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Air leakage and pressure measurements 
on two occupied houses 

Air leakage is an important item in the heat balance 
of most houses. It is also the usual source of fresh 
air and air for combustion. Exfiltrating air is the major 
means by which moisture is lost from a house during 
the winter and greatly influences the relative humidity 
that is maintained; it can also be a major cause of con- 
densation problems if the moisture which it carries is 
de~osi ted  within walls. windows or roof construction. 
Air leakage measurements using the tracer gas tech- 
nique' were carried out on two occupied one-story houses 
located in Ottawa, Canada, from the winter of 1960.61, 
through the summer, to the winter of 1961.62. Similar 
measurementsz' 3 1  4 1  5 3  have been reported recently, but 
the amount of such information applicable to North 
American building practice is still quite limited. It is, 
therefore, desirable to extend the available information 
on house air leakage characteristics. 

In these present studies an attempt was made to 
relate the measured air leakage to weather conditions 
and to furnace operation. The measured values are also 
compared with those calculated by ASHRAE Guide And 
~ a t a  Book procedures. In addition, some measurements 
were made of the differences in pressure across the walls 
of the houses and the data related to wind velocity and 
direction for both summer and winter conditions. These 
records. together with pressure differences measured 
across the ceiling, indicate the pattern of air leakage. 
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DESCRIPTION OF HOUSES 
Both houses were constructed by project builders and 
are located in bui1t.u~ areas, Plan views of the two 
houses are given in Figs. 1 and 2. Both are one-story, 
five-room houses of insulated wood-frame construction 
with full basement. Inside finish is plasterboard in 
house No. 1 and plaster in house No. 2. Attics are 
vented. Openable windows in house No. 1 are double 
horizontal sliding sashless units and those in house 
No. 2 are double-hung vertical sliding units, with storm 
sash in winter. House No. 2 has louvred openings with 
hinged, weatherstripped covers beneath fixed double 
windows in the living-dining room. In both houses 
basement windows are hinged, with storm sash. Both 
houses are heated by forced warm-air heating systems 
with high pressure gun-type oil burners; house Yo. 2 
has a solid-fuel fireplace in the living room. Prior to 
the summer tests a detached garage was constructed 
adjacent to the west wall of house No. 2. The plan area, 
based on inside dimensions, is 830 sq ft for house No. 1 
and 1076 sq ft for house No. 2. The net volume, in- 
cluding basement and allowing 10% for furnishings and 
partitions, is 11,900 cu ft for house No. 1 and 15,300 
cu ft for house No. 2. 

Distribution of window and door cracks is shown 
in Table I. Actual crack lengths have been adjusted 
to give the length equivalent to that of average fit 
double-hung wood-sash, weatherstripped windows based 
on the leakage factors in the Table. These factors are 
consistent in general with those given in the ASHRAE 
Guide And Data Book, with some adjustments based on 
judgment. The leakage factor for the sashless windows 



is an average figure derived from test results for a 
number of similar units. 

In house No. 2 different window arrangements existed 
during each of the three test periods. Storm sashes were 
applied to all windows except two in the basement dur- 
ing both winters; during the second winter adhesive tape 
was applied around the exterior perimeter of all storm 
sashes on the first floor and to the interior perimeter of 
all the basement windows. The results of air infiltration 
calculations by the crack method given in the ASHRAE 
Guide And Data Book are also shown in Table I for 
a wind velocity of 10 mph. These are simply values 
of total air flow through one-half of the total equivalent 
crack based on a leakage factor of 13 cu ft per ft of 
crack. The values are expressed in terms of air changes 
per hr, based on the combined volume of first floor 
and basement. 

METHOD AND INSTRUMENTATION 
Ventilation rates were determined from measurements 
with a katharometer of the rate of change of concen- 
tration of helium gas discharged in the house. The 
relationship between the concentration of the tracer 
gas and ventilation rate is expressed by: 

where 
k = infiltration rate 
v = volume of enclosure 
R = air change rate 
c = Iracer gas concentration 
t = time 

The katharometer used was similar to the one designed 
by the National Bureau of Standards7. A continuous 
sample of helium-air mixture was drawn with a small 
diaphