
ed Determination of A 

Federal po l icy  currently leans iowarc 'bel ter  insulat ion o f  occup ied spaces. 
A i r  inf i l t rat ion i s  a lso an impor lant  factor and  valuable for  compar ing iden- 
t ical  houses, but i t s  measurement i s  qu i te  di f f icul t .  This paper shows h o w  
average homeowners make this determination. 

W. HENRY TUCKER 

T HE weakest link in the home 
energy conservation chain is the 

determination of air inf i l t rat io~ on an 
average basis and under regular use, 
rather than on specific times with a 
tracer gas1.' or pressure measure- 
ment under specific flow c ~ n d i i i o n s . ~  

A simplified heat transfer equa- 
tion suggests an averaging method, 
easy enough for perceptive horne- 
owners to use. They merely select a 
winter month and read the gas meter 
daily. With these minimum data and 
summary data from the Weather Bu- 
reau, they can determine average infil- 
tration for the month, plus other 
valuable data such as the relative 
magnitude of conduction vs. infiltra- 
tion losses. 

This technique, referred to here 
as the determination of the heat-loss 
profile of the heated structure and bas- 
ed on a heat-transfer rate equat~on, is 
to be verified by a graph shown in Fig. 
1. 

The graph requires the daily gas 
consumption and its Btu conteni, with 
readings taken as close to midnight as 
possible to conform with Weather 
Bureau data, and National Weathe! 
Service information-degree-deys, 
average daily wind velocity, and daily 
percent sunshine-for the nearest sta- 
tion. 

The next section shows the logic 
behind the use of Fig. 1, and for the 
statements that the y-intercept 
represents conduction losses and the 
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Errg~i:eerrro. 7i! Si,i:c ! j i l rv ,?rs i !y  A f ' j o : ~  IN 

siope of the infiltration effect, At a 
siandard wind velocity, one can report 
two numbers, b and c, to represent the 
heat-loss profile of a home or other 
enclosure and the ratio of the two- 
the propor!ion of heat ioss due to con- 
duction vs. air inf~ltration. 

THEORY 
The derlvatlon of the heat-transfer 
equat 'o i  follows, a r d  11  'S t'7e 
theorei~cal bas~s  for the correlat~on 
presented 
Heat-LosslDay = Loss Through In- 
sulation + Hcai for Cold Air Leak~ng In 

A, = the conduction area of the house. 
A t  = the 1enperature difference 

beiween indoor and ou"13oor. 
ZR = the resistance to heat transfer. 

characleiis:ic of the constiuct;on 
ril = the mass, of air leaking into tne 

house in ib,,,!day. 
c, .r the heat capacity of the air. 

Q . c,, . 00' (2) 

3 0 '  = !he degree-days corrected for the 
amount tnat the house tem- 
perature deviaies from the 
standard for DD, or 65-F (18.3C). 

DD'  = DD -t it,,,, -65) 
L: = a rrcportioral:lv constant of ~vinci 

to leak8ge veiocity 
V, = the wind veiocity. i! \v!Il be shown 

later that the leakage velocity 
nidy b? assurncd c?q,;al to ihc 
wind VP oc~ly 

A, = the total area for !eakalje of ai:. 
Q = the density of the leakage air. 

I t  is ~mportaiit ior the correlation 
in E q  1 that nind vei@c':)l apsear onl!! 
ir: tile S F C Q ~ ~  ie im.  One immediately 
quc?ct!c~ns whether the characteristic 
res!s!ance o i  the house. ZR, IS not also 
depeident on [he v~inci veloc~ty To 
ansvicr ' h ~ s  question, typlcai vaiues of 
The resi:,tar~ce to heat flow through an 
insulated wali Nere se!ected from the 
ASHRAE Handbook o i  Fundamentals": 

The ou:door air resistance was taken 
at about 10 miihr. Thus, it is seen that 
the term affected by wlnd velocity 
(outdoor air film) amounts to less than 
2'10 of the total resistance. The effect 
of the wind velocity in ?he first term of 
E q .  i. therefore, can be neglected, l,? 
an uninsulated house, ihe effect of 
wind on the resistance to heat transfer 
would be greater, o l  course, in the 
order of 10°/o. The wind effect that the 
average person is aware of is its effect 
on air infiltration. On the leeward side 
the effect would be 4 % .  A double-vane 
window would show an 8% eiiect on 
ihe windward side and a 20% effect 
on the leeward. 

