hou se in tenas of Eq ua t i on 24 and by se t t ing up an 

ove r a l l  mass ba l ance equat i on for i nf i l t ra t ion-�x f i l t ra t ion t h rough a l l  ori

fice s . Such an eqWlt ion can t hen be aolved by the m-! thod 01 •uccesaive approx

ima t ions . 

In order to •�ccu•aful ly 110del • ho�•• in ter111& of Much .... balance 

e q ua t iona , t he iol l�in1 ar� r•qutr-4 � 

• lnden t i f icat iQQ •nd � har� � t •r iaat ion ( in ters.s o f  the o r ifice co
� f f ic tent and lucat t�n vtth r.ap•� t to vh ich va l l  and he ight ) of 
a l l  aian t f icant c�nent •  in th• house th rough which infi ltrat ion 
c�u �� c u r .  

• h t  iMt ton of t tw  ·�.ue- Hne" neut ra l zone he igh t , boo • in the 
�b••n�• of vlnJ , ..:h llan�y , •nd �x�ut-fan force1 .  P reawaab ly t his 

� •n be �bta1n� t roa t h� vert ical grad ien t in the mea&ured ori f ice 
�\)41f t t� ieat•. f'To.a th i s ,  and t he g iven indoor-outdoor tempera ture 
'1 H f.aren�• t�'e lndu(ed preaaure d i f ference , �B . at any l oca t ion 
�•n b. �•l�u lated aa fo l lowa : 

1 , � - ( 0 . 26) (h-h ) � (- - - ) s no T i T0 

vhere t 1  and T0 ar. indoor and outdoor temperaturea , res pect ive ly . 

• Approp�late .ocle la f�r calc ulat ing the ac tua l wind preaaurea impoaed 
on ..ach �f the four w•l ls o f  � s t ruc t ure . f rom r�mote and on-aite 
vind .. aaure.en t a . Prec iae mode l ing of t he aerodynallic int•rac t iona 
betveen vind , a part iculMr a t ruc ture , and the ahieldiftl effect of 
pl•nt in& and other at ruc t u rea ia comp lex and beyond the acope of thia 
projec t .  Howeve r , mod ls availab le from ASHRAE are probably adequate 
for our purpoaea . 

• Appropriate 110de lli for exhaust fan and c h iftllley f lo'tl , '-lhich are al ao 
avai labl.11 . 
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l ' r l  . ;, u r c d i f h: r .: 1 1 t L. d · ,  u . .  u ;i l l y l.: X i :< t  .H.: r u i. :, t l 1 L· wa l l s o f  b u i l d ing 

. l 1 " c· t u r • " ;J 1 1  J a r ,. t: d u  : • '-" cJ b ..,. 

• ·1 : , ,  •h: n s i t y J i 1 i c r ,· n c ,· h e t "Wl: v n  t h '-· w a re i ndo 1 1 r  anJ c • > l J .: r  o ti t doo r  a ir 

• Tl 1 ,: · · f l' c c t  o f  w i nd f o r c .· s . 

I n  t l 1 c  absence o f  1..· i nd , a ne ut ra l p re s s ur '-· µo i n t  i s  f0und somcwh�re 

w i t h i n t he s t r uc t u re , and in f il t ra t ion of ou t s i d e  a i r  o c c u r s  t hrough that 

pa r t  of t he s t ruc t u re ph y s i c a l l y l oc a t ed be l ow t he n��: ral zone , w i th ex

f i l t ra t ion occur r i n g  above i t ,  as s h own in Fi gu re l .  The exac t h e i gh t  (Y) 
of t h e  ne u t ra l z o n l'  is  d e p e n d e n t  u p o n  the rd.a t i VI..' p c r�ab i l i t y  o f t he 

s t ruc t u ral memb e rs ( so l i d wal l s , w i ndows , and doo rs ) , wh ich us ua l ly causes 

ch ... compound wa l l s  of the s t ruc c ur� to have var iab l e  overa l l  permeab i l i ty . 

A .  P rC' l i mi narv As s W111) t ions 

For the "ba� k 0  al(.,J,• 1 of <lll i r  in f U t t·•t i on , '-'\! h�ve .a ss u111 ;!d ( for 

s impl i c i t y )  that t ht· ,.,, r t f r A l .. rad i � n t  i n  r� nncab l l i l y  b un i fo rm , and can 

b� v a r k d  wal l -by-�·d l .  lid � va l l -b�·-va l l  "'us ba lance mode l exc l udes the 

add�d in t ,� ract iv.: "• f t\•,' t l"  ot furnact• cpt.• rat ion wh ich re p resent the final 
r� i i n'-'llh.mt o f  t h"' �)j,, l .  \.: i t h  t hcst:' a s s u!:ftP t ions , w e  can now examine how 

t h -.· r,· p h• s -.•n t .a t i ,1n ,, f F& �u r,. )-4 ( for ne ut ra l p re s s u r e  zone ) i s  chang i n g  

'•lll\· n  t : 1,· �)utJ"lUr �,mJ H t on s  � hangc . 

r i r s t , l l  lh•  i nJ,)o r-\) U tJoor t emp e r a t u r e  d i f fe rence i nc reases , the 

r r� � �Uf� J t f t � re n t l A l  i nd i ca t e a  by t he s lo p� of the l i ne pass ing th rough t he 

tw u t ril l  a\'n"' \.' i l l  i n � rca s c , t h t> r�by  ca us i n g  a g rea t e r  f l o"'· t h rougt· the 

� r �� � �  i" �• l l - , � i� dows , � tc .  Al so , in the a b � e n c e  of w i nd , t he ne u t ra l  

