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KXECUTIVE SUHHARY 

ln the p .. t aeverMl year•. 1•»-induatry-aupported reeearch haa .. de 

•ixnif icant proareas toward th� underetanding and improvement of th• perfor

m.tnc� of conventional central gas furnace installation�. It is important, 

how�ver, that the ability to accurately predict the real performance of 

ceutral gas furnaces be developed in order to assess the values of new 
conservation measures and ideas and concepts that are now being researched. 

The missing link that will tie all recent advances in this area together is 

a model of excess infiltration occasioned by the existence of a chimney in 

a residence (and by furnace operation) and a more aeneral houae infiltration 

model. the development of which is the subject of this progr ... 

During calendar year 1978, this phase of the program covered three .. jor 

tawka of the pl'Ograa, na.!ly, the conceptual develop11ent of an air infiltration 

110del; the development of data, under intensive testing in 3 ho11es supportive 

of the 110del developmient activity; and the continued 11Dnitoring and extensive 

teatin& of 23 field ho.es to obtain data necessary for the verification and 

f ine-tunina of the hou��-air infiltration .adel. 

Amfta tM acca.pli::ah•nta that have resulted from the 1978 phase of the 

proar .. , the following are considered vorthy of note: 

• Several •11Pirical .ad.els of house air infiltration, available from the 
literature, wre reviewed and evaluated. Without exception, the 
1111:1.tatiou, inherent in theae models, were found to ate• from in
adequate accounting of the interactive forces (wind speed and direction, 
furnac. operation, etc.) controlling air infiltration. In general, each 
of the a-..ilable .ad.els v.a found to accurately reflect the specific real 
caae uaecl for verification, but extension of the model to other structures 
and situations was found to be totally inadequate. 

• Three teat ho.es were selected to undertake intensive test�n, in support 
of the infiltration model development. Of these, the first is a 6 room, 
ranch-type home, 16 years of age, with a total gross living area of 1128 
aquan feet. It is built over a crawl space, is equipped with a forced
air aaa-fired central furnace, and is totally shielded by numerous trees. 
The aecODd ho-. is a 6 room, two story, all brick home, 30 years of age, 
vitb a total gross living area of 1600 square feet and is only shielded on 
two aidea by aiailar adjacent structures but free of any trees on the front 
and rear of the house. The third teat house is also a 6 room, two-story 
dwellila&, 2 years of age, of frame construction on a concrete slab, 
vith a total gross living area of 2200 aquare feet, and with shielding 
oaly OD 2 aide• due to adjacent buildinp. All of these ho•• were 
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ii• ·L1·1111k�nt .. ·d wllli .i WL',llli,·1· ••l..lll1n\ Jn1· i·cc11rdi11f. 01 1>l1ldu01 L1·1111'··1.1tur, , 

1.·i11,i ,:pv .. ·J, <llld dlr,•,·tlu11, .11\ll nt11 .. •r L11�;tn1n1t·11l:; Lu lll•.>11ilu1· .111J ni.·.1,d1r,· 
;d1· infi.ltnitJon, l!X,'l!s�; infi.LtnH.ill11 du,• L•) 1..•xlst<.'lll'L! of dlimllL')', lun1,1,·, 
,1i'L.'L1tion. i11door-outdoor pr'"•ssurl· d!ft,·1-.·n····· lnd .. ,01· t .. �mlh'l'.lturt.•, .111'1 
v .. ·nt-Lin ''P•'r<.ltion. 

• A L.lir amount of data on house air ini i.ltratiun and l!XCl�Ss infi ltri.lt llHl 
(du� to the existence. of the chimney in the home) were obtain�d in th!! 
three intensive.' test homes. The data obtained were suffh·h•nt to 1.h•fin1..• 
the a hove quanti tics fully undc·r th&.! following general conditions: 

• 

• 

a) In the absence of forces for air infilt r.ation 
b) In the presence of wind speed forces only, up to 9 mph 
c) In the presence of variable outdoo r tcmpt.•raturc (down to 35°F) at 

near calm, and combined with wind spocds below 9 mph. 

An initial house infiltration model and computer p1·,1gram was developed 
based on a fundamental wall-by-wall mass balancl.:' approach. The infil
tration model was used to simul ate (for verification) the infiltration 
characteristk8 of 19 of the :n field test hon1'!s. Good agreement was 
obtained for the cases when hish wind spel',ls were prevalent. However, 
at low outsiJ,.- tc:mpcnat: ures (aml low winJ sp-.·cds or calm) an adjustment 
of the structurill crack width "1as required to achieve correspondence with 
the measur\!J inf i.ltration values . 
A paper , ba�eJ on the results from this program to date, entitled, 
"Seasonal Perfonun�e Analysis of Cent ral Furnace Installations," 
w;is present\!d at th� Third Conference on Documentation and Analysis of 
lmprovcments in Ef iiciency and Performance of HVAC Equipment and Systems, 
held on October 23-25, 1978, at Purdue University, West Lafayette, Indiana. 

Future work on this program is expected to concentrate on the refinement 

of th"• initial DIVdd of air infiltration, its verification with additional field 

data und"'r development during the 1978-79 heating season, and preparation of a 

comput�r program ar.d U£er manual to allow general use of the model by home 

builJ�rs, h�ating contractors , gas companies, consulting engineers , etc . 
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OBJECTIVE 

Thc.> av'-•rall objec t ive of this program b to conduct a field and analytical 
stuJy to develop and verify a model of excess infiltration los�es (occasioned 
by the existenct! of a chimney and by the oper&tion o f  the furnace and water 

h�atcr) in a single- or two-family residence and to develop a more gen�ral 
house air-infiltration model. 

- . . - -: ,.,. . 
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INTRODUCTION 

Ln 197�, .J comrrt!hcnsiVl' scrh.�s of st ud ies was bcgwt cat IGT, fundcJ 

tw tht.• American Ga�, Association (A.G.A.) to quant ify thl.' fac to n affcctin� 

seasonal e f ficiency. As part of A . G.A. Proj ect HA-4-31, the ln»titute of 

Gas Teci[10logy (IGT) developed initial data (in a laboratory model of a 

house) on how fu rnace cycling, wind speed, and structure looseness (or 

;.lir change rate) affect chimnev flow by simulat ing a speci fic installation, 

the Canton Gas Tes� Home, and houses similarly equipped. During 1976, as 

part of A.G.A. Project HC-4-33, the stady was extended to cover homes "looser" 

than the Canton home, installations with smaller .:.and la rger furnace inputs, 

and vent pipe a nd chimnt.>y d iallh!te rs . As a res u lt of this st udy , a compre

hcn�ivc, gcnerali�ed, s\!mi-1:."mpirical model was dt>velopcd for chimney flow 

;.md energy l osses Olssociated with the opcrat ion of a central gas furnace and 

c h imncv-v ent system : ., a residence. 

Durin� 1977, lGT conducted a field stuJy in 20 test homes to verify 

tht.' IGT flu.�-loss aldel, to ext�nd its applicability to a wider spec trum 

o( i nstallations and r�sidences, and to obtain additional pract ical data from 

th,• stru,·tures (c.t;. • crack lengths) in order to simplify the model for use 
hv utilities, contractors , �nd fu rnace manufacturers. The results of this 

pr,, �ram t.>Xt..-nded tht> applicability of the model to installations equipp1:d 

.. ·ith iurna.:e retro:'its (e.g., dcratt!s and vent re:>tri,:tors) and provided a 

..!.ltJ base useful to yarallel A.G.A. and gas industry programs such as SHEIP, 

£-Cub�. and �onc:·y•wcll 's H-Flame model. The res ul ts also indicated that the 

ex��ss hous� infiltration, Jue to the exist ence and operation of a furnac e ,  

is a variable . and depends o n  the structure, installation, and climate. 

They also pointed out the need for a comprehensive model of air infiltration 

describing th.:.-se interactions, a tool that would ultimately be used to 

accurately predict the rtal performance o� ��ntral gas furnaces and through 

... hich new conservation measures , ideas, and concepts could be properly 

assessed. 

lnis report summarizes the effort during 1�78 which proceeded along two 

�jor task..>. namely, development o f th� IGT model and fi eld te1iting1 to 

a�d the model development and to provide preliminary validation of the model. 

The for.er ta.&k included the identification. r�vi4:W. and analysis of 
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i'·bt LDOJcling l!ffort:.. and their l i mit a tions , definition of thl· basic 
llll:�·�1.:mbims for air infiltration, the simultaneous modeling of the various 

int . . r.ii:tiv,· forces for infiltration, and tc 1>ting of th1.: model against 
th.: dJta hy means llf a computt:r program. 

Tht." second task involve d "intensive" t�sting i n  three homes to provtd�· 

n.:.:��d inputs for modeling purposes (one ranc h and two 2-story honit.�s) and 
..:ontinuation of the "t!xtensive" tt!sting ( begun in 1977) in over 20 iield 

test homes in the Chicago Metropolitan area. The results from all these 

tests also served to provide for a pr�liminary verification of the IGT "mass 

balanc e " air i nfil trat ion 110del. 

3 
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REVIEW OF EXISTING AIR INFILTRATION MODELS 

The flue-loss model, the excess infiltration data and correlations, and 

th'"� na tural ventilation (house air infiltration) data, d\!vtloped during the 

1976 and 1977 r-hases of the program, are very valuable for th� development of 
thE.' a.t.r i nfiltration model. Before a practical model is developed. however. 

a firm understanding of the basic mechanisms of air infiltration and a llldthod

ology are also required. We conducted a review of the state-of-the-art and 

identification of the basic mechanisms and interactions between the various 

forces for infiltration . The results of our analy s es are discussed in this 

section of the report. 

A. The Earlv Mod�ls 

In contrast to the dynamk lllOd�ls d�v,•lop1.:d tor h"·at transfer by radia

tion and conduction through the building env�lope . the state-of-the-art for 

predictina heat tran11f.:r by infiltrat ion b relatively primitive. particularly 

for resident ial structures. This ii surprisi:-1� in view of the fact that in
filtration accounts for a major fraction (25% to 50%) of the total heating and 

coolin& loads in r�sidential buildings. Furthennore. the infiltration-exfiltra

t i\)n ch4ract�ristics of a house interact with the venting system of the fossil 

fuel heat ing systea. thus addi ng to the heat load and decreasing the seasonal 

utilization effkiency of the furnace. 

l. Current ASHRAE Methods� 

ASHRAE describes two methods for estimating infiltration in residential 

buildings. The firs t . and most commonly used, is the air change method. which 

is based on assuming an air change rate for each room and averaging over the 

whol� house volume. The ratios assumed for each room are dependent on the 

number of walls with exterior windows and doors and the type of usage each 

room experiences. Typ ical air change rates for various types of rooms pro

�ided by ASHRA.E are presumably based on past expe rience . 