Most of the variebles in Eq. 1 can 
be considered constant and lumped 
together, giving 

Q/DD'  = h + c . V,, (3) 
This is the ecjuaiion that wii! be 

tested bvith the aciual data, and it has 



Percen t  Sunshine 

= Infiltrrcrtion Loss ,  

b = I n t e r c e p t ,  Conduc t ion  

I H e a t  L o s s  pe r  D e g r e e -  

In uslng the 3-hour averages reported 
by the Weather Bureau 

2. PefcsnB S ~ n s h i n e -  When it 
was deterrniried that the Weather 
Bureau kept a record of the percent 
sunshine, this variabie was introduced 
into !he correlation, Fig. 2, which made 
the difference between a good correla- 
tion of the data and none at all! The O/O 

sunshine data from the Weather 13u- 
reau are not obtained from a raclio- 
meter, but by a shadow technique, so 
that the magnitude of solar radiation is 
perhaps not accurately represented by 
'10 sunshine as would be desired. 

Average Da i l y  Wind V e l o c i t y ,  Mi /Hr 

F /g. 1 Ari!~cipated coire!at~on 

*. ..:= ! a  rnplified to the maximum extent Wind develops a pressure on the 
c -, .c Sie A graph of experimental data , windward side o i  a house and a cor- 
- . ; ,z  iicise s*oi;ld show a straighr l i re responding vacuum on the leeward 
,?'-ss ploited as qiDD' vs. the average side. These pressure aifferences 
-a ';f wind velocity. result in air infiltration. The relation- 

ship bi?iween V,,. and V, is now 
ZAYA 3e.deioped. Eerr~olji l l 's equaiion gives 
,-. were recorded on a residence in the pressu;e increase at the wall of the 

+L, from January to January h o s e  for a giver1 wind velocity: L*?,-!- 

t: '978. The house is 15 years old, - " -  _ _-s:~ry, poureu concrste, unin- !JP, = h'V2 -- .- 

- " . \ A  b.,.?, 2 
(4) 

: - z r t ~  uilddm~nf wlth 4 "  fibt:rglass in e 
:-S ~e-;~la!ed attic space. The house 
m--.-- 

5-t.a s ~ u t i i ,  with a thermal pane pic- APo = Pwai ;  - Pbutnd :  PWVX 
--.$ ;.:lndos~, attached unheaied ga- = p,,, = 0 (gage) ,  V ,,,, = 0 
- - -  -,a ;'urnace is in the basement). A Eq 5Secomes 
:-- l ; ,  

, -oon! to the north 'las no base- 
-3n.  .. c .  and has three sides exposed. bp, = @L2 (5) 
i - 6 ;  

. $  .. alumin~rn sic!ing is used except 2 
':. :::C? v;neer 013 the lower half of Assuming :hat a n  o:lfice represents the .- * 

7 sm;h siee. The area oi tne base- i e a ~ s .  
- - p .  

: . ' S  :400 sq. f t  ana that of the = 2 AP,  = 2(P ,a , ,  - P  l,doo: ). 
'1 :: room is an additional 290 sq. i t .  

- - ~ 
P, = P,,I,, = 9  age). 

.17..,p?r data c a n e  from the Nationai 
(61 

:t+z:rer Service at Eaer Field, 50 assuming the upv:inc leakage area 
'- 55 ~ o ~ t h  of Angoia. This iniormation equals tne dcvinwind leakage area, 
i ; :?:I on Tab!e 1 - C he vacuurn or: the leeward side is not 

&';ALYSIS norrna!y as large as is th; pressure 37 

... 
it?c w:r ,dwird side, SO rhe house may 

. . 3 - .. 7 Table 1 are ~ s e d  :o determine be pressurized somewha!, ~ p p r o x -  
E: -: c37 prov~de a su~laole correla- ImaieIy, 

' . - 
? 3 5 ~  !S 3ie summarized in Tabie 

, ~ . -,, AP, = AP, a-'" V, = V,$ 1 .-:<-~-i a , ?  j, DD', V ,  and '10 S L , P  
( 7 )  

- : -.:C: *loin [lip n,?rL~rr: 5 3 2  v,i,i:: 
. . -  ". .;,n .. - -. .:a L-J 6 1 d  CL] f t .  