PNs � ·' f'-' t\)n c  J>O•ii t i on ( he i gh t )  should be t he s ame on all tour wal h  o f  t he 
11 t ru� t ure ( un i f o rm ve r t ica l permeability g r ad i en t ) . On t he o t her hand , 

tldd l t iun o f  wind forc � s  w i ll be d e f i ned , one on the w i ndward , the o ther on 

r: lut l •r.�wa rd wal l . These zone!> w i l l  be po 1tit ioned such t ha t  there i� a M S ii  
t>.. l an� e be tween • i r i � f i l t ra t ion and �xi i l t�a t io n . The d i f f �rence in the 

h� igh t o i  the neu t r a l  :Mn� poli i t ion ( Z )  b propor tional to t he ra t io o f  t h� 
w i nd • P41•d force to  t l it! buo ya n t forc e . 
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W i t h  n : g.-i rd t o  l hl-' u1o u a l  lL"vc b o f  w i nd ve loc i t i e s and indoor -ou t doo r 

c �· 111pc r a t u rc d i f fc h� n C l.' ::i  c h o.i ra c t e r i � t ic o f  tht: fou r s e as ons , a t  l t- - -� i.: four 

J i � t i n c t r e p resen t a t i ons c an be env i u ioncd ( based on t ht: assump t ions made 
Jb ovc ) fo r the n e u t ral zon� pos i c iun for a i r i n f i l t ra t ion to occ u r .  F i gu re JS 
.; hows the  case when the abso l u te le vel o f  w i nd ,  the indoor-ou tdoo r t empera ture 

d i f fe renc e . and t h e  re la t ive wa ll permeab i l i ty are s uch tha t  both the win<h.larJ 
�nd l c�wa rd neut ral zones are w i t h in the s t ruc tu re . 

S imi larly . Fi gure 36 i l lus t ra t es the case when the w indward wall zone is  
above the s truc ture and the leeward wal l  neut ral zone is within the 

s t ruc t ure . Figure 3 7 1  on the o t h e r  hand . sho�s the reve rse case (windward 

zone w i t h in and leeward zone wi thout the struc ture ) and Figure 38 the case when 

b o t h  zones are out s i de t he s t ruc ture . I t  is the ob ject o f  the mode l ing 

e ffort t o  provide a tool that would allow t h� de t e rmina t ion of the exact 

locat ions o f  th� n�utral zon� in c3�h ca5e ( and ,  there fore , o f  the rate of 

i n f i l t ra t ion )  by us in' th� b�s L ptop� rt i ie� o f  the s t ruc t u re and s pec i fic 

wea t he r  data . 

Fur each cas� �hown 1n Fiaur�a l5  t hrough 38 , the 11ass balance formulat ions 

•round the ¥ t ruc t u� w. re ob t• lned by equat ing in f i l t rat ion and exf ilt rat ion 

�b�v� and bell)W th« n�ut r• l zone . t.ch such fon1Ulat ion represents a 

c�aplu� non•lin�•r a&a• balance equat ion and the fo l low ing s impl ify ing 

�-�� t 1\)ft• v.r. n�c�•••r� in ord� r  to ob t a in the req u i red solu t ions :  

• th� P•t t�rn o i  � racka ge i s  un i form ac ross a wall 

• 11\• a i r  t l�� through a c rack is p ropo r t ional to the 0 . 50 power o f  

the &tr preasur� d i ffe rent ial 

• The wind p �a•ure force on the windwa rd wal ls is po• i t i ve and doea not 
cau•• any prea�ure d i s t urbances on the o ther wal l s  

• For v inda that are not perpend icular to a wall o f  the howie , the wind 
preaaure e f fec t is the cos ine o f  the wind angle (wi th reapec t to the 
wall• it acta upon) ti .. • the wind speed squared 

• The houae 1a c on� ide red w i thout a ch imney and exhau& t fan force ( these 
Q f fecta will be add�d in the final , ref ined mode l ) . 
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Fi gure 35 . bOTH � INDWARD ANl> LEEWARD WALL NEUTRAL ZONES INS IDE THE HOUSE 
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Fi gure 36 . WI�DWARD WALL NEUTRAL ZONE ABOVE HOUSE LEEWARD WALL 
N EUTRAL ZONE I NS I DE HOVSE 
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H aur� J8 . BOTH WINDWARD AND LEEWARD NEUTRAL ZONES OUTSIDE THE HOUSE 
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1. . l _r 1 i '. ' 1 _l_ !J_J_t �- _H_1 ·_tt1 1 J_r ._·_;1,�_r · r _ , 

,\ c u cip u t l• r  p r » io!. r a m  h a �  h • ' l!n d l• Vc l o p l· d  to f.:.ic i l i t n t •· t i · · · ; .-. : . . .. i o n o f  
t ! , ,. n1.J s t.  b ..s l J n .  • e q ua t ions � c !· L i• �  t o u r  c a s e s  ITk.' n t i oncJ e a r l i e r  and was a l :;o 

u .... ,. J L o  p ro v i de a Dk.· .:Hrn rc o f  va l i J a t  i o n  o f  t h l· model us ing da t a  f rtJm t he I GT 
f i , · l <l t l• s t  h ome s . :: ;  

T h i!  da t a  req u i r.· u  t o  p e r fo rm t he ma s s  ba lance mode l  calculat ions inc lude 

t t l l' fol l ow i n g : 

• The he igh t  o f  the hou se 

• Thl' c rac kage length o f  the w ind""ard wal l (s ) , and o f  th� leeward wal ls 

• The indoo r and outdoor te111perat ures 

• The w ind s peed and d i rect i�n . 

As t he s i mp l i f ied .. bas i c "  DC>d e l  h re fined , add i t ional data c once rning 

fu rnac e 1.1 perat ion ,  w n t - i�n op� r• t ion , .and ground w ind or struct ure 

s h i e l d i ng w i l l  b� Add�J t o  th� abov� da ta . 

Th� p rOifUI t i rs t coaputea th� .. gni tudc of Z ( the dif ference in the 

h,· i �h t  ,, f t h� n"u t r· • l  aone ) and then coapares the magn i tude o f  Y {ne ut ral 
�\'n'-· hc i ,h t )  Z\lr "•�h �•l l  aa;a 1na t the a t ruc tul·e ' s  he igh t (H) , in order to 

J" i in� thw approp r t at� caae F iaurea J S  thruu&h 38)  and respec t ive mass balance 

,· �uat ion appl k""b l '-' •  Th i s  p ro�ra111 p roceeds to se t a va l ue fo r Y f o r  the 

h·"'lil4lfd wd l (� )  <ill 1.t s  lo"'·es t  l imit poss i b l e  and to i ncrea s e t h i s  value 

l' f'' -= r�•� i \tv l y ,  ln •a&ll inc rement s ,  un t i l  the ma s s  balance b, t · .;een 

i n t t l t r•t ion and exf i l t rat ion is sa t i s fied . The out put , then , of the p rogram 
i •  thQ he t,h t o f  the neut r a l  pres sure zone on the leeward �all ( s )  from 

�r�unJ l•\t\? l . U� ing th i� val ue o f  Y an ed t ima te o f  the equ ivalent wall 
p� n.eab t l i t y  i� ob t • ined , us ing the ac tual i n f i l t ra t i on da ta for the 

s t ruc t ur� and meas ured cracked lengt hs . 

Aa w i l l  be d i s c u s s e d  l a t e r ,  t h e  above pt:! rmeab i l i ty valu"'s are compared 
1o i th  valu�lli f rom t h '-'  l i t e ra t u re rela t i ve to the t y pes of ho�s us�d in the 
p rograai in o rde r to prov i d e  mode l  ver i f i ca t ion . Converse l y . P"'r�ab i l i ty 

da ta f rom the l i te ra t ure and t h e  ac t ua l l y  meas u red <: rack- l ength data can be 
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l 11 ., u t  to t hl! p rol!iram t o  '-' ti t i ma t c  ti • .: t6 t ruc t ureb inf i l t r.:it.i. on .  Th is latte r  
·• P i' ro.ach haa no t been uttcd f o r  d a t a  f r om the l i t e rature . du\! t o  absence o f  
. •  c t u.:i l  i n f i l t ra t ion J .i t a ,  and h a it  only been uited for t h e  I GT home111 and 

Pa.·<1 s u rcd i n i i l t ra t  i on ra t \! ,;  fo r theHc homes . 
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VAL I DAT ION O t' THE bAS I C  MODEL 

Va l i da t i on o f  t h� moJ,• l a ga i ns t  f i e ld da t •• no t v n l y  1· c q u i rc� t ha t  

'30505 

t h�: mod e l i t self  tH .. • v a l i d  ln form , but  a lso i n  c on t e n t  ( i . e . , the i np ut 

how; ... · parame t e rs and on -s i t L' wca th�r da ta mus t be va l i d ) . The rc i o r e , 

..i l t nough we k now t ha t  t h 1..• ma s s  ba lance mo d e l  i s  bas i c a l l y  s ound , a lac k o f  

agre ement o f  meas u red f i e l d  d a t a  w i t h  model p red i c t ions can occur due t o  

a n umbe r o f  fac t o r s . I n  t he f i r s t  p lace , t he mode l in i ts p resent form 

as s umes a un i form ve r t i c ;i l  pe rmeab i l i t y gradient whe reas , i n  real houses , 

the s i t e s  o f  in f i l t ra t ion oc c ur as more or less d iscre ce components and ti it!  

ve r t i c a l  grad i e n t  i n  pe rm.:ab il i ty i s  undoub ted ly non-un i forn. 

Fo r cond i t ion s s uc h  that the driving force for inf i l t rat ion 15 ei t her 

buoyancy ( i ndoo r-out door t empe rat ure- d i f  for�u ... · e )  or w ind � the above 

ass ump t ion s hould hav� l i t t l e 1t f fe c t  on tht..• Nsul ts obta ined wi th t he 

mod\?l . Ho,,,.eve r ,  "'h�n bo t h  Gr" p�•.e n t , th"' ��sump t i on o f  un i form pe rmea

b i l i t y  C(.'luld • f hc t  t h\• rat io l.lf 1.: lnd •peed to the t empe ra t ure d i f ference 

a t  wl1 t c h t rans i t ion f rom �"� p r�do�in�nt r�g lme t o another oc c urs , s ince 

t h\? n�ut ra l  �ontt h'l' i .. h t  h J,.' t v na l ned by t h1..• ve rt i ca l graJ i "'n t .  

Oth�I' fac tOl'l!O th.at \'.'ould \? Hec t the agreement bl' tween rr.ode l  pre

J k t  l on� AnJ Jat.a t r� the h� ld arc : 

• l ap r�� i •• J� te naln&t i�ns o f  t he loca t ion and magn i t udes o f  the 
l•� nwab l U t\' ' "e f f  ld�n t s  for e x f t.l t ra t  ion (Kx) and in f i l t ra t ion (K1 ) 

• l11propw r ••• l e;ntaent o f  the w ind pressure exerted on t he var ious ,,,.alls 
\>I thv h\l�.ae • t he r"s u l t  o f  "sh i e ld ing" and ae rodynami c  i n t e rac t ion o f  
th• �i�J �1 th � t ru� t ure , wh i c h  a re n o t  t a ken i n t o  cons i d e ra t i on in t he 
p re Ualnary form o f  the "bas i c "  mode l .  

�-� ·�� � i  th� above , val idat ion o f  the mode l aga inst f i e l d  data requ i res 

•ar-. .. at in the magn i tude o f  in f i l t rat ion n� we ll as cons is tencv over a 
w ide ran,ae o f  weatht.• r  parame t�rs . 