In a somewhat more sophisticated method. known as th� crack method, the 

estiaates are based on measured leakage charact� rist ic s of the building com

ponents (windows. doors. and wal ls ) at selected pres»ure diffL•entials from 
0.1 to O.S inch H2o. It is nece��ary, therefore, to assume an appropriate 

pressure differential to which the bu ilding coaponenta will be expos�d. 
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The lcakag� characterbtics of .. ny of the building components, such as 
windowl:i and doors. are reasonably well docua!nt�d, although large variations 

l"<lll occur . dcpt•nding on d� sign, quality control in .. nufacture, and, particu

larly. on the quality of installation. However, the leakage characteristics 

oi man:. othe r building componentli such as sill platea , ceilings, and electrical 

wall outlets have not b�en well characterized. Although it is commonly assumed 

that crackage around windows, doors, and sill plates are the priaary sites of 

iniiltration. two recent studies indicate that 110re than 50% of the per11eabil-

i ty of actual homes may be at other sites, including wall outlets, ceiling, 

exhaust vent, and chimneys.6,lS 

The major limitation of the crack 11ethod, however, is the fact that no 

adequate llOdel exists for eati .. tiug the p ressure differential to which the 

various components are actually exposed, particularly in residential struc

tures. The pressure dif ferentials, �P. in the range assumed in the ASHRAE 

data {O.l to 0.5 inch H�O), appear to be 11Uch too high. Only windward walls . 
could experience pressur� differentials in this range; non-windward walls 

are likely to experience pressure differentials less than 0.02 inch H
2

o froa 

the l iteratu-r.t data � have seen. 

2. Achenba;J'.:.S:_hlentz Correlation� 

Another •ro.adi to the prediction of infiltration rates is based on the 

empirical A• ; ;--,; ,1,·:.- -lblentz correlation derived by regression analysis of 

data fro• l ·, : .r ;io-s at the University of lllinois3 and tested against 

�O �lectrical ·. :· he. :d homes in Indiana." The correlation takes the fona -

I • A + B X WS + C X �T 

whe re 

1 • infiltration rate 

WS • wind speed 

lT • indoor-outdoor temperature differences 

A, B, � C • e11Pirical constants characteristic of the 
particular structure 

(l) 

Tbe coaatant A pre sumably repreaenta the contribution of vent fan opera
tion and door openinas at zero wind speed and AT. nie conatants B and C are 

deteraioed by the permeability and other chAractert.tics of the structure. and 

s 
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�111 vary from hou�� to houtic. For cxampl•·, the original Achenbach-Coblcutz 

!.irmula f(1r ,.1,·ctric homcN was --

l • 0.15 + 0.013 WS + 0.005 �T (2) 

Th,· l\BS-LD dynamic si mula ti on mod'-!l for estimating e nergy consumption in resi
dt:'1t ial bu ildin gs , although otheNise sophisticated, uses the Achenbach-Coblenl" 

f.1rmula with the constants arbitrarily increased by two-thirds to "mor"· 

closely correspon d  to a ty pical house'' (presumably a fossil fuel h�a.:cd 
house)8• The constants found in other stud i es , howev�r, have varied widely 

as follows:J,12,l3,19 

A • 0.10 - 0.8 
B • 0.013 - 0.084 

c • 0.005 - 0.016 

Laschober and Healyl3, in a later study, found that the wind coefficient 

B for ant.· hous\! vari\!d from 0.0:!, with winds normal to the narrowside of the 
house, to 0.084 on the broadside. They also found that the presence and oper

at ion of a gas furnace contributeJ significantly to the overall infil trati on 
(�quivalent to i nc reasing the constant A by 0.0�3). Thus, the coefficients 

must be detennined e�pirically tor each house. As yet, no one has successfully 

in..>J�led these constants in terms of measurable house structural characteristics, 

although it should be poss ible if adequate knowledge of the leakage character

istics of th� various build ing components are known. However, there are mor� 

important limi tations to the method. 

The AcP�nbach-Coblentz approach assumes that the infiltration rates are 

Jirectly proport ional to lT and to WS and that these components are additive; 

these assumptions are not theoretic�lly tenable. First, the relative depen

dence of infiltration on lT and wind speed changes gradually and continuously, 

from co•plete dependence on �T at zero wind speed to complete dependence on 

WS at wind pressures sufficient to induce a positive pressure in the house 

(about �O mph at �T • 7 5  for a two-story house), depend ing on height and shape 

of the house. The equation, therefore, cannot give even reasonable approxi

mations over the whole rang� of ambient cond it i ons of intereRt. Second, the 

model is not set up to reflect th e interactic�s between such parameters as 

furnace operation (or vent fan operation) and the whole house infiltration 

so tb.at t he ir effect can be evalu.ted. 

6 
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J. Th� Princeton Studies 

The line a r rcgrc9sion equation may be cxpomdt?d to incluuu other parameters, 

�ud1 as furnace operation and door op1mings, to improve the quality of corre

lation, but the results still tend to be highly erratic , as shown recently by 

Malik14 in the Princeton studies. This is primarily becauae the analysis does 

not take into account the complex interactions between wind speed and indoor

outdoor temperature differences, as wel l  as furnace and exhaust fan operation. 

This view has been recently corroborated by Sindenl7 (Princeton Universi ty) 

on the basis o f  a simple analysis of the in teractions bet'.lcen wind and house 

buoyancy forces on the windward and leeward walls of a structure . The analysis 

shows tha t wind and temperatures can be simply add itive or in cer t ian cases 

can be subtract ive. (Increasi ng wind results in decreased infil t ration driven 

by indoor-outdoor AT o r  overall infil t rati�n . )  Most of the t ime they are coa

ple� . Sinden concludes that "the C09'>l��ity o f  wind-teaperature interac-

tion • • •  is bad news for coaputer aodelers. since it appears unlikely that there 

exists any s imple for.ula that universally represents natural ventilation in 

buildings . n 

Also recently. H&rrje7 has suggest ed the addition of a cross-product term, 

(WS) (dT) to refle�t the interactions between the two parameters, i.e. -

I • A + B(WS) + C(AT) + D(WS) (AT) (3) 

Such a 110del has recently been evaluated by M&likl4 for infil t rat ion in two 

townhouses w i t h  mixed success . The model was adequate for high wind speeds , 

having & large componen t normal to t he exposed faces of the townhouse. How

ever, the 110del appeared to be inadeq\l&te for winds of low speeds, regardless 

of direct ion. or fo r high wind speeds having a small normal component to the 

exposed face. Ke at t ributes these differences. to the complex interactions 

between wind and house buoyancy forc�s. There fore , this model also does not 

reflect the e f fect of these interactions over the whole range of aabient con

dit i ona. Furtnerwore, the constants A, B, and C still depend on the s t ructural 

cb&racteriatica of the house and wind direction and ..at be de terained eapiri

c:.ally. 

.... c 

7 
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U. Ma�s-Balancc Model� 

1. The Hittman Approach8 

The pro pr ict.:iry, Corre lated Residential t:ncrgy Anal vs is Program dcvclopl·d 

I·: H i ttman Aissociatl.'s utilizes the Achenbach-Cohlcntz infiltration model (as 
does the NBS-LO program) to predict infiltration loads, but tht.' empirical 

�ons tants for the latter model were evaluated by a mass flow balance analy sis 

of the or igina l Achenbach-Coblentz data on crackages, wind speed, and direc-

t ion. and the resulting inf iltration rates. Basically, their program used a 

mass balance �quation to estimate the indoor pressure resulting from wind 

pressures impos�d from various d irections . The effects o f  fan and furnace 

operation were simulated as constant flows. Tht.'s� pressures were then used 

to estimate the fl(Jlo; rates across each component as well as the overall in

filtration ra te . The individual compon"·nt characteristics then could be used 

to �stimate the requi red Achenbach-Coblentz cons tants for any house whose 

structural characteristics are known. 

Hittman Asso�iates1 have recently revised the linear regression equation 

to a so�wha t more acceptable fonD, as follows: 

1 • OC [A+ B(�T) + C(WS):}\.E� 

... h"·r"' ·-

llC ( i - . . . . i ) 
=-oA 

• or t1cc coctt1c ent • -V-
�OA • summat ion of �riiice areas over the whole structur� 
\' • structur� volume. 

The quantit i�s (�T), WS, A, B. and C are as defined in Equation 1. 

(4) 

Orifice areas ar� estimated by multiplying th� appropriat e crack lengths 

by the estimated crack width. Thus, the equation takes the gen�ral fonD of 

the " quival�nt orifice kthod (cracks method ): 

l • k(tOA) (l.P)
n (5) 

where � is an equivalent o�ifice con•tant. In thi• fona, the measurable per

meability characteriatiCb of d ifferent �tructur�s can be used instead of em

piric.al constants . The coruotants A, B, and C, WJcd to define the relative 

contributions of wind speed and indoor-outdoor lT to the driving force, lP, 
are &lliO d..:terained by structural factor5 aM well as w ind d irection and awtt 

8 
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l>·· dd•·rmirwd •!mplrically fur "'�ch hou111:' and for each different wind direction. 

,..llrt1 ... ·rn.or .. · ,  twcaus .. · of the Jntttractlom• hetlole"n the diff-..rent driving forces, 

til•· M>-call .. ·d ..:onstants 8 and C undoubtt:'dly vary os the ratio of WS/(�T) l/�. 
T11 .. ·r .. •l<)r .. " bccaust.· the model docN not takt- i nto account these interactive cff.,·cLs, 
the modl· l cannot be accurate over the whole range of ambient condition�. 

2. The NRC (Canada) Method 

Tht! mass balance approach has al ready been used succt?ssfully by the 
�ational Research Council of Canada in developing a FORTRAN IV in filtration 

model for multi-story co1m11ercial buildings, including the e f fect of stack 

action and exhaust or pressurization fan action as well as wind pressuresl5•16• 

Infiltration is cal�ula ted by writing the mass balance equations for each 
floor and each shaft and solving the resultin � non l inear simultaneous equ.-

t ions. The input parameters include 

• Building l�ak�ge characteristics 

• Net air supplv b� air handling syst�m 

• Wind pr�ssur� co�fiicients for 16 directions 

• lndoor and vutdo�r temperatures. 

lnf iltr4lt ion rat\!s are calculated for each speci fied combination o f  

out Joor t�mp�rature, •ind speed, and d irection and are used as a subrout ine 

for the h�at ing and cooling load calculation program. 

9 
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TH� IGT CONCEPTUAL MODELING APPROACH 

As part o f  th!.! e f fort und e r  A . G . A .  Proj ect HA- 4- J ll O  mentioned ea r l i e r ,  

w e  d�monstratcd , in a p relimina ry  way, that wind- �nduced infiltration and its 

inte rac t ion w i th the gas furnace /vent system can be mode led in teTIIS o f mass 
( flow) bal ance equ�t ions for infiltrat ion and exfilt ra t ion . In this manner, 

t h e  e f f ects of the per t inent parame t�rs (pe naeab il i ty characterist ics of the 

s truc ture , wind s peed , and d irect ion , and the presence and operat ion o f  a 

gas furnace/vent system) both the overall infil t rat ion and chimney flow can 

be eval uated . The ini t ial s t l�dy d id not include the e t fec t of house buoyancy 

because of the experimental di f f icul ty of imposing an indoor-outdoor tea

pera ture d i f ferent ial ( AT) in a tes t chamber in the laborato ry .  Thus , the 

mass balance �quat ion init ially deriv�d for t( �� z � ro �T case was 

whe re 

K (AP - �p ) n • K AP n + K �p n 
i w x x x c c 

K1 , K , and K • flow c oe ffic ient for inf i l trat ion , exfiltrat ion , 
x c 

and the chimney vent system , respec t ively 

j,p 
w 

�p x 
n 

• wind p ressure imposed on windward wall 

• indoor-outdoor s ta t ic p ressure dif ference 

• cons tant between 0 . 5  and 1 . 0 .  