'. Ni,ld Veloci:y, V,--in order t o  
. . . .. .. 

z z zfe .ea<at2e velcc:ty. V,, into 
, .. . 4  ocit'j, V,.:, 3ne has the choze 
- .  _ _ _ _ ^ l  - - -C r g  :ha leaks as oriii;es o f  as 
- . .. . = -  21,:. t ~ k ? s .  Logic and :be :est 
.G^- '5 3cib 1i;dicale that the orifice 

. -  ..,.-.. '. . -  ,. 3': IS sa!~siactory, and  this is 
. . . - - - , 
I . .t-l ased. 

- 
! i-e capi!la:y-:ube model v:ouid 

require :h;: Fig. i L I S ~  V c J Z 5  on tne x- 
2x1s. Tnus, tr;e da:!y average wind 
~~e!c:ii:i as report% by t re  Wea:ler 
8~: rsa i l  :wo~ id  IG! r;ecessari!y be t+e 
correc; daily meari io: the cor rea i~on 
Vde are, therefore. :oitur,aie tha! the 
orifice model seems i o  correlate well 

Lh4: i i  orifice mode! ano csng  a 
DIG: linear in V,,, ;here is rio advan;age 

RESULTS 
Results are tabulated in Table 2 ,  and 
the correlation of Eq. 1 is shown on 
Fig. 2. 

O/O Sunshine. The percentage 
of sunshine is very important with a 
20% decrease in heat loss when going 
from 35 to 9 5 O h  sunshine. Rough 
calc~llations show that the effect of the 
sun is divided, with one-third of the 
radiation coming through the s o ~ t h  
windows, including the picture win- 
dow, and two-thirds apparently being 
the lowered heat loss due to the 
warming-up of the outside wall. With 
snow on the ground, the north side 
coulci have had some effect as well. 

8 Wind Direction. The wind dir,?c- 
tion (at the time of the highest wind 
velocity during the 24-hour period) is 
given in Table 1, but no correlation was 
noted on Fig. 2. Perhaps this result c.an 
3e explained It is reasonable to ex-  
pect air leaks to occur on all sides of 
the house, particularly through doors 
and windovis. For infiltration to take 
place, there must be a leak in as well 
as a leak out, otherwise the house is 
just being put under pressure or 
vacuum. This could explain why W nd 
direction does not enter into the cor- 
relation in any definitive way. Elkirls6 
states that ~v ind  along the length of Ihe 
house wouid show lower infiltration. 

Ccnducfion Heat Loss. Eq. 4 in- 
dicates that the y-intercept on Fig. 2 
should be a meawre of tne conduction 
heat loss divided by the degree-days 
(a! a seiected value of % sunshine). 

Otner gas loads in the house 
would a f i ~ c t  this plot, slnce even if 
they were constant, they are divided 
by degree-days and thus would in- 
troduce a scatter to the data. The 
literature tends to give the figure of 
15-2G0/c of the heat load as being ,e- 
quired for domestic hot water. In the 
Dresent case, with only two adults liv- 
I r g  in cl three-bedroom house, the frac- 
tlori of gas used for hot water would 3e 
on the low side. Cne should thus take 
note of the s p e c ~ f ~ c  Eses of gas lor 
other purposes, such as clothes 
wsshing and drying The data in this 
paper took no note of these events. 
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:& Sunshire 8 
Date Time Gas Vetor Peaclirg 2:g:ee-Gays Wincl Veicc,iry '1':1m2 Glr. Therrro. 
1978 - 100's of cu. f t .  DD 'J k i i 'M i .  for Pk. Vel. _l____-l_.------- 7 2  

l19 11:10 26.3 
1/10 6:45 39.3 61 " 1 . 7  'jll 
111 1 10:37 52.5 8.6 12.3 I!!! No T u r ~ d n .  
1/12 10:40 65.5 5; 6.2 E 
1/13 10:02 15.- 4 ‘: 1C.3  P4 E 7- $ 

1/14 10:35 86.7 .!,? IJ.E N E  ., ,~ 

1/15 9 5 0  97.6 55 10.2 M' 
1/16 11:30 1 ;0.5 56 6.7 t No 7drndn. 

- 
1/77 10:OC 121.6 d j  i .-. !,i 9 7  r 

1118 10,35 152 9 J 8 5.8 !\J 

1119 11.C5 142.3 45 :3.? N E  
1120 10 .50 '~  155.2 43 7 5.5 P; E 
7/21 10:50 154.9 5 11 10.1 L'il (Rorr:~,ally, 
1/22 !0:33 i 74.4 62 3.5 S \V 16 ! ~ , ~ , 3 i  
1123 9 4 8  l8,;.5 52 4.9 S SV 68-F 3rd 
1124 10:50 195.0 L, 1 7.2 SW 8 h:. ar 
1125 10:43 203.9 34 12.4 NW 62'F) 
1126 10:40 215.3 49 33.8 '411 

1/27 9:2C 227.4 5 8 24.9 :N 
1128 1O:E.O 238.9 57 17.5 %V 
1129 9:55 249.5 5 r5 16.5 W 

1130 11:05 260.7 6C) 9 . A  W 
1/31 11:50 271.8 56 !.?.E;._. W ...................... -- 

Degree-Days. W;nd Veloctty. % Sunshine &Wind D!:ec!ion from Na: iona!  Vdeathe: Service. Eacr Field. For' Wsyne, IN. 

Table 2 
Derived riala .................. 

Date Gas Consumption Duration of Gas Degree-Days 4 /DD'  
1978 Cu. Ft. Readinas. Hr .  DD ' i ? ~ u l D ~ : i .  D(? W "L, Sun .- 

. .....-.................................................................. .. 

1/70 114 13.58 6 :! *)- LL.343 r .IF.-( 69 
111 1 l (+3 27.87 58 21.230 12.3 ';8 
1112 129 24.i35 52 24.7EO 6.2 27 
1/13 98 23.37 45  22.365 13.3 68 
1/14 114 24.5.5 L8 23.215 13.6 7 2 
1115 7 09 23 25 5G 25 090 10.2 94 
1/16 'l 32 25.67 5 9 20,315 5 7  69 
1/17 toa 22.50 4 a 2'1.900 17.5 55 
1/18 104 24.58 49 20.72: 5.8 7 7 
1/19 103 24.55 4 7 21,~!70 i.3.: 54 
1120 109 23.75 44. 25,03(; i.5 5 9 
1/21 198 24.09 55 49,640 10.1 fj'2 
1122 105 23.67 63 l6.74(2 3.5 8 3 
1123 101 23.30 53 19.630 4.8 9 5 
1124 105 25.03 4 2 23.970 7.2 41 
1125 89 23.83 35 2E.5C 12.4 4 2 
1126 114 23.95 50 22.850 33.8 62 
1127 121 22.67 59 21,7iC 24.9 7 5 
1128 115 25.50 58 18,.669 i 7 5  E l 
1129 106 23  08 57 : 9.34:; 16.5 7: 
1130 112 25.17 61 17,570 0.4 79 
1131 111 ;2,.!.75 57 lI!,RE;c: 1 2  8 .. E5 ....... . ........................ , ......... , ......... -,-- 

Data 1170: 
. 3.830 - 2.690 Btu 

Eq, 5 = 1 OCO ~ x 24 hrs./day = 1,3?7 X 70' Btoldiiy. 
19.58 f t . 3  

(69-55)'5 + ($2.6518 
... Ea. 6 CD ' = 61 + = 62 

24 

1.40 X 106 _ . ...... - = 22.540 Etu lday ,  degree-day 
PD 62 
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4 Air  /ni~l trat/on. Ail infil!ration air Data Only During Winrer Mon- 
?;;i be heated from the outdco: ihs. The c r r l ? l a t ~ o n  in Fig 2 viill be 
.c"n .. ..,erature to the house temperature better during the coldest months, 