A .  CO!p!riaon Wi th Ch imneyless Homes 

\Je have used the data obtained fro11 1 9  f i e l d  hoines ( "extendV4it11 tes t i ng) , 
for the weathe r cond i t ions e xis t i ng during the pe r iod o f  the measurements 

(with t he ch imney b locked ) to c ompare wi th est ir1ates for th�se homes ob tained 

w i th the llOdel and computer p rogram . S imilar ly , we have used dat� ob t a in�d 

from the ranch hok ( " intens ive "  tea t ing) for the aame purpose . 
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l .  Compa r i s ons W i t h  Fie ld Data 

Fo r t h e  19 f i e l d  homes , w e  have used t he UK:at>u rcd c rack lt'ngthti , a i r 

.1. n i i l t ra t ion ra te s , and l ic i �h t  o f  l i ving a re a  as the soh.' inpu t s  to tlw 

p ro gram. Th e comparat ive resul ts are summa r i z�· d  in Table 6 .  

I n  t h is tab le , t he c ompa r isons are made in t e rms o f  the o r i f i ce c oe f f i c i en t  

( c ub i c  fee t o f  air per min u te pe r f 0o t  o f  w indow anJ door c rackage and inch 

o i  wa-t e r  pre ssure ) required to make the measured and calculated inf i l t rat ions 

agree . Th is , in e s s ence , att ribute s the i n f i l t ra t ion from building e lements 

(such as s i l l  plate crackage , wall leakage , electr ical outlets , and ceil ing 

leakage ) wh ich are poorly character i &dd to the w indow and door crackagcs wh ich 

can be characterized.  The re fo� , to thv ext•nt that the window and door 

crackages in a house can b� charact• riaed , the or i f  ic� coeffic ient• so cal

culated are measures of th� rlalativ� contribution of other orifices to the 

total i nf i lt rat ion , 

C u r r•nt ASHRA!: dat•: indt cat� that ori f ice coe f f icien ts for wooden 

doub l e  hun¥ vindow� var� f rlHl 0 . 9  fo r average f i t ,  weather-stri pped condi t ion , 

to l .  7 for aw r•ae H t ,  non-vffther-a trlpped windows . With s torm windows , 

t h�•� va lue• �l� b• r.duc•d by •bout 30% , to 0 . 64 to 1 . 2 .  Window-frame-wal l 

l��1iu.,� , wh ich i• �JJ i t i� wl th t he w indow leakage values , may vary from 

O . ;:  t" 0 'i .  Or H k� coe f f  l d.entli for doors are l ikely to be about doub le 

t h��� tor th� �tft'l:i�w� and , there fore , typical orifice coefficients for to tal 

• i nJ\)IW �n4 J� r � r�ckaae (w i th a t o nis )  in rea l  homes � i �h t  be expected to be 
t "  t h• r•�e of O. 6 to l. O cub ic fee t  pe r minute per foot and i nch of H2o .  

T�ra l e  fo\&l'ld i n  6 rea l home• <Toronto ) values ranging from 0 . 6  to 2 . 7  
t�r do�bl• huna v lndowa wi th atol'118 , and 1 . 0 to 2 . 5  fur doors with storms . 

Thu• , th• rana-e f roa 0 . 6  to 3 . 0  aeeas reasonably typica l  for coap�rat ive purposes . 

Th• data o f  Table 6 show that the calculated orifice coe f  f icienta varied 
froa 0 . 7 ( ind icat ing a ve ry t ight house) to aa much aa 2 7 .  For one-half (27  
o f  54)  o f  th• .. aauremen ts , however ,  t he calculated ori fi ce coef ficients 
we re in the range o f 0 . 7  to 3 . 0 .  Even more , only 11% (6 of S4) of the 

calculated coef f icients were above 6 . 0  and these appear to be spurious resul ts . 
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l l o u s o..· ws 
� u mh � r  MPH 

· --

.2 9 
1 0  

4 18 

7 
1 5  

5 1 2  
1 4  
30 
10 

6 9 
1 4  

1 7  
lb 

7 � 

1 1  
1 6  
1 0  

� � 
s 

l .. 
l 1  

Ii l �  

l S  

l �  

i .:  � 
l l  

u l: 
15 

) 
10 

..: i 10 

24 lb 

.\T 
O F  

1 4  
2 4  

2 6  

1 7  
3 1  

1 7  

9 

6 7  

3 3  

22 . 
9 

31 
3.2 

l 
l 
1 

4 l  
� • 

10 
ti �  

n 

J '} 

l o  

l �  

g 
l 

l 
l 

3 1  

6 2  

2 7  

9 

Ta b l l· t> . 

K / K  x i - --
l .  l 
') -- · ) 

1 . 1  

2 . 9  

l . l  

0 . 8  
1 9 . l  

l .  1 

1 . 1  

2 . 3  
l .  :! 
1 . 1  
o . o  

l .  l 
l . l  
'-"�� 
1 . 1  

i�� 
�ljy 
l .  l 
l . J  

� .  f) 

L O  

9 . 6  

0 . 9  
0 . 9  

3 . 3 
999 

3 . 3 

3 . 3  

3 . 1  

3 . 6  

I N S T I T U T I!  
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CALCULATED OR I F I C.t:: COI::FF l C i l::NTS FN.OM 
MEASURED I N F I LTRAT i uN DATA 