(6) 

This equa t ion c an be solved manually for the case of no furnace operation, 

!T • 0 and r. • 0 . 5 ,  to y ield exac t models for inf iltration rates and chimney 

f low , in tc nu o f  t he pe rt inent parameters, WS, K , K
i

, and K , which were 
x c 

confi rmed expe rimentally in the laboratory tes t room. 

The s t udy also int roduced an important new concept :  tbe increase in 

inf i l t ra t i on rate ( rela t i ve to the ini iltrat ion rate o f  the aa.e s t ruc ture 

with no c hi.llney) due to the presence and operation o f  the furnace vent sys tem 

is only a fract ion , t ,  of the chi1m1ey exfil trat i on .  tbe fract ion , � .  depends 

on ly on the relat ive flow coe f ficients for exfilt ra t ion and infiltra tion 

(Kx/K
i 

rat io ) , in the abaence of house buoyancy or furn.ce opera t ion . With 

f"'1l&Ce operat ion (but no house buoyancy) , • dependa on vind speed as well 

as Kx/�1 • depend ing on the re lat ive .. gni t ude of the vind and buoyancy forces . 

10 
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i.; ,.,  •• of t h e concep t of q>-vaJ. uc has � incl:! been repu rt -.. <.J 1 1  and IGT has used 

i t  i n  t h e  p re pa r a t i on o f  a model o f  Seasonal l't:! r fo nnance Ana lys i s  o f  CEn t ral 

Fu rnacc l n s t 01 l la t i on� ( 8 PACE- FI ) fo r thc  U . S .  Fcd '-.' ra l  Ene r�y Admi n i s t rat i on . 2 0  

I L  Bas i c  Mechan i sms o f  I n f i l t ra t ion 

The bas ic drivi ng fo rces fo r i n f i l t ra t i on are the pressure d i f ferent ials  

ac ross t he various components  of  the bu ild ing enve lope gene ra ted by the 

fo l lowin g :  

• W ind pre ssure 

• House b uoyancy forces due t o  i nd�or-outd�or tempr rature d i f ferent ia l ,  lT 

• Fan e xhaus t  o r  p ressur izat ion 

• Ch imney buoyancy forc��s gen�rated by .'iT and bv furnace ope ration . 

These p ress ure di f fc r�nt i a l s , �P . act up�n the var ious o r i fices and cracks 

i n  t h-.. b u i l d in& �nvc lop� t� produc� f luw accord i ng to c lassi ca l  ori fice 

t heory 

F • ! i\P
n 

• Kt:.P
0 

R 

whe re 

1'' • f low rate . CF/min 

R • res i s tance to f 10� , i n . H
2

0 /CF-min 

I\ • f low coe f f ic ient , • � • C F / min . - i n . H
2

o 

� p  • d i f f� r�nt i a l  pr\!ssur� 3cros s the ori f i ce . in . H
2

o 

n • power func t ion b .... • t 1i.1�en O .  5 and L O .  

( 7) 

Th� val u� of  t h� po�e r ,  n .  depends on the relat ive contribut ion of kine t ic 

and viscous forces to the e ne rgy loss in curred in flow .  I i  the losses are 

pri .. rily kine t ic .  n w ii l  be c lose to 0 . 5 ra the r than 1 . 0  �h i ch i s  app roached 

in viscous f low .  The li terature indicates that flow in the types of ori fices 

found in res ide n t ia l  st ruc t ures w i l l  be of the order of 0 . 5  to 0 . 65 . 2 

The ove ral l dynamic s  of i n f i l t rat ion can be described mathemat ically i n  

te natt o f  a mass ( or flow ) balance equa t ion , equat ing the total mass o f  a i r  

i n f ilt ra t ion th rough var i ous or i f ic es w i th the total ma s s  of ai r exfiltrat ion 

through the or i f i ces .  

1 1  
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I • [ KiA1 6P . 0 
• t K A 6P n + K A (�P )

n + F f  + � A �p n 
l - x x x c c c - - v v v 

wh� r� 

t:.1 and Kx 

I\ 
c 

" v 

�P . ,  �P , �p , and �p 1 x v c 

Ff 
A 

• t he flow coe f f ic ients for in filt ration or 
cxfil t ra t ion through t he f i xcd ori f ices 
of the s t ructure 

.. exfi l t ration through the ch imney 

• in f i l t ration or �x f iltrat ion through variable 
ori f ices such as doors and w i ndows 

• t�e p r�ssure dif ferent ia l s  act ing on the 
ori f i ces 

• flow i nduced by fan 

• ar�a o f  o r i f  icc 

( 8 )  

Alt hough adequate .odel� exi s t  for predict ing the c i fect of each of t he 

d r i ving forces ind,· :141nd..,nt l y ,  th• ovt: ral l u�s balance mode l  for residential 

s t ructures has not been d•u&cribed . 

l .  E f fec t of Wind Pl'\.' �SU� 

When a nous� ta subj �c ted to wind forces , in the absence of buoyancy 

forces or f&n operat ion , the indoor-outdoor s tat ic p ressure differen t ial , 
�Px , �ill incr�&s� unt il th� aass f low o f  infil t ra t ion into the windward 

wall �qu&ls t he .. ss flow out th rough the other walls and s i t e s  of exf il

t rat ion . 

The extent o f  t he pr� ssure inc reases as derived from the mass balance 

�qu�t ion will be : 

where -

K 2 
lP • i 

x 
K : + (K + K ) 2  

i x c 
t.P 

w 

(9) 

K1 , K , and K 
x c 

• t he flow coe fficients for infil t ra t ion , exfilt ration , and 
chi1mey f low 

t.P 
w 

• k ine t ic wind p ressure . 

The in fil t rat ion rate , I ,  in turn is given by -

(K + K ) 2  
I • K ( � P  - �p )

n + K x c LP n 
i w x i K ; · + (K  + K ) 2 w 

1 x c 

1 2 

(10) 
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Th u s , l h c  depend�ncc o f  tht.> inside p re !i s u r c  anJ t he i n fil tration rate on w i nd 
s p� e d  a rc i n  turn dependent on the re l a t ive Kx/K 1 ratio o f  the s t ruc t ure . I f  
( K  + K ) • 0 ,  t hen �p w i l l  e q ual �p • and t h e dr iving force for in f i l t ra t ion x c x w 
( AP - �p ) w i l l be z e ro . I f  (K + K )  is infinitely large compared w i th K i ' x x x c 
t hl.'n .':.P x 'lo.' i l l  approach zero 1 and infil trat ion wi l l be cont ro l led b y  K1 w i t h  " 
d r i v i n g  forc e � p i  • 4Pw . 

On t he bas is o f  this mode l , i t  l s  possibl e to e s t ima t e  the e f fect o f  th e 

permeab i l i ty characte rist ic s o f  a house on its sensitivity to w ind-induced 

inf i ltrat io n .  Typ ical res u l t s  for an elec tr ical ly heated home w ith a total 

vo l ume o f  1 7 , 500 cubic feet (Canton e l e c t r i c  home) are shown i n  Figur� l .  

I t  wil l be noted that the sens it ivit y t o  wind-induced inf i ltrat ion is maximum 

a t  a Kx/ Ki ratio of 1 . 0  ( i . e . , the rat io of the flow coe ffic ients for ex f i l 
t ra t ion , Kx • t o  that for infiltrat ion, K

1
) .  The w ind-induced in f iltration 

ra tes also i ncrease l inearly with the overal l  per11eabil ity of the house 

( Kx + K
i

) as would be expec ted . The ran&� of Kx + K
i 

values covered also 

c o r r�sponds to the range of p�rme•b i li t i�s for 6 real houses , dete rmined 

experimentally by Tamiura . l S  Thus , the Kx/K
1 

rat io ( in one form or another) , 

as we ll �s the tota l pe n1eab i l i t y 1  are importan t para11eters affect ing infil

t ra t i on . 

Howcv.tr, the abo� .ode l ,  as it stands , does not take into account the 

nega t ive wind pressu� generated on the leeward s ide of the s tructure . To 

do so wou ld r,· �uire some assumpt ions as to the aerodynamic drag coe f f ic ient 

o f  th� structure and the pr.oportion of the t otal ex f i l t ra t ion sites on t he 

l��ward wa L l . 

The drag coe f f i c i ent , C
d

, is a measure of the fraction of t he total 

kinet ic energy o f  an air stream converted to force pe r uni t area acting on 

the structure : 

�p • C
d 

(0. 000 48 WS2) ( 1 1 )  

whe re �P i a  the s um o f  the windward and leeward pressures developed and 

0 . 000 48 ws2 is t he veloci ty head of the wind , both in inches H2o .  C
d 

varies 

fr<>11 1 . 38 for a thin flat plate to 0. 74 for a rectangular structure whose 

l�ngth ( i1: the d irec tion of w ind ) to he ight ratio is greater than 3 .  

1 3  
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ELECTRIC HOME 17.500 tt3 
6 T ( Indoor - Outdoor) • 09F 
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Figure 1 .  DEPENDENCE OF INFILTRATION RATES ON 
Kx/K1 RAT IO (Calculated )  
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l::xac t l y how t he total dra l; can be d i v lded into ove rpressure in f ron t and 

unJc rp rcs s u re in th� res · is J i f f i c u l t t o  pred i c t .  A rul �· of t h umb .  howeve r . 

i s  to assuDk.' that 65% of t he total veloc i t y  h ead i s  exerted on the f ront o f  
t he s t ruc t u re .  The nega t i ve pre ss ure on the bac k can then b e  es t i ma t ed by 

s ub t rac t ing 0 . 65 f rom the to tal dra8 coe f f i c ients . Drag coe f f ic i en t s  as low 

as 0 . 9  have been measured for two-s tory hous e s 5 • and we would expect values 

as low as 0 . 75 to 0 . 8  for s ingle-s to ry ranch homes . Thus . the negat ive lee

ward wa ll p re ss u res o f  about 1 5 %  o f  the ve loc i t y  head would be expec ted . 

I t  should be not ed , howeve r ,  that a ne �a t ive leeward wal l pressure has 

t he same e f fec t as increasing the Kx/K1 ra t io in that i t  reduces the ins ide 

pres su re req u i red to balance infJ l t ra t i on and �xf i l t ra t ion , which . in the 

las t analys is . is the real key pa r&M t e r .  Since charac terizat ion of the 
Kx/K1 ra t io of a rea l  ho� is als o  inexac t and i ts e f fec t is large compared 

with that o f  the negative leeward wall pressure , it .. y be reasonable to ig

nore the lat te r  and ass� i ts �f fec t is inc luded in the Kx
/Ki e f fect . 

I n  the absence o f  hQu�� buoyancy fact o rs and furnace opera t ion , the � 
fac tor also de �nd� s t ric tly on the Kx/K

i 
rat io accord ing to the fol lowing 

�qu�n ion : 

; - [  l -
� � + ( K  + K ) 2  ] K 1 x c __!._ + l 

K 2 + K 2 K 1 x c 

(12 ) 

� showu in Figur� 2 ,  the � ind induced ¢ fact or d� c reases sharply wi th in

c reas in& Kx/K1 • f rom l . O  a t Kx/K1 • 0 to 0 . 1  at Kx/K1 • 3 . 0 .  

2 .  Ef fec t o f  House Buoyancy 

A pos i t ive indoor-outdoor temperature d i f ference induces a vert ical 

gradient i n  the indoor-outdoor pressure di f ference such that the pressure in 
the house is greate r than outdoors at the top o f  the house and less than out

doors at t he bo t tom of t he house . Thus . outs ide air inf i l t rates at the bot

toa o f  the house and ins i de air exf i l t rates at the top of the house . 

A neut ral zone where t he ins ide pressure (pi ) is the same as t he out s ide 

p ressure (p ) is e stab lished at a ve rtical leve l above and below which the 0 
overall flow coe ff ici• �nts for in f i l t rat ion and exf i l t rat ion are equal so tha t 

the mass flow .  below the ne t ur�l zone . equa ls the aass f low out . above the 

• • •  • ._. • 1" • •  ... IC " s 
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ne u t r a l  z one . l n  t he ablience o f  wind or chimney ac t ion , t he heigh t  of the 

n e u t ra l �one depends onl>• on the ve rt ical grad ient in the pe rmeab i l i t y o f  t lw 
s t ruc t ure . I t  w i l l  also be recogni zed that in t he ablience o f  w ind o r  c h i mn�y 
a c t i0n , t he K /K . ra t i o  w i l l  be 1 . 0 . 

x l. 

The magn i t ude o f  the p ressure gradient depends only on the indoo r-outdoo r 

t �mpe rat ure d i f fe renc e , �T , acco rding to the fol lowing relationship : 

whe re 
�p 
h 
B 

t.P - ·  
h 

l _ _ l_ 
0. 26B T Ti 0 

• indoor-outdoor t emperat ure differences 
• height above or be low the neut ral zone 
• Barometric p ressure 

T 1  and T0 • indoor and outdoor tet1peratures . 

3 .  In fil trat ion Du� to Furnace or Fan Operat ion 

( 13) 

In the absence of wind or house buoyancy e f fec t s , t he ope ration of a 

furnac e/chimn�y sys t�111 or an exhaust fan induces a s l igh t negat ive pressure 

i n  t he �hole hous� . The aa&nitude of the negat ive pressure (pos it ive in case 

o f  fan pressur izat ion ) w i ll be de te rmi ned by t he mass balance be tween chim

ney exf i l t rat ion and i n f i l t rat ion through t he p� nneable sides in the whole 

hous.:- :  

where 

F • chimney f low c 
Ff • exhaus t and fan f low 
K • K + K t x i 

F • K • K (�P ) 0  c t x 

Ff • L • K (lP ) n 
t x 

( 1 4 )  

(15 ) 

t.Px • indoor-outdoor s tat ic pressure d i f fe rent ial induced by fan or furnace 
operat ion . 

The chimney exf i l t rat ion has been l'IOdeled9 
as follows ( in abb reviated form) : 
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whe re 

F c 
K c 

� l  F • (T  ) -c c 2 
( ( AP + 0 . 26 8h (�l� _ �l�) )n 

x T T 

Q • F pC (T c p c 

0 c 

5 30) 

• ch imney f l ow , CF/min 

• f low coe f f ic ient o f  ch i1mey at standard condi t i ons dependen t 
on vent and sy s t ea geome try , CF/ain . - in . H2o 

T , T • outdoor and chi111ney gas teaperatures , •R 0 c 
s 
h 
�p 
Q 
I) 

c 
p 

x 

• barome t ric p ressure , in . H2o 
• he ight o f  chi1mey , f t  

• indoor-outdoor pressure d i f ference , in . H2o 
m sensible heat f roa furnace , ltu/ain 

• dens ity of flue aaa . lb/cu f t  (32• F ,  l ata) 

• heat capac ity of flue a.a , ltu/lb - •r (J2 •r, l at•) 

( 16) 

( 1 7 )  

Thus , inf i ltrat ion ratea (and chimaey flow rates ) can be calculated by 

the sialltaneowa solut ion of lq\at iona 14 , 16 , and 17 . 

ln the caae o f  eahauat or preaauriaation fans , Equat ion 15 alone is 

suf f icient bec•uae the induced preaaurea in the house w i ll have a negli gibl� 

�f fec t on output . 

c .  Interac t ions � tween D i f ferent Driving Forces 

A ll&Ss balance model for inf i ltrat ion , resulting from the combined act ion 

of wind , buryancy , and fan forces , will be complicated by the fact that these 

forces interact in such a way that changes in the 110de of control occur with 

change• in the re lat ive aaanitudes o f  each force . 

l .  Furnace Operat ion and Buoyancy 

the b\IOyancy forcea &enerated by the chi1mey 1 particularly with the fur

nace on , induce a ali&ht neaative preaaure in the vhole house . 'ftais does 

not affect the aaanit.ude of the aradient in the indoor-outdoor pressure 
�p 

gradient , '"h"• b ut doea increaae the hei&ht of the neut ral zone . This is 

illuatrated qualitat ively in Fiaure 3 for two-atory houae , l8 feet in hei &h t . 

with uni foraly porous wal ls .  Wi th the furnace off and t he chimiey blocked , 

the neutral &one would be at 9 fe� t i the indoor-outdoor pr�ssure dif ferenc�s 

18 
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Figure 3 .  EFFECT OF FURNACE OPERATION ON NEUTRAL ZONE (No Wind) 
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...,,., , . i d  be.� +o . 00 3  i n .  H2o ( t.T • 1 2 . 5 • f') at tht? t op ( 18 fee t ) , zeru 4A t  9 feet , 

and - 0 . 003 at t he bo l t Om i and Kx/K i would equ.-il 1 . 0 .  With the chi mney open 

a n d  t l1 e  1 u rna c c  ope ra t i n g ,  a s l i gh t  nega t i ve p ressure is exerted on t h e  house 

( as s umed to be 0 , 001 i n .  H20) , and the pressure grad i ent curve i s  ,;h i f t ed to 

the l e f t  by 0 . 00 1  in . H2o , thus rai� ing the neu t ral zone from 9 to 12 fe e t , 

wh i c h ,  in turn , decreases Kx/Ki from 1 . 0  to O . S .  Thus , furnace Otlt?rat ion (or 

vent fan ope rat ion) , whi ch tends to dec rease indoor pressu re , te�ds to in

crease the he i gh t  of the neut ral zon\.' and dec rease Kx/K1 • 

2 .  Wind and Buoyancy 

When a house i s  s ubjec ted to w ind fo rces , in the absence of house buoy

ancy fo rces , the indoor-outdoor s t at ic pressure di f fe rent ial (�P ) in the 
x 

house w ill inc rease . The extent o f  the p ressure i n c rease , as derived f rom 

t he ma�; s balance cqu.t ion , w i l l  be -

wh� re --

� � l .. w • -
x � : + ( ).:  i x 

.'..P 
+ K ) : "' 

c 

Ki ' K • and K • th� flO\I �oe ff ic ients for inf i l t rat ion , exfiltrat ion x � 
and ch imney f low , respec t ively 

:.P 
\,,' • p ressur� equivalent o f  wind vel oc i ty 

(18) 

When a house is s�•bj cc ted to both wind pressure and an indoor-outdoor 

t � m1�ra tur� d i ff-��nce , how�ve r ,  the indoo r p res sure is de termined by a mass 

balanc� b� t�en w i nd and buoyanc y- induced inf iltrat ion and exf i l t rat ion . For 

cxa91>le , vhen a � ind pressure is imposed on the w indward wall , the indoor 

p re�sure is increased by an amount , say AP • at all levels in the house . The x 

neut r�l zone on each vall ,  on the o the r hand , is de termin�d not by the 

s tatic p l'essure d i f ference between indoors and outdoo rs . but by the total 

p ressure drop across that wal l , whicl. is equal to the d i f ference between the 

i ndoor-outdoor s ta t i c  pressure di fference (AP1 ) and the pressure equivalent 

of w ind velocity (tJ> ) .  w 

In general ,  the kine t ic pressure s imposed by wind forces on each of the 

four walls are d i f ferent and , there fore , the w ind e f fec t on the neut ral zone 
he ight will be di f ferent fu r each wal l .  For ex.ample , on the neu t ral s ide 

wa l ls (vher� lJ» is assumed to be zero)  t he increase in indoor pressure re-"' 
sul t s  in lowering the neut ral zone . On the leeward wal l ,  which is generally 

20 
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� u b j c c t c d  to a n e ga t iv� p rc1:1H ure , t h e  n c u t r d l  zone i s  dec reased even f u r t he r , 

h , • c a us e  :. l' - ,; p i t>  now po1 d t i vc .  On the w indward wa l l , lP i 1:1  po!i i l i vc and , x w w 
t h'-· r'-' f or,• , .'. P -- .� P i s  sh i f t e d  in  t h&.· nega t i ve d i rl.'c t ion , inc rt•a1:1 lng t he x lo/ 
1ll.• u t ra l  ;i:onc . The ove ra l l  e f fec t o f  wind p rt• o.; s u n· ,  t he re f o re , i s  t o  i nc rease 

t h L· K .  va l ue o f  the w indward wal l  and the K va l ue of the o t h e r  t h ree walls . l x 
At su f f i c i e n t ly l a r g.·  w ind speed s , the w i ndwa rd wall is ...:onve r t t!d comp l e t e l y  

to  in f i l t ra t ion and t h e  other  walls to exf i l t ra t ion . 

ln concl us ion , increasing wind p ressure resu l ts in a gradual incre.u;e 
o f  the K

x
1 K

1 
ra t. io f rom l . O  (at Z'-"ro wind speed ) to a n ew  value . The la t te r  

is det ermined b y  the permeab i l i ty o f  the w indward wall , relat ive to that of 

the res t  of the house , at a charac t eri s t ic w i nd s peed dete rmined pri11tiar ily 

by t h e  indoo r-outdoor .lT , and th� h� i3ht o f  the house . This change is also 

accompanied b y  a gradual change from buoyancy-indu...:ed to c011pletely wind

con t rol led in f i l t ra t ion above t he characteri s t ic wi nd speed . 

3 .  W i nd and Furnac � Op� rat l on 

As no ted .t>ove . in the absence of furnace ope rat ion o r  hous e buoyancy 

forc�s . the indoor-outdoor stat ic pressure di fferences (�P ) as well as the 
x 

i n f i l t rat ion rate . dep('nd on only w ind speed and the K
x

/K
i 

ra t io ; the � value 

( f urnace o f f )  depends on only the Kx/K1 ra t i o .  Howeve r ,  when the house i s  

subj�c ted t o  w ind pt'essure together w ith ch imney buoy anc y genera ted b y  furnace 

O P4e r3 t ion . �p (and there fore in f i l t rat ion ) is de te rmined by the mass balance 
x 

be tween w i nd and buoyancy- induced in f il t ra tion and exf i l t ra t ion . Labo ra tory 

s t ud ie� l O  hav� shown that at w ind speeds above about 10 mph , w ind forces 

predoainat� and t he � val ues can be s een ( Fi gure 4 ) . Unfor tunately , the 

accuracy of t he labo ratory measuremen ts we re suf f i c ient to del ineate these 

interac t ioas at very low wind pressures , although the exis tence o f  a 

wind-domina t ed , a buoyancy-dominated , and a mixed wind-buoyancy regime could 

be i n ferred . 

To fur the r  delineat e  these interact ions , we have now made a few p re

l iminary calc ulat ions o f  the comb ined e f fec t o t  wind and furnace operat ion on 

�px i n f i l t ra t ion � values via a s impl i f ied mass balance equat ion that assumes 

the c n imney exf i l t rat i on due to furnace operat ion is a cons tant 39 CF/min . 

Th is ass ump tion in t roduces only a � ma l l  e rror at the low w ind speeds o f  in

t e rest . Other assump t i ons inc lude a K
x

/ K
1 

rat io o f  1 . 0  and K
x 

+ K
1 

• 990 
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Figure 4 .  EFFECT OF WIND SPEED AND FURNACE OPERATION ON � FACTOR 
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Ct'/m 1 n - ( 1n .  u2o) l / � .  Thl' l'q u a t  i ona. a rl· ai. fol l uw t. : 

l ( S t a c k  C l osed ) • K lP l / /  • K x x i 
( :.P  

w 
:. I' ) I /':'  

x 
(l 'J )  

l ( Fu rnace On ) • 39 + K .'I P  1 / 2 • ( • p . .. • p ) 1 / 2 
x x "' x · · x (20)  

Equa t ion 1 5  is ea� i ly solved because t..P , i n  the n b senct• o f  buo�•anc y forces x 
is  de f ined only bv w ind p ressure and by K / K .  ( i . e . , lP • 0 . 5  AP fo r • x l x w 
Kx/K1 • 1 ) . The s o l u t i on o f  Equa t ion 20 can be reached only by successive 

approxiaat i ons i n  whi ch �p is varied unt il mass balance i s  achieved . x 

These calculat ions confi rm t he exis tence of the d i f ferent contro l regimes 

( Fi gure 5 )  and furthe r  de f ine the range o f  wind speeds in which each is oper
a t ive : 

• � dec reases sharply wi th increasing 
at a •inimWD valu� a t  wind speed where 
to overcome the indoo r vacuum created by 
•in iaum � va lue also decreases sharply 

Buoyancy Dollinated Regime : 
wind speed from 1 . 0  at zero 
the w ind is j us t  suffic ient 
the furnace ope rat ion . The 
with increas ing � /K1 rat io 

h '} x t an - ·  

by apprCMching zero at K
x

/K i values greater 

• 

• 

o .  

Mixed Buoyancy-Wind-Re&ime : in which further increases in wind 
sp��d result in inc reasing � .  which app roachc � asymtot ically the 
Kx/K1 de�nd�nt value deterained for no- furnace ope rat ion . 

Wind Doainated Re gia.e : comple te w ind dominat i on does not occur 
aathnwt .i..'-'0& l l y ,  '-"xccp t at in fin i te wind s peed . Ho,..·t-ver , for all 
p rac t k.il t'Ut�' S '-" S • lt  do�s occur at 11.' i nd spt''-· d s  grea t e r  tl ian 10 
to 1 5  raph . Th� .:a h-ubt ions do s ugge st t ha t , in  t h� absence o f  
h�us"" buo: ·an-7 �- .  : 

(on) 
1.d 1 1  be somewha t  less t han .+i (of f )  

even a t  
h�gh w i nd s�eds . 

�1t>d� l : •l8 Al l Forc�s S imul t aneous lv 

In a real life s ituation , the indoor-outdoo r p ressure di f ferent ial , t.P • x 
at any po int in the house , i s  de te rmined by the inte rac t i ons be tween a ll 

forcett involved at 111ass balance for the whole house . Because ii.door-outdoor 

temp�rature d i f fe rences impose a ver t ical pressure gradien t ,  the �p w i l l  x 
vary w it h  height in t he house . I f  the doors be tween rooms on the same leve l 
and be tween leve ls in the house p resent an apprec iab l �  res istance to f low 

( as when shut o f f ) . the � p  mav varv from room to room on the same leve l ,  and x . . 

t he ve rtica l  grad ient in �px may he alter�d . (One such c ase has al ready been 

observed d u r i n g  the f ie l d  measuremen ts reported in t he next sec t ion . ) 

2 3  

I N $ T I T U T E  0 , G A $ T E C H N 0 L 0 G Y 



-- -�,. .,., t"I ht --.��.Y��.�,•._"1');.'!f';.:�""'" • 

l / 7 � 

... . � 
� 
Cl: 

1 .0 

� 
- 0.5 ""' 
� 
en 
en 
w 
� w 

...... ··�---·-- . --' ... 

--- .(FURNACE ON) 
- - - ·( FURNACE OFF) Ka/Kt -- - - -}o.4 

- - - - - - -} o.e 
- - - - } 1 .0 

- - - - -} 2 . 0  

30505 

0 ------------------�__.. _____ ..._ __ .....___.. _____ __ 

0 10 20 

WINO SPEEO,mph A71051431 

Figure 5 .  INTERACTIVE EFFECT OF WIND SPEED AND FURNACE 
OPERAT ION ON � VALUES ( Ze ro Indoor-Out doo r T�mpe ra t ure Difference ) 
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! n  .. HlJ 1  l l u n ,  ::l i t.� w i nd p rc i; s u rc s  i wp o s l.' d  on t h e  o u t s i d e  o f  t h e  ho u s e  

v ., q· 1.d t h  WJ l l  o r it.• n t a t i ou t o  t lw w i nd d i r c 1.· t 1 0 11 . Th c re f o rt.'. t he ac t u a l  

p 1·1 · s » u r c  d ro p  ..i c ro s s  a n  o r U i c 1.• ( .'; P  - .'. !> ) L h a t  d r i v e s  t h e  f low t h rou�h "' x 
t i i . i t 0 r i  f i c 1.• �ou l d vary 1.· i t h  !w i gh t  and wa l l  o r i e n t a t i on and may va ry f nrn1 
1 1> 1 1 1:1 to room at t h e s J l'Dt.'  he i g h t  and wa l l  o r i l· n t � t i. on .  A.s a res u l t , p rt.• t.· i s l..' 

li.it.> u c l i n �  o f  a rt:" a l  house b e c omes d i f f i c u l t  w i th o u t  s imp l i f y i n g  a s sump t i ons . 

I n  o rde r to  a p p roach t h e  gene ral e f f e c t  of the in te rac t ions b � tween 

w i nd and house buoyancy fo rces , we deve loped a s impl i f i ed , p re l iminary mass
b alance model f o r  in f il t rat i on into a two-s tory home based on the fol lowing 

s imp l i f y ing as s ump t i ons : 

• No ch imney 

• Un i fo rm pe �ab i l i t y  o f  al l four wa l ls 

• Zero res is tance to flo� b � t�een rooms o r  f loo rs • 

These ass ump t i ons made i t  pos s i ble t o  de f ine mode ls for the neu tral zone 

he i ght o f  t he house &nd ior t he avc raae �p ac ross the in f i l t rat ing and 
x 

cx f il t rat ing po rt ions o f  �•ch �a ll . in t� r112a o f  wea ther paramete rs . 

Th�se .-odcls penait t he calcu la t i on o f  the inf i l t ra t ion rates for the 

hous1: Ols s�d �bov, hy � he llh: t hod o :  '-' UCccss i vc approx ima t ions . Th i s  in

vo l wia asswaing � t l 1 ��,  for �p for each s pec i fi ed comb ina t ion o f  wind speed x 
a nd i ndoor-outdoo r temperat ure d i f fe rence to c al culate the tot al exf i l t ra t ion 

and in f i l t ra t i o.1 . I f  equa l i t y  is no t ach ieve d .  new 

un t i l  equal i t y i s  es tab l ished . The resul ts o f  such 

s tory hous� 18 fee t in he i gh t  w i th uni formly porous 
18  X 110 • 1980 ; Kx/K1 - 3 . 0 )  is shown in Fi gure 6 .  

values o f  lP are assumed x 
calculat ions for a two-

K 
wal ls <n • 110 ; K + K .  • 

x l 

On the o ther hand . the pe rmeabil i ty of the wa lls o f  r�al res idential 

s t ruc t ures i s  h i ghly nonuni form ve r t ical ly and hori zonta l l y .  I t  tends t o  

occur in d iscre t e  components ( such a s  windows and doors ) �t d iscret e  loca

t ions . Furthe rmore , i t  may ult imately be possible to charac te rize the leak

age charac teris t ics of the individual components and therefore 11ay be aore 

approp riate to de f ine the i n f i l t rat ion model on a floor-by- floor bas is , or 

ul t imate ly , on a component-by-component bas i s . 
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'l  1 1 c  Na t iona l Re search Counc i l ( Canada ) p ro 8 ram for mu l t i s t o ry bu i l d i ngs l '. •  • l 1.· 

1... . t s  s <.· t  up on a f l oor-b y - f loor bas i s  w i th the assumpt ion that the p re s s u res , 
f l o•s , and lt!aka gc openin g  al l occur at mi d-he i gh t  o f  each s to ry . Th i s  is  t l w  
s i mp l e s t  app roac h  p ro gramw i s e  and s ho u ld o e  reasonably va l i d .  I n  the l ong run , 
ho\o:eve r ,  a component-by-component bas is may y ield more use fu l  in format ion be
c ause i t  would p e rmi t the compara t i v� evalua t ion o f  the cont ribut ion to over-
a l l  i n f il t ra t i on o f  eq uiva lent components at d i f ferent locations (vertically 
and with re spe c t  t o  p reva i l in g  wind d i rec t i on )  rm a seasonal basis . 
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EXPER IMENTAL SUPPORT Pf<(lGRAM 
1 n add i t i on t o  the  mode l dt •ve lop� n t  t a s k  d i s c us s e d  e a r l i e r , t h b  re por t 

.: " ,.,. r� l GT '  s 1..• f f o r t  i n  two o t h e r  p a ra l lt· l  t asks s u p po r t ive o f  t h e  mod e l  

J ,: v< ' l o pml..' n t  e f fo r t . Bo t h  tas ks invo l ve tes t ing and llk!Js u re mtm t s  in i ns t rum
c n t ..: d  home s ( " inten1> ivc" t e s t in g) and in ove r 20 f i e ld home ("e xtens ive" t e s t 

i ng )  i n  t he C.11 i cago Me t ropo l i tan a re a .  Meas urelh' n t s  c a r r i ed o u t  in b o t h  g roups 

o f  home � \�e re a imed at p roviding necessary inputs t o mode l developaen t or to ve r i fy 

the p re d i c t i ve ab i l i t y  of the model . 

A .  I n tens ive Fi eld Tes ting 

l .  Single -St ory Dwel l ing 

Th ree tes t homes were selected t o  undertake " f ntensive" test ing in support 

of the inf il t rat ion mod e l  deve lop•nt . Of these , t h� f i rs t is a 6 room , 

ranc h- t ype home , 1 6  y �· .:1rs o f  ag� , w i t h  a t o t al gross l iving area of 1 1 2 8  

square fee t . I t  i s  bu i lt over a c rawl »pace , i s  equipped with a forced-a i r ,  

gas - f ired c�nt ral furnace , and hi totally sh ielded by nume rous t rees . 

a .  Tes t  Dwe l l ina Desc ript ion 

• 
Th� s ingb- faai l y  ( on�-S t \) ry )  dwell ing i s  of f rame cons t ruc t i on wi th 

pa i n t �d usoni t� s id in� . Figure s  7 to 10 . Although t h is dwellin& i s  approx

i ma t e ly 16 y-:ars old . b&sed on the appra iser ' s observation of th� ir.:iprovements,. 

it is consid�r�� to hav� &n ef iec t ive age o f  approxima te ly 8 yea rs . Tht 

dwe l l ing has a poured conc re te foundat ion and is bui l t  ovt· �· a crawl spac.:�· .  

Th� C'\'�ral � d imenia ions o f  the d\le ll ing are approximat e ly 24 x 44 fee t wi th 
.rn add i t  ioMl �ntr�"\o'.ay h.aving d imens ions o f  a pproximately 6 x 12 feet . The 

s ubj ec t  dw� ll ing c onta ins a total gross area of approximately 1128 square 

fet." t . 

The t�s t home has six r1.>..>ms 1 th ree of which a re u t il ized as bedrooms . 

( See Figure 1 1 ) . Wi th the except ion o f  the bath and k itchen a reas , which are 

t ile covered , the re .. inder of the house cons i s t s  of hardwood f loors , except 

for the aot.atheaat bedrooa and front ent ry ,  which are covered by indoor/outdoor 

carpet ing . The kitchen area is improved with wood built-in cabine t s ,  a 

range hood , p last ic-t i le-covered walls , a bui l t- in d ishwasher , and a Joubl e 

sta inless s teel s ink . The ba t hroom area contains a tub with shower , a 

standard lavatory , a wat er clobet , and plastic tile wall covering . fhe 
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Figure 7 .  NORTH EXPOSURE OF tCT TEST DWELLING 

Figure 8 .  EAST EXPOSURE OF IGT TEST DWELLING 
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t . l i l i t y r oo111 lwu�u.! :. "' Lawbon g l a 1:rn - l i n c d . 4 0 - �a l l o n  g a i;  wa t e r  hea t e r , an 
.\ i r e s  1 0 5 , 00 u  ii t u / h r  f o r c e d  a i r i u rnac c , and "· l cc t r i c  hookup� for washe r and 
,j , \' \.· !" ; 1 p p l  i ancc s . ThL' rcma indl.• r  o f  t ill' dw �· l l ing b a s i c a l l y  has pa i n t e d  
J r v�a l l s  a n d  c e i l i n gs .  T h �  p ro p� r t y has b a s i ca l l y  l e v e l t o p o g raphy 

• .. l i t l o s o me cas t o r  Wl.• ti t  t rt!e c o ve r , as shown i n  F i gu re 1 2 .  

�· 1 . .  dwe l l  :i n h  has a c arpo rt , wh ich i s  la r�e enoup.h for one c a r  an d  h n s  
.:i s to r a f t:- area r.ieasur i n g  approxima t e l y  4 . 0 by 8 . 5 fee t .  To the rc<tr o f  t he 

carpo r t  is a 16- by 18- foo t pat io , which was instal led by the current owne r 

wi t h i n  the las t 2 years . At th� t ime of inspect ion . the interior of the 

dwe l l ing was conside r ed to be in good cond i t ion , wh i le t he exte rio r was 
c onside red to be i n  somewha t poo rer condit ion w i th repain t ing needed wit hin 

t he next 2 years . -indows t h roughout the dwe l l ing are the two-glass-pane 

Ande rsen type uni t s  w i t h  s c reens b�ing presen t on mos t  of t he opening un i t s . 

The dwe l ling does not have add i t ional s torm windows ( t hat is , in add i t i on t o  

t h e  Ande rsen windo•s ) . 

Dur ing a se r ies of exp l oratory run1 aimed at characteriz ing t he dwe l l ing 

in t e rms  of avail•bl� inf t l t rat ton and exfil t r� t ion path s .  i t  became apparent 

that several corr�ct ive �•�ure� were needed to ensure t ha t  any transient 

oc c u ranc e s  du� to dw� l l ing dec�y of failure would c a u s �  no int e rac t ion with 
i n f i l t rat ion � xperiir,'n t s .  The mos t  s ign i f ic an t  correct ive a c t ions taken 

we re the repair �i a gas l ine leak in the dwe l l ing basement area , sealing o f  

par t iaJ l y  rot t �d s � i i t  board s ,  �nJ rep lacemen t  o f  t h e  sc reen ing of basement 

ven t s . 

Add i t iona l i"'·e 11 ing pa rame t e rs a re p re se n t �d in F i gure s 1 3  t o  16 . 
These four f i gu re s ind i c a t e  t he f rame , window , and doo r  c ra c k  leng t hs and 

pos i t ions wi t h respec t to the respect ive wal l . Table l swamarizes add i t ional 

dlo.'t.! 1 1  i ng dat a ,  such as dwe l l ing areas and vo lume s . 

The two add i t ional s ingle-family dwe l l ings are b o t h  tw0-s tory s t ruc t ures 

equipped with forced-a i r ,  gas- f i red f urnaces and are meant to provide infor

mat ion on t he e f fect of house buoyance (due to he ight ) on a i r  inf i l t rat ion . 

One o f  the homes prov ides ful l coanunicat ion be tween the f urnace room and the 

res t of the house . while t he o t h e r  al lows on ly minima l  interac t ion b�cause of 

the furnace locat ion . Bot h  of t hese a t tr ibutes con t r ibute to house air 

inf i l t ra t ion d i f f e ren t ly and represent the two mo s t  s igni f icant variat ions 
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SEALED f iTRA P nDOOR 
� w  

SILL CRACK LENGTH = 30.0 ft 

F i gure 1 6 . CRACI\ INVE�10RY F OR SOl'Tli EXPOSl'RE 

Tabl� 1 .  01-'ELLINC DATA SL'MMARY 

I 
E� 

Al'IOl2119 

Crack-Length Sum.i&ry Feet 

Total S i l l  Crac k Length 
Door Fram.? Cr�ck Len gth 

Door Crac k Len&t h  
Window-Fraae Crack Length 
Open-Windo� Crac k Lcn&th 
C losed-W indow Crack Lengt h 
Mis� Cr�ck l�ngth 

Total 

Other Dwel l ing Param� ters 

Area of Firs t - Floor Space 
Area of Basement ( Crawl ) Space 

Volume of First-Floor Space 
Volume of Basement ( Craw l )  Space 
Volume o f  At t ic Space 

3 7  

148 . 0  
4 2 . 5  
38 . 0  

146 . 5  
126 . 5  
100 . 0  

5 . 5  

607 . 0  

Fee t 2 

1 128 
1056 

Fee t ) 

9024 
4224 
2 184 

J d � h ' )  
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1 1 1 n u n  .. · ,: c1 1 1 :i l f' l1 c l h1 1 1  ..: 0 1 1 t r1 1 l l ! n � l ' � •· l..' i i i.: ..: t  0 1  l 1i r 1 1 .i c l..' ,1pc r a t i o n on hou::; .. · a i r  
i 1 l l  i l t r a t i o n . 

b .  ·1 • · :-. t I' r " " ' · . !  1 1  r ,  · 
.. · - - - .. - . .. 

1 °. >1od n h  evt:=n t :s  a t' t'c c t  ing a i r  i n f i l t r a t i on :  

• I ndoo r-ou t d oo r  s t a t i c  p re s s u re d i f fe re n t i J l  as a func t i on o f  h� ight 
in the house 

• Dynamic p re s sure d i f fe ren t ial ac ross e�r. h  o f  the four wal ls a t  three 
leve l s  i n  t he hou�e 

• Ho use a i r  i n f i l t r.a t io n  

• Exc ess in f i l t ra t io n  ( or J fac tor ) 
• Ons i t e  wea t he r  da t a ,  suc h J S  • i nd sp�ed and d i r ec t io n  

• I ndoor-ou t d o� r t empera t ur e  

• I nc iden t t u r n... ..: '-' ,� yc l i ng r � t t! s .  

Ba sed o n  pas t. t..·xper ienc e .a nd several :ahak�dllWll p ro c edures , t he fol lowing 

proc ed ure and sch� u l e  is u t i l i zed to o b t a i n  the need ed inf o rma t ion : 

• Se t up d\ii� l l in� ..: o nJ i t i."' n s  a,'. .. · 0 r<l i.ng t o  t e s t  s d.u�dule 

• Ca l ibra t e  wea t h"°r s t a t i o n  f o r  a c c urac y a nd b e g i n  d a ta rec o r d ing 

• Ca l ibra t e  hydra,· .i r bo n  .:.m.a l y : e r s  l and 2 ,  d e t e rm ine bac kground leve l , 
and begin da t.1 r e.:-.i rd ing 

• turn i ur n.h· � bl0-.cr vn 
• Turn ba s�men t  and l i ving s pac � f l oor fans 0 n  
• I nj ec t t rac �r gas ( e thane ) in t o  furna c e  d uc t s y s t em f o r  1 5  minu t es 

• Operate f urnac e and f l oor fans f or an add i t iona l 1 5  minu t e s  to ensure 
proSMtr 111.xing 

• Turn o f f  l iv i ng-spac e f l oor f an 

• In i t ia t e  f ur nac e opera t ion per test  sc hed u l e  

• Opera t e ba st:men t f l oor f a n  per t e s t  sc hedule 

• Rechec k al l record ing uni t s  f o r  proper oper a t ion 

• Chec k t he wea t her d a t a  wi th U . S .  Coa s t  Gua rd S ta t ion 

• 

• 

Cal ibra te MK.:> Bar a t ro n  un i t  and beg in da t a  rec ord ing o f  in/out pres sure 

Hake wa l l  pr e s sur e survey . if requ i red 

• Teraina t e  run a nd f il e  d a t a  shee t s  for proc �s� i ng . 

Accurate pr essure d i f f erent ial measu remen t �  J l ong wi t h  cocurren t  wind 

condit ions of the dwe l l ing are ex t r emel y impo r tan t beca use t hey are one o f  

)ti 
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Type o f  Hea surem!!!!_ 

I ndonr/Ou tdoo r S ta tic 
P r e s sur� Di f f  e r �nt ia l 

Dynamic Pressur e 
Di ff ercn t ial 

T o t a l  House Ai r 
In f i l t ra t ion 

Exce •• I n f i l tra t ion 
or � Fac tor 

On•i te Wea ther Da ta 

I ndoor/ Ou tdoor 
Tempera ture• 

Furnace Cyc l i ng 
Rates 

..___ '--

Tabl e  2 .  lN�TRUMENTATION OF THE ONE-STORY DWELLI NG 

Primary Pa ckage 

�S Ba ra t ron Pres sure 
He t e r  + l Omr H �· l lc nd 

MKS Bnra t r ;. ri  Pressure 
!"e t e r  +lOnn H r. H e ad 

Be:c kman Hod e l  400 
HC Ana lyzer , Un i t  1 

BeckJllan Mode l  400 
HC Analyzer , Uni t  2 

Cl ime t Wind Recording 
Sys tem C 1 26 

Hu l t i gauged Type 
J Thermocouples 

Single Type J 
Thermocouples with 
Recorder 

Range of Accuracy 

+ r1 . 00 l -i n .  H20 

.! 0 . 00 1-in . H20 

+ U Fu l l Scale 
Af ter 8 hr . 

+ U Fu l l  Scale 
Af ter 8 hr . 

Speed + 2% Fu l l  Scale 
Di r ec tion + 5% 

...... "t' 1 %  

None Requ ired 

Secondary Pac kage 

Non£: 

None 

Unit 2 

Unit 1 

U . S .  Coast Guard S ta t ion 
@ Michi gan C ity ,  Ind iana 

Hg-F i l l ed Glass Thermometers 

Visua l Count 

0\ ....... 
_.., 
OJ 

: n I 
� I 
""1 
w 

I 
! 

: l 
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I (, llC - 4 - 3 1  

u . �  "' "" " ·• t o  v a l i J ..i t i..: t l 1 1  .. · i n t  i l t ra t i on aiod� l .  Bc c .i u !> c  t h t.' .. �P ' !>  a c ross the 

•• ; d l :, of t h e dl.'c l l i n g  a r c  of t ht.' llkAKn i t ud c  of 0 . 0 1 i n c h  () ! wa t e r  co l wim ,  a 

: i i 8 i i l y  :-; c n s i l i vc i n �; t run1'-· 11 t i s  rl' q u i r'-· J . T h e  i n s t r um'-· 1l t c u r nr n t l y  be i ng u :; c cJ  

c c  me a s u r e  t hcs�  p ri..: s s u r c  d ro p s 1 N  a n  MKS B a r a t ron � l c c t ro n i c  p re s s u re 

d i f f c rt.'n t i a l  :> l.' O !> o r ,  capa b l t!  o f  t < " c o rd i n K  p re s s u r e  J rops v t  0 . 00 1  i nc l i o t  wa t '-· r  
c v l umn . 

The i nd oo r - o u t door s t a t i c  p re s s ure d i f f e ren t i a l  i s  d i rec t l y measured by 

c o n ne c t ing a s t a t i c p re s s u re p robe l ocated some d i s t an c e  f rom t he dwe l l ing -

r'- f t:• r red to a s  t h e  remo t e  p ress ure p robe - t o  o n . - '-· nd o f  t h e  p re s s u r e  d i f fe r

c n t  ia 1 st:ns o r  and t he o t he r  :> t a t i c  p rc s s u rt• p ro h l.· l (' '"l t l.• u  i n <l0 c rs , t o  thl.· o t h e r  

e n d  o f  t h e  sens o r  ( S et.' F i gu re 1 7 . )  The dynam i c  p r.;., ,.; s ure d i f f e rent ials mt!a

s u red t h rou gh t h .:  \ola l l  a n• re c ,J rd<:d u s ing t he same ins t rument and p rocedures 

as tr.ent i oned aoO\'c . Th�· o.)l\ l  \' maj o r  d i f ference i s  t h e  p l acemen t o f  the o ut doo r 

p rob t: , wh i c h  i n  t h i s  c a S l.' \! Xt�nds ab ou t 1 / 4 i nch b c •· c n d  t h e  e x t e r io r  s id in g .  

( S .:c F i gu rt- 1 8 . ) 
F i gure 1 9 . 

A t vp i c a l  t ime t ra c '-'  o b t a i n e d  bv t '.h.' d i re c t  :ne t hod is s hown i n  

SENSOR 

T 
h 

GROuNO LEVEL �..,-----------------------

+30 ft� 
Al'IOl2190 

Figu r� 1 7 . STAT IC DIRECT MEASUREMENT OF �p �ITH 
INDOOR/OUTDOOR PROBE PLACEMENT 

;fouse inf il t rat ion rates are measured by f o l lowinK the decl i ning trac e r  

�onc�nt rat ion w i th t ime - in t h i s  case e thane - a f t e r  inj e c t ion t o  about 400 

ppm i n to the dwe l l ing . HistoricJl ly , ethane has been used as the trace r gas 

for all IGT inf i l trat ion � t ud i c s , because i ts dens i t y is a lmost iden t i c a l  to 

that for air and i t  i s  non- toxic . The measurement i s  ob tained with a Beckman 

�odel 400 Hydrocarbon f l ame ionizat ion analyzer that cont inuous ly monitors the 

40 
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f i g u r� 1 8 .  DYNAMIC O l RECT MtASl'REMENT OF .:P 
THROUGH-THE-�ALL PROBl.E.'t PUC�NT 

INTERIOR 
DRYWALL 

SEAL 

114-in. OD 
PLASTIC 
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Figure l9 . DETA IL OF PROBE PLACEMENT TH ROUGH THE WALL 
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1, / f o HC-4- 3 3  

� t hane c o n c e n t r.a t i un i n  t he dwe l l i njl: ai r t1 amp l e  s t re am . The input s i gnal f roM 

l hc dna l y z � r  i w  r c c o rd�a :mu t he d.at a  an: t he n  p l u t L�d veri.ua t iae on :H.:mi � -. �  

j l J p i..• r  t l • r 1 V•· t / & •� h o u s t.• J i r i 1 1 f i l t rJ t i on r•t l o. · i n  a i r· � h .i n b o ' S  p._• r  ho u r  d u r i ng 
t i ll '  s c h: c t cd t ! m1.· pe r i od . A t y p i ca l  t i me t ra c e  l !:i  s h own i n  F i 8urt' 20 . 

Exc � s s  i n f i l t ra t ion ( o r  q>- f a c t o r )  d a t a  a r c  mt:as ured us 1 n '  the satn� ins t ru

� n t a t i. on . Howo..' Vl' r ,  a s l i gh t  p roc � dure mod i f i c a tion i s  app l ied so t hat t h h  

measurement can b e  carried out i n  conj unc t ion w i t h  the house air in f i l trat ion 

measuremen t .  When only excess inf i l t ra: i on is requ ired , a const ant f low o f  

e t hane i s  inj e c ted i n t o  t he furnace draft d iverter-chimney entry ,  a n d  the 

resul tant t racer concent rat ion i s  measured at the chimney exi t . The dec rease 

in e t hane concen t ra t i on , due to d i lut ion a i r  past the diverter , is then used 

to calcula t e  and repo rt t he chimney f low or excess inf i l tration . 

On t he o t h e r  hand , "'hen such a mea s uremen t is to be made concurrently 

with t he measurement o f  ho��d-air in i i l t rat ion ra t e , care should be exerc ised 

so t hat t he c hans ing house t race r concen t rat i on w i l l not i n t e r fere � i th the 

1:1�as u r�r:cn t '-' f � w' ! ? : � .  To guard ag4 i n s t  t h i s  p rob le121 , the fo l l owing 

rev i s�d pr".,c�dure b used . A sample prob e i s  p laced a t  t he furnace ven t 

p i p� / c h imncy cnt rjnce t o  moni t or t rac�r gas i nlet leve l s , and a sampl e probe 

is p l aced 1 f oot b ..! l o"' t. he ch imney e x i t  to mon itor t race r gas exi t  levels . 

S l i gh t ly do"''Tl s t r,•aa f rom the inle t s amp le p rob-:> b t he t racer inj e c t ion tap . 
th us i ng M t i �d t h. r��-'"·.1 y se l\! no id s y s t em ,  bac kground or i n l t! t  and e x i t  

t rac\! gas 1..-v� l :-.  .: .:m  be mo n i t o red con t i nuo s l y , w i t h  the d i f f e rence i nd i c a t ing 

t h� s t ack i l 01o.· ,  "' V"�r. t ho u gh both t races a re cont i nuous l y  c hang ing . Figure 21 

p res�nts .;& s imp l i f ied d1cma t i c  for carry ing out these s imul t aneous measure

Dk:nt s and Figu re 22 p resen t s  a ty p i cal t ime t rac e t.>f house air inf il t rat ion 

de t e nnina t ion . 

The magn i t ude o f  house a i r  i n f i l t rat ion , as wel l  as pressure d i f fe rences , 

is g re a t ly a f fe c t e d  b y  � i nd speed and d irec t ion . To accurately aaoni tor these 

me teo rolo�i cal variab les , a Climet W i nd Recording Sys tem i s  ins t al led about 

30 fee t above ground leve l ( 14 feet about the peak roof l ine) . Th is sy s t em 

is capable o f  measuring w ind speeds o f  up t o  100 mph wi t h  a threshold of  
l . 2 5 mph and an accuracy o f  ± 2% . The wind- d i re c t ion sensor has a th res ho ld 

o f  l mph and an ove ral l ac c uracy o f  + 5% f rom 0 to 359 degrees . A typ i c al 
wind sp�ed/d i re c t ion t race i� shown in F igure 2 3 .  
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T�mpt:! ra t u �·c mc: 111 aure1n.m t 1t  o f  in t • re a t  are mon i t o red w i t h  a 12-channe l 

rc ...: u rdc r .  U at i n 1ot  Type-J t h e rmocouple• refe renced t o  3 2 • 1-· ,  we mon i to r  indoor , 
u u t door , ba.remen t ,  and a t t ic dwe l l ing tempe ratureti and furnace f lue (one 

t h l.' rmocouplu for ""'ch He ,'. t i on ) and f urnace vent t empe r a t u re• , both inlet and 

e x i t . Add i t ional t empe rat ure c apab il i t ies , � uch as one or more reg iater 

t empe ra t ure s , can be moni t ored i f  requi red . Fu rnace ope rat ion is also moni

t o red s e pa ra t e ly , us ing a Type-J the rmocouple in one of i ts sect ions . Upon 

ign i t ion , the change in t empe rat ure is recorded on a s ingle pen recorder with 

ins t a n t  response ; this i s  v�: ry use ful for indicat ing cyc l ing furnace perfor

manc e dur ing the w i nter tes ts . 

c .  Expe rimen t a l  R�sul t s  

The exper imenta l  work covered the follow ing : 

• Equi�nt sh&kedown. and cal ibrat ion 

• Exp loratot")' runs to deteraine the e f fect of house and weather 
par.-eter& on inf i l t rat ion and indoor-outdoor s t a t ic pressure 
d i f ference , e f fect of re ference probe placement , and the par
t ic ipat ion o f  t he crawl space and a t t ic in the overall inf il
t rat ion dyoaaica o f  th� house 

• De tenainat ion o f  t he inf i l t ra tion charac teris t ic s  o f  t he ho�se 
under no-driv ing- force �ond i t iona 

• Char��teri &at ion o f  th� window and door leakage charac teris t ics 
f r�• ASHR.\E d�t a .  

The experiaental data col lec t ed correspond to condit ions during wh ich ve ry 

l i t t l �  var i • t ion in w ind speed and indoor-outdoor t emperature differences 

w�re obse rved . The ac t ual data are summarized in Table 3 .  