:-r. QC'). The inli itraticn rate can be when l"? cegiee-days and heat losses 
:: :,:a;ed irorn E q .  2 and Fig. 2. The are large, oIherw,se a significant error 
-.>.>Q - - L *  v ~ i d  vslocity (for Janua :~ ,  1977) col;!c' appear ir: the 4 /DD'  term. Also, 
><is 11.6 milhr. At this wind speed, !he one should take note as to  whether the 
:,a s-izted air !eakage f r o r i  the data g:oL)nd is covered with snow, thus pro- 
:- FIG 2 was 38% of an air change ducing extra radiation e i fec ls  (perhaps 
rz; hcur. The house, b u ~ l t  15 years to warm LID the outside w~alis). 
- -, .-.,.. ,vould b e  expected to have a a Eatter Weather Data. The per- 
- 1 . s - r  veiue. Since it is occupied by a cent s l~nshrne j a t a  were not taken by 
-?-:ltil! coupie with no  children, radiometer. Also, the Weather 61Jreau 
-:,:.??1-3r, this might explain the lower- data viere taken 50 miles south and 
.,.-,. -expected infi ltration rate!  thus introduce scrne additional error,  

@ Ei iect of Blizzard of 1978. A particularly as Angola has a "lake" 
...-W z8. iai ic aspect of the data in Fig. 2 is pattern of weather differing from Fort 
:-? ?'/ect of the blizzara on home heat 'Nayrie at times Once better data are - - - 
_-L ,:he lowest curve). For the week obtairied, better curve-fitt ing tech- 

: ,m-  , .# Thursday, January 26, the per- niques can ba used; curves were 
ss~nshine was relatively cons:ant, drawn in arbitis:ily. 

2-2  :3e ~ i i n d  sraddaliy tapered off * Dafa Sca:fer. The gss meter 
'-:-- 3.; ni/"i to 9, providing for a good must h2ve sdfiicie~nt precision for a 
::-;a3 on ihe x-axis of Fig. 2 .  I t  was ieasonable a c c j r a c y ,  apd :he occg- 
':,;c the heat loss had aecreasea pan: n u s l  learn to  read i t  p:ooeriy. It is 
::s~! 20% at s given wind velociiy. easy i o  rezd i h e  last dial in efror.  By in- 
r ~ q s  2s a result of the snow! pilir!g ierpolating betvieen the num5ers on  
- 2  aisuno the house, with a i i  infiitra- the iast diai (1006 CL. f t .  of gas, the 
: :- ~rlchangea.  Poush calculations oi; skiilec ,eai?er can read to  2%; others 
' * ?  1620 sq.  f t .  of poared c3ncre're m!ght have 5-10% error. The degree- ---.. -::.;.nent indicare t h ~ t  ;his rnsdlat ir?~ ds:i reading at 5'3°F would have a 2% -..-,-. 
: z , ,  of !he snow ',vould be po-ccibie. eprc: as ~ve j i .  Wjii?"iaie for acjacent - - 2:ion o i  l h s  bbaSV~e i t  i%-lil is, days (Ei g , 7/22 1/22) shovr one poir7i 
- - - , S . . - -  
: - ' ~ . , e ,  indicated. N o  dara are glven high and one polr,t iow, a misreading of 

n:?-:izS: ; v;eek after the blizzard, for t h e  gss meter is a l:kely explanation. 

-.-a- _ ,-,C, ascause or ihis 209b e f fec t ,  Heat Icss iron;, a h o n e  is quite c o n -  - - - -  ~: : .~ :ed abo.ve, becornng c m a ! e r  r,y plex and c i i t i c ' s r  could be levelec; rhai 
. - -  

.;- 23y. tne theore!,cai modei ~ s e d  is rr,urh too 

simple. The Important question 13 be 
asked, however, is, "1s it  useful?" Cer- 
tainly more houses should be te!;ted. 
For the citizen, the degree of com3lex- 
ity should not b e  greater than 
presented i-iere. 

A main lesson to be learned from 
this paper is that the citizen, in  energy 
matters, must begin to depend on 
me!ers and to draw conclusions from 
quantitative results. 

This technique should erable 
homeowners 13 determine the value of 
extra insula!!on, l ightening up the 
house, closing off rooms, turning clown 
the thermostat, closing the fireplace 
flue (and teaching the children to c:lose 
doors). 
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