�tc as u rc d  Cont rol O r i f i c e  Co� f f ic i c n t , 

I n f i l t ra t ion lk g i �  C FM 

C FM  Fi�� F t ,  i n  H20 I --
1 30 5 2 . 8  
1 2 0  5 ) . 2  

268 5 7 . 1  I 
1 8 5  s 16 . l  

1 2 3  s 3 . 9 I 
101 5 2 . 8  

9 5  s 14 . 7 I 3 5 3  s 3 . 8  

1 5� 5 s . o  

so 5 J . l :I 98 s 2 . 1  
1 7� s 3 . 2 
uo s ::! • t> I 
ll� s 3 . 4  

J SO s 5 . 5  I l46 5 25 . 8  
141 5 2 . 9  

40 5 1 5 . 9  I 79 5 1 3 . 8  

249 5 4 . 0  

8 1  5 1 . 4  I 
f>6 4 . 7  5 
6 1  s 1 . 6  I 89 5 5 . �  

108 s 2 . 7  

1 2 5  s 2 . 6 I 
94 s 3 . 0  

84 5 14 . 8  I 1 34 5 6 . 0  

1 72 5 4 . 9 

102 5 3 . 7  I 
39 5 0 . 9  I 

I 
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Table 6 ,  Con t . CALCULATED O R U ' I CE COEFF I C I ENTS t'ROM 

Houst� ws 

Numb e r  MPH 

32 14 
1 8  
1 8  
10 

39 8 
1 7  
1 3  

40 1 2  
14 
10 

41 8 

4 2  2 1  
8 

4 3  2 3  
8 

10 

.. "\) 19 
l l  

ll 

n l 
lo 

ti 

�T 
• F  

32 
5 

36 
48 

4 2  
3 5  
4 7 

2 7  
2 1  
34 

? -

ll 
l 

1 3  
ll 
�9 

21 
11 

ll 

l J  
Ji  
lib 

K /� x i 

2 . 5  
� . 7  
0 . 5  
2 . 5  

0 . 9  
0 . 9 
l .  3 

2 . 3  
2 . 3  
2 . 3  

.. .  � 

0 . "  
l . -»  

t) .. ..  
l .. t 
j , ,  

1 � 4 
l .  i 
·\ .. 

• •  f 

l . O  
o . � 
0 . " 

I M S T I T U T I  

MEASURED I N F I LTRAT ION DATA 

H�as u r .: d  Cont rol Or i f ice Co� f f i c i�nt , 
I i . . i l t ra t ion Regim� CFM 

CFH 1"1� F t ,  in  H2.Q__ _ _ 

1 1 6  5 .! • 4 
14 3 5 3 . 0  
132 5 2 . 5  
14 1 5 4 . 0  

1 6 3 5 5 . 6  
2 8 7  5 4 . 3  
24 1 5 s . o  

40 5 1 . 6  
40 s 1 . 4  
lo4 5 l .  7 

54 5 l. 4 

�9 s 0 . 8  
2 1  5 0 . 7 

9f, 5 1 . 4  
7 S  5 3 . 3 

8� 5 3 . 4  

7ti 5 1 . 4  
92 5 2 . 4  
d9 5 1 . 3  

24 5 2 . 0 
5 3  5 1 . 0  
5 3  5 1 . 9  
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Tia• J a t<J o t  T<l li l c  tJ s how tha t t lw v a l ue ::;  o f  t h e ll r i t i c .. · c ot:> l f .1. c ic n t s  a n.• 

v .. · r:; c o m; i s  t e n t  ove r a t a i r  l y  b road rangl.' o f  amb ien t conJ i t  i uns i n  1T1Jny o f  

t lw homes ( h o u s e  numb e r �. 6 ,  1 2 , 4 3 ,  2 ,  FO , F l , J 9 , 3 2 , 4 0 , and 4 2 ) , wh e r e a s  

i n  o t he rs ( 9 , 4 ,  S ,  l J , 8 ,  and 7) w e  n o t e  s i gn i f i c<ln t dev i a t ions a t  
d i f fe ren t wea t h e r  c ond i t ions . These 1 ..i t tc r  d i screpa : , ,  i. c s  arc no t i c e d  

p r i mar i l y when t he mode l ca l c u l a t ion re f1.•rs t o  thf' in t e rac tive 121ode l 

( F i gu re J )  and , par t i c ular l y , a t  re l at i ve l y  h i gh values o f  t h e  K
x

/ K
i 

ra t i o .  

S p ,· .: i f ic a l ly , the incon s i s t en t  val u"· s. o b t a ined for houses 5 ,  7 ,  8 ,  and 1 3  

( a l l  o f  t he in te rac t ive ·'.lOdc l c as e )  a rc for "• xc c p t i ona l l v  h i oh value o f  K /K . . • 0 x 1 

( 1 9  and 9 99 ) . A mo re real i s t i c  a�s i gnln\• n t  ,, f th\i t.:/t.:1  \•aluc111 would , p robab ly , 

p rov i d e  f u l ly cons i s t i;: n t cornpa r i son:s b� tw1.•1.•n modd and mcas urt>nk'nts . Fo r 

house numbe r 9 ,  t he two valut•s o b t .i i nt}d r1.• lat l v!t! t o  t h� _i n t\?! rac t i vt! 

mc)(.h: •  case at K�/K1 �qual o f  " · b  ar" s i•n t t' k.an t ly h i&he r than t he va lues 

ob ta i ned for t hd llOdt- l cau of Ft1ur .... ') ;at t.:/�1 o f  ; n .  

For howu: n\&ab�r ..;. ,  t h� J lac Npand �8 �)t b-1 t  for t he va lues wi t h in a 

mode l c•�� ( fl aur� } )  •nJ b� t�e•n �J� l �3Seti ( F i gu r�s 3 �nd 5 ) . Th is 

i las bettn id•nt H twd l\.l b'2 �u...- to v�cept t\'>na l ly h i. gh supply air duc t lealulge 

( o f  t h• • ..., 9Alft1tud� 4• th ... lnf l l t rat i.on rates meas u red ) wh ich are incurred 

J u r i n K  b l ""'"' r '-'�r.at t •'" · 1 h\.' l'1.• for� , i n  house numh �-· r 4 ,  t h� i n f i l t ra t ion i s  
d,,atnat1td b�· J\M:t l'111>t..: i. �hkh ar" unre lated t(.' the amb ient cond i t i ons . 