Effect o f  the Furnace Blower on House P ressure and 
I n f i l t rat ion 

Table 3 shows that under very low d riving force condition& the inf il

t ra t ion ratea in t he houae ranged f rom 0 . 19 t o  0 . 26 ai r  changea per hour , 

w i t h  an average of 0 . 22 ! 0 . 02 air changes per hour with the furnace b l owe r 

on . At t he aame t ime .  it was noted that a sl ight negat ive pressure exis ted 

in the hoWle &11 j that a s ign i f ican t t racer concent ration built up rapidly in 

the c rawl space and s ome t ime s in t he at t ic as Wt! ll . Wi th the blower o f f ,  

o n  the o ther hand . i t  was found t hat the indoor-out door static p ressure 
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T i ft  Ava -&> 
u (  Wlnd [ondU lS?DI Avg T hu  ln ( i l t ra t i on Ra te1 , 

T.-s t , Spel' d , Tr1112rrature11 Of Day, a l t  ch11n1u�r 
Ru:\ s.' . :0-..'1.'! 1 1  l r\Jrl. Cond i t 1,£.n •..1.!E ! --Uh..... P._i.!_�c t i on I n  Ou t  2 4  houn �lvlng Al llc HC04.'nt  

. As 1 s B l ov(' r Or. 2 7 0  9 s 7 8  7 8  1 0- 1 4 . S 0 , 24 

� 4 ) �. < >  �\.' 7 3  68 9- 1 6 . 2 5 0 . 1 9 

7-. )00 s S-Slo.' 8 1  80 1 5- 2 1  0 . 20 

7 �  390 Ca l ::  - - 7 2  7 2  2 1 - ) . 5  0 . 24 

] ,  I SO 2 S-SE 7 1  68 ) . 5-6 0 . 2 1  

8 4 2 0 J � 7 6  7 6  1 0- 1 7 0 . 2 1  

1 2  4 20 4 S E  6 7  7 1 1 6- 2 3  0 . 20 

l )Cl 1 80 J S - S E  68 7 5  9- 1 2  0 . 26 

1 3 , 1 05 Ci J n:  W-�"W 7 0  8 2  1 3 , 5- 1 5 . H  0 . 25 

l Jt· 1 4 0 � s- t--1.' 7 3 7 2  1 7- 2 1 . 5  o . � 1  

I �:: 1 6 5 2 :.;-�'"lo.' 6 7  7 3  8 - 1 0 . 7 5 0 . 2 3 

1 1  As I ir; B l ower O f f  4 20 < l  N-NIJ 7 2  6 7  1 6- 2 )  0 . 1 9 0 . 46 1 . 3 7 
Db 

I 
90 ) W-Slo.' 70 80 1 2- l l . 5  0 . 08 -- 1 .00 

i 3d 1 0 5  .t �- �"I.' 72  8 2 1 5  . 2 5- 1 7  0 . 0 7  

1 4  4 l 0  CH ! l!I  s 7 1  69 2 1 -4 0 . 1 8 0 .  21. 1 .08 

l 5t 90 J N-NW 7 5  7 5  1 0 . 75- 1 2 . 2 5  0 . 07 -- 1 . 32 

2* E l ec t r i c a l  Ou t l e t s  Se a l ed , 
f\ lowl'r On 2 4 0 ) N - SW  1 H  80 9- 1 3  0 . 26 

6 E l e c t r i c a l  Ou t l e t s  Sca l ed . 
Blowe r On 4 2 0  J w 6 5  6 7  9- 16 0 . 2 2  

3 At t i c / Ba seme n t  Ven t s  
Sea l ed , B l ower On 3 4 5  < 5 SW 7 0  i2. 9- 1 4 . 7 5  0 . 1 6 

4 A t t i c / Ba se�ent  Ven t s  a nd 
E l e c t r i c a l  Ou t l e t s  
Sea l ed , B l ower On 360 4 � 60 6 5 9- 1 5  0 . 1 9  

1 5c Furna c e  Ven t  R l ocked . 
B l ower O f f  1 0 5  3 N-� 7 4  7 7  1 2 . 2 S- 1 3 . 7 � 0 . 09 

1 5e S t ack B locked . Blower On 4 50 Ca l rn  N 7 0  7 9  1 4 . 7 5- 2 2 . 2 5  0 . 1 2  

1 5( S tack Bloc ked , Blower Of f 2 40 Ca lJr. N 7 0  6 6  2 2 . Z S-2 . 25 0 . 1 7  0 , 38 0 . 99 � "'" Q 
*Ga& Leak I n  Dwe l l ing l n t e r f e rred Wi th Tra c e r  Gas Concen tra t ion . 
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d i i f c rc n c e  i n c r e a s e d  L O  about z e r o  und e r  c a l m  � ind cond i t ions ( o r  a s l i gh t  

pos i t i ve p re s s u r e  wi t h  w ind ) , and t he i n f i l t r a t i o n  r a t e  dec reased t o  about 

1 1 . 0 7 a i r  c hanges p e r  h o u r  in the l iving s p a c t! . 

W i t h  t h ,� f u r nac e b lowe r on the i n f i l t ra t i on i·ate i n  t he c raw l space was 

meas u red , on f i re occas ions , to h t..' 1 . 0 a i r  chanh� s per hou r or �rcate r .  I t  
i s  o! v i o u s  t h a t  s uc h  a h i gh air c hange rate c Jn h e  Jue t o  duc t l uss�s t o  the 
� raw l s pace due t o b l ower induc c J  p res s u re d rops . 

I n f i l t ra t ion I n t o  the A t t i c  

The inc rea�e o f  t rac e r concttn t rat i on i n  the �a t t ic w i t h  t h �  b l owe r  on 
a lways l agged s i gn i f icant l y  b�h ind th.t inc: r�•�'-' in lhc . : ro&wl •pac• . Thia 

� u c; gc i. t s  t h a t  t he leaii....&gc i s  f roai th"• � raw l lll p.;&c,� t '-1 t h.t att ic r a t her t h•n 

f rom the l iv i ng spac:� di r�c t lv to th� � t t ic , and t h i s  i s  a l so cons i s t en t  

w i t h  t he fa�t t h �  th� l iv ln� s p•�� l" f i l t ra t l on ra tes , w i th t h e  e l e c t r i c a l  

out l 11 t li  HahJ , "''• t'e th" ••• (O • • ll to O • . M )  .ts when unsealed ( 0 . 1 9 t o  0 . 26) . 

w� a ho o�a•f\'e� t l1at thC! l•.akaae o f  t race r g.as t o  t he a t t ic was q u i te 

�po rad 1 c  an� c��lJ ���ur • tther w i t h  t he b lo�e r  on o r  o f f . In each caae , it 

•PP.•t•d t �  �. &aaa� l•t•J with a ... 1 1  i ndoor-o u t door t eapera t ure d i f fe rence 

(.ll • i • tu l\J • n .  lt occurred w i th e l t h e r  pos i t i ve o r  ne0at ive .ll , but 

l\v \' " f  .at 4• f�' �l. t h h  KU&ae • t •  a convec t ive t r ans f t: r  t h rough t he "'a l l  stud 

•�1�"'" " �  �h l�h ,'. ,)ul4 o � c u r  by d U fe ren t  mec han i sms : 

• k•1ul•t � tac k ac t lon becauae o f  p re s �u re d i f fe ren t ia l •  be tween 
t �p an4 bc t t ma  cf hou¥e , genera te d by i ndoor-outdoor AT 

• \�\)W\! .. <. U .\"e t ran• fet w i thin each s t ud space becau1t� one a ide o f  
t he •P•�e l a  c o l d  and t he o t he r  a ide 1 1  warm 

• S t •c k  act ion in one wa l l  (1ou t h )  aene rated by aol ar heat ing . 

A• lnd lca ted above , t he ln f i l t rat i v n o f  t race r gaa into thJ at t ic �•• • 

� " t  o r  t he t iliM: ,  f rom t he c rawl apace , wh i le op� ra t lng wi t h  t he furnaC'-1 blower 

on .  Kova�• r .  at lea• t on one occaH ion , a i r  fi l t ra t ion into t n• at t i c  c aa. 
f rOll the l lv lna apace , when we ope rated w i t h  t he f urnac- blOllNt f of f .  Th i• 
t ranaport ...... p r e 111umab l y  th rough t he e le c t rical  out h U  t o  th41t \ld h .  pow" r"d 

by convent ive ( buoyancy ) forcei . 
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\h: ..: ar l h: r  d 1 ;, c u1> tH: d  t h u t , u n d t: r no w i n J  o r  AT d r i v ing f or c e  c o nd i t i ons , 

t i 1 ..:  ma x i mum a i r i n f i l t r .:l t  i o n  i·a t c  in t he l i v i ng s pa c t:  o f  t h e  t e b t home w i t h  

l h e• : u rn a ..:: c b l owt: r Orl W.J S fo und t o  b.:· 0 . � f' .:ii r C h.Jngi:s p e r  hou r ,  "-' i t h  t he 

.:_:1_i mnt:!v open . l: nd ... r i d e n t i c a l  c o nd i t i ,  .is , h u t  wit h t l 1 "' .:._• i mnc v  c l osed_, t h"-· 

,l i r  exc h ange: ra t e  me a s u re d  wa : '  0 . 1 �  a i r  c hangc s pe r h o u r . The se n umli c r s wou l d  
h �ggc s t  t ha t  a s i gn i f i c a n t po r � i on o f  t he in f i l t r a t e d  a i r  und .: r  t h e se c ond i 

t ions mus t be coming t h r ough t he ch imney . T h i s  suppos i t ion was subt>equen t ly 

p rove n by mea s u r i n g  t he t ra c e  conce n t r a t ion (wh ich h.is b��n i n t roduc �d o n l y  

t o  t h •· l i v i ng s pac e )  a t  the b o t t om o f  t he c h i ll.lllcy . These J ;.a t .i  .i h o  11 uggt!Ji t  

t ha t  almo s t ont- - ha l f  o f  t he t o t a l house pc rm,· .ab l l i t y  � .in b e  � t t r ibut�d t o  the 
h . (0 . 26 - 0 . 1 2  0 5 ·) 

open c imne y 
0 . 2 6 -- • . .. . 

Pl· rtncab i l i t \' l n v � n t N'\' 
. _ _____ _ ,._ __ _ 

Opc r.i t i ng unJ.: r no d r • v il� f 13rctt c\lnJ l t i\lnti , b u t  w i t h  t he f urnac e b l owe r 
con t i n uous l v  '-)" •  '-''' ,, b:H• r\''• J .a nt• 11..a t l \'\> (\.lh'-' l l'-hous\.': ) a vc r-. gc s t a t i c  p re s s ure 
d i f f l! r \: nc .. · • .'. l' , • n  U\'' r �" "" ,) f  1) . Q1) .2 t o  0 . 00 3 i nc h 1 > f H � O . We have us e d  � " 
t h i s p r,• s M1 r,• , ( ! 1,- i t\ t  U t r� t  l •' ll rat�t. f o r  t lw house w i t h t he s ta c k  open and 
c l o � "d , •nJ t h'" \a. u" l  t n l i l l r.a. t kin e q ua t ion ( equat ion s ) :  

( 2 1 )  

t ,. ,- ,�fH.it '2 t h\? \•a :  UC' u f  t he pe rme .i b  L • t v 1.: on s t an t K f o r  t he house p l u1a s t ac k ,  

t I I" h\)U•� �n l v ,  an.! t he �tack on l y . The e s t i ma t e d  v a l uc li  a re 

" ; .:- r  ! 1 \lUKe + & t ack • 7 1 2  C F /m i n pe r i nc h H .., O  .. 

K for  hou se 0n l y  • 304 c t' /min p.: r inch H70 

I\ f o r  s t ac k  onl y  • 408 C f /min pe r inch l h O  .. 

fo r c�r i•on . � h ave a l Mo e a t imat�d the pe rmeab i l i t y  of t he hou�@ , undo r  

theae coad 1t 1ona . u� ing t he meaaured c rackage d a t a  and ASRRAE da t a  on &�e r•&� 
� rack permeab i l i t y . A l •o .  we uaed IGt • a  8 t ack-loaa mode l (A.G . A .  PrQj o c t  

tte-4 - l l .  Fina l Report f o r  1 9 7 6 )  to comput e  s t ac k  pe 111eab i l i t y .  Th� reMul t M  

are •hown be low : 

I N I T 

K 

K 

IC 

for wea t he r - a t  r i pped 

for doo r� w i t h  1 t onu 

for f raainG and N i l l  

I T U T I 0 , 

w indowli • 1 5 2  CF/min per inch K2o 

• 49 CF/lain pH inch H.,O 
• 

plat• • l S4 CF/min p�r i nch H.,O .. 
�o 
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