Tabl• 7 •�rta�� th� � alcula t ed o r i fice c oe f f i c ients and o t her 

J�a� r i pt iv. �ata t o r  four d i f f e rent t ypes o f  b u i l d i ng s t ruc t ures : 

• •ul l  � " tl>'ry � Hh basement 

• S p U t  lev� b 

• On• •tory with b.asement 

• Un• atory on s lab . 

Table 7 ahowa t hat the average o r i f i ce coe f f i cient for the one story home& , 

as well •• the indi vidual coe f f ic ients fo r  all bu t two o f  the homes , is 

w• l l  within the range of t igh � w indow and door c rackage coe f f i c ient s . (The 

s ignificantly greater than average value for house number 5 is in part due 

to the lack o i  s to� . )  These res u l t s  suggest t h a t  the major f rac t ion 
o f  the infiltrat ion in these one- s t ory homes is , in fac t ,  due to window and 
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T a b ll.:  7 .  CALCU LATED O R I F I C E  COEFF I C I ENTS 

FO R J l FFERENT RES I DENT IAL TI' PE S  

F u l l 2 - S t o rv ll omt! s  Wi t h B<iscmt: n t  

Calc ula t cJ 
Or i f  i c e 

House Ty ; : c  o f  S i z e  Coe f f i c  h�n t s  Othe r 
!I\ umber Ase Cons t ruc t ion f t :' CFM/ f  t / in H.,Q Coancnts ... 

Lowe s t  
Ave . \'� lu-.• 

7 6 F :?UOU l .  IJ :? • g Firep lace 

39 2 F � 1 00 4 . 7  4 . 3 Firep lace 

2 3  1 3  F )000 l . 7 l . 7 Fi replace 

2 50 F � 100 J . O  2 . 8  Fi replace 

1 3  30 I U \O .hQ 3 . 0  F i rep lace 

AVERAGE ) , 7 3 . 4  

�J?..l.!.!_ Leve 11' 

f \) "' "'  Pt ,  r 1 800 l .  7 l . 3 J ... ... 
Almo s t  Ident ical 

f l  •\ '\ ! /f'  1 800 1 . 0  
S t ruc t ures ...... 1 . 5  

l.! .. F 3800 2 . 6 2 . 6 Duc t Losses 

:5 l� F 2 500 2 . 7  1 . 4  

- l  18 B 2200 2 . 4  1 . 4  

t) 1 1  B / F  2000 2 . 8  2 . 1  

AVEMCE 2 . 3  l . 8 

8 3  
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1 !0 1 1 : ; �  
:\un:lw r 

40 

4 2  

32 

4 1  

-, 

A\'ERAGE 

') 

., ' .. .. 

A\'t:�.M.:t:. 

A)lC 

21J 

21 

2 b  

14 

s 

.! l 

10:. 

Ta b h· 7 ,  Con t . CALCULATED OR I F I CE COEFF I C I ENTS 
FOR D I FFERENT RES IDENT I AL  TYPES 

! - S t o ry W i t h  Bas\!mt'nt 

Type u i  
C\ln� t ru c t ion - - - -

1'" 

F 

IS/ r 

•• 

... 

S i ze 
f t :'  

8U ) 
1 0:.00 

l JuO 

L ?OO 

1 1 0() 

Ca l c u l a t l..'d 

L) r i f k t.'  
Cod f i d cn t s  
�1'"M/f t / H')O _ 

�· 
L t>  

o . o  

� ' "  

l . 4  

i .  9 

l .  u 

Low�s t  

l . 4 

O . d  
'l I 
. . ..  

L .:.  

� . h  

l . 8  

l - S t \> r v  Or. S hb 
. - _ ._ -......,._. _� 

f 1 000 l .  t> l . b  

1 000 lJ .  9 n . 9  

1 .  j l .  3 
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d o 1 1 r  c raL: kagc . H1L· add i t i on o f  s i l l  p l a l t.' c rJ c k..i go.: t u  t he 111odcl woulJ 
rw L cha nge t h o.: s c  r e s u l t s  s i gn i f i c ant l y . 

The ave r a ge o r i f i c t>  coe f f i c i o.: n t  for t h t.• s p l i t  ll.'Vl• l hm1sl' S  i s  onl y  
i nc remen t a l l y  g rec. t e r  than t hose for t he on .. - s t o ry h omt.• s  and m.any o f  t he 

i n d iv idual val ues are comparab l e . Thus , t i\(' above ten t a t i ve Cl\nclu s i o n  
a;1 p l  il• s t o  t h e s e  s p l i t  home bl a s  we l l  a s  to onc - s t o rv ho� s . 

30505 

Tab le 7 al s o  shows tha t  t he a ve rage d S  wel l  a ,,  indiv idual or i f i c t.• 

coe f f ic ien t s f o r  t he full two-s t o ry w i th basement homes are s igni ficant ly 

grea t e r  than for the other homes . W i ndow and door c rackage account s  for 

l t.' s s  than the maj or f rac t ion o f  t he in f i l t rat i on in these ho�s and the 

reas on for t h is dev iat ion h no t comph• te l y  c h•a r .  The wal l  area to window 

c rack lengt h  ra t i os , in two-11 tor)' ho-» , .a r.e probab ly co!lparab le to those in 
t he one- s t o ry h�a and , t h� fi' fo rv , th� d i f  f� r'"•ncc i s  p robably not due to 

t hrough-the-wal l 1nf  i l t rat ion . Th• • i l l  p lat� to � indow crac k length rat io 

w i l l b� ... 1 1.r 1n �-•to�· hoat» and thu• cannot ac count for the difference . 

b11htd on t h-. •bow , t t would •PP\'.'•r that •lt ht' r  fac tors may be iaportant . 

Fo r euapl• ,  inf i l t rat ion tend• to o� cur at j o intb and ma t ing surfaces such as 

w i ndow and door p. r i.,t• r. ,  w indow and doo r f ram� . wal l  j oints , and sill 

p la t d� . l t  i •  po� � i b l �  t h�n that j o i n ts be tween f i rs t and second f loors , 
�nJ �•�onu fl�r t �  a t t ic j o int � ,  con t r ib u t e  app rec iab ly t o  in f i l t rat ion 

\ s tat lar to �t nJ�· f ra� to wa l l j o int s ) ,  Al s o .  because of the he igh t 

J i i i� runc� , th� buay•nc y induc�d e x f i l t ra t ion t hrough t he e l ec t rical out l e ts 

l \l  t hv .at t iic  .. y be a s i gn i f ican t fac tor i n  thcst• homes • 

.\noth�r 5 1 gn i f  icant fac tor wh ich eme rges is the extent o f  duct losses 
i ncurr� due to blo\ler ope ra t ion . The res u l t s  from house number 4 we re 

•arli•r •hown to be almos t coaple t e ly dominated by in fi l trat ion due to 

duc t lCN&s•• · Furthe rmore ,  house number 1 2 , whose calculated ori f i ce 
co. f fic ienta are •�ng the h ighest in the s p l i t  level group , had relat ive ly 
h i&h duc t loaae s t o  the garage ( t his was deemed by the owne r  as desi rab le ) . 
I t  .. y be a i gn i f  icant that the low o r i fice coe f fic ie � t.  for house number 24 
is �&soc iated w i th negl igib le duc t losses . On the o ther hand . house number 

32 . whose coe f f ic ient is s�cond h i ghest in t he one - s t o ry group . also had 

negl igib le duc t los ses . 
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Ano t h a r  in terc » t i nM �bservat ion ie that the aae of the a t ruc tu re .. y 
� 1 �0 hav� an eff�c t ( F i gure 19 ) .  Th l �  f iaure •how. tha t  the calcul ated 

or i f i c e  coe f f ic ien t s  a ppea r t o d�c r�aM8 v i th ·�� . fur au . .  u t  10  to l �  year• . 
bc f�rc leve ling out (or inc re�� ing) . I t  ha• b�en •u&ae• t�d t hat thie could 
rc f l c c t  the qua l i t y of cons t ruct ion in the pas t few ye�rs par t ic ularly in 

t rac t hoaaes , and the t iae i t  takes for t he homii!owner to rec ti fy the fault• 
le f t  by the contrac tor . I t  also may be s ign i f icant t ha t  the houae w i th the 

lowes t ca lc ulated ori f ice coe f f ic ient (houae nUllber 42)  was built by a 

con t rac to r for his own use , who was proud of t he q ua l i ty of cons truc t ion 

and insulat ion (ver i f ied by our own observat � ,n) . 

F inally , the prel iainary coaparison (of t he re�ul ts ob tained with the 

"basic " mass-balance model wi th those meaaured in the f ie ld homes) is 

very encouraging and shows that :  

• The orifice coeffic ients for the w indow and door crack.ages calculated 
by the llOdel are within the range expected and cons istent with 
laboratory aeasured values 

• ·�ne differences be tween the values found in di f ferent homes are in 
fair .. aaul'e explainable in tet'11S of dif ferences in structural factors 
and duct loaaea . 

Ac tually , the resul t �  rn.11y be bet ter tw1n we had reason to hope for 

in vi.iv o f  the ant ic ipat . '  ti r �, �� lems in p rec ise ass ignment of values for the 

Kx/K1 rat ios and of the e f fec t o f  shielding of the wind by fol iage and other 

houses . The ac.1K1 rat io prob lem , and its e f fect on the model ' s  control 

reaime , waa avoided by el iminat ing those point s (with Kx/Ki rat ios in 

excess of 9 . 5) wh ich gave obviously spurious results . Furthermore , the 

shielding problea aay have been ainillized by the fact that mos t of the data 
were taken in winter , when the s. 1.elding by foliage is at a minin.ua. Also , .  

shielding of the windward wall by 1ther s tructures may be compen&ated , in 

part , by aerodynamic e ff� c ts on the leeward and neutral walls . S uch effects 

are beyond the acope of this phase of the program. 
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T t . • ·  t">.o h: a l r  l a l  l l l ra t l on aiode h (v l th c h l lmley b l ocke d )  have aho 
: . , . ,  1 1  '-' VJ 1 ua t \! , ·� t n  .. l t lu: Ja l .a  f rom the ranc h h � , for which  we have more 

n1111p l � t L· Jill°' �n i ... .akot¥6.: c harac t 11 r i• t ic• . Th..: reau l t •  o f  th.: coaapar i•on ar� 

�h'1Wn i n  Toabl,• b .  Fo r t h i M  C4H� , o r i f ice c o6! f f i c t .: n t 11  wt- re ca l c u l a t ..:d 

J !> " u11J ng t hi' fol low i ng t l i r�e d i f ferent leve!l» o f  c rack l en g t h s : 

• Door and window perimeter c racks only 

• Door and w indow p� r ime ter and framin g c racks 

• Doo r and window perimeter plus f raming c racks p lus s i l l  p lat� cracks . 

I t  s hould b� noted in Tab le 8 that the average calcul ated ori f ice coe ffic ient 

fo r 20 d i s c re t e  data point s  decreases s teadily f rom 5 . 2 ,  when only th� door and 

window c racks are cons id� red , to 2 . 8 ,  when f raming cracks are include d ,  to 1 . 7 ,  

when s il l  plate c racks are also inc luded . The latter coe f fic ient is w.e l l  

wi t hin the range that we wou ld p redict s ince t he house i s  considered t o  b£ a 

" t i gh t "  house . 

Also of considerabl� inter� s t  i s  the cons is tency o f  the calculated o r i f  ic� 

c o e f fic ients under d i f ferent amb ient cond i t ions . I t  should � e  noted that for 

cas� 3 1  in which all s i ll plate l eakage is includ� d ,  all calc ulated orif ice 

c o� f f i c ient s . w i t h  t he excep t ion o f  two , a re w i t hin t h �  na rrow range f rom 

0 . 7 to 2 . 1 .  The tvo exc �pt ions a re for measu remen ts A and C made under 

p rac t i cal ly no d r iving force condit ions , under wh ich in f i l t ra t ion is dominated 

by the b lower ac t ion . It s hould a lso be noted that for data obta ined in 

th� wind domin�t�d re gi� ( runs B ,  F, O ,  and T� , the coe f f ic i�nts are lowes t 

(0 . 7  to 1 . 2) vith an average o f  ! . O .  These values are cons idered cl� � r  to 

the real values s ince t he b lower contribution is minimi zed . 

The resul ts of Table 8 a lso show that the calculated ori f ice coe f f ic ients 

co1·r� lated fairly wel l  w i th wind speed and d irec t ion , as shown in Figure 40 . 

I t  should be noted that the c oe f f i c ients tend to decrease w i th increasing wind 

speed , and that the lowes t  coe f f ic i ents are those in wh ich the wind d i rect ion 

is other than south . Th i s  is p robab ly assoc iated with the fac t that the sou th 

wall is blank (no windows or doors ) .  'nlis sugges ts that the higher ori f i ce 

coe f f i cients required , when the wind is from the south , are due to the neg

at ive pressure induced vn t he north side for which the 110de l does not account . 
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T"bl .t 8 .  CALCULATED OJU FIC.:£ COEr.FIC I ENTS 
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l n  f'>uimwary , l 1 H.' 1t c  r..· i. u l t K  .i re 1t i � i f h d n t  and 1-1 how t hat : 

• The a vl· ra �,. o a  l 1 c c c o c f f  i d cn t  o f  0 .  7 l o  1 . 0  i n d i c a ted h wel l  wi t h in 
t ho.: rOAngc c xpcc t ,·d  for a t i gh t houti c .  They ind i c a t e  t hat the bulk o f  
t h� leakage , a t  lca1a t for rand1 t y pe s t ruc t u reli , can b e  exp lai ned i n  
t c r'llM o f  doo r and window pa ra� ter1a p l us f raming and s i l l  p la t e 
c racug� . 

• The ef fec t o f  b lowe r induced inf i l t rat ion i s  observab le . 

• 11\e e f fec t o f  wind d i rec t ion (part i culary south vs . north or wes t )  
sugges t s  tha t the aerodynamically induced negat ive p ressures on the 
l eeward s ides o f  t he house may be impor tant . Th i s  is not unexpected .  

B . Compar i son Wi th Data From Homes Wi t h Ch imneys 

The bas ic infil t ra t 1�n 110del was mod i f ied to inc lude the e f fec t of the 

presence and operat ion of the gas furnace/vent system. This involved the 

int roduct ion of the p reviously9 developed flue flow sub-model into the program 

so that the ove ral l  mode l cal cula tes both ch imney f low and total infiltration ,  

a t  mos t balance s . The input data for the f lue flow sub-model inc lude furnace 

input rating, f lue temperature , and vent sys tem d imens ions . 

As in the previous case , the model was used t o  calculate the equivalent 

ori fice coeffici�nts requi red to .. kc the calculated infiltrat ion rates equal 

to t he measured in fi l t ra t i on rates , under two di f fe rent cond itions : 

• With the ch imney flo� calculated by th� flue f low sub-model at mass 
balance 

• With t�e f lue flow mode l bypass�d and the measured chimney flows 
subst i t uted . 

In this manner, the model can be evaluated in terms o f  the effect o f  the 

measured chi11ney f low on inf il tration ( i . e .  magnitude of orificP- coe f ficient s , 

with chillley open , co•pared w ith those required when flue i s  blocked) in 

te nas of the effect of the overall infiltrat ion dynamics on flue flow ( i . e . , 

by coapariaon o f  calculated versus measured chi11ney flows ) . 

For a given set of measurements under the same ambient cond i tions . 

the o rifice coefficien ts requ i red for equivalence should be t�e same w i th the 

flue blocked and with the flue open and the furn&ce on . Such a comparison 

is shown in Figure 41 . The data indicate that the orifice coefficients 

calculated for the flue open and the flue closed cases agree reasonably wel l  
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Figure 41 . CORRESPONDENCE BETWEEN CALCULATED ORIFICE COEFFICIENTS 
FOk FLUE-CLOSED AND FLUE-OPEN AND FURNACE OPERATING 
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w t t h ... ac h othe r ,  w i t h  a s t andard deviat i on o f  0 . 4  un i t .  

f i K u r c  4 1  a l ho s hows that data f rom four homes (Nos . b,  2 ,  7 ,  and 5 )  

show a g r  ... a t e r  � c a t t e r than t he above s tandard dev i a t i on o f  up to 1 . 9  uni ts 
o f  the ori f ice coe f f i c ient . Th is d isagree11en t  i n  calcul a t ed o r i f i c e  

coe f f i c ient doe s  n o t  appear to be assoc iated w i th K
x

/K
i 

rat io , control regime , 

or the agr�emen t  be tween c al culated and measured chimney flows . I t  does , 

howeve r ,  appear to be as soc iated with high � values . ln three of the five 

case s , the t value was greate r  than 1 . 0  and , in the other two cases , greater 

than 0 . 7 .  Thes e  d isagreement s  SU&i�St that the a i r  inf i l t rat ion data in the· 

5 ins tances may be in e rror . The available infi l t ra t ion da ta froa these home& 

have not ye t been o f  suffic ient quantity to conduc t a comparison be tween 

measured ch iamey f lows wi th those calculated with the combined inf i l tration/ 

ch imney f low mode l . 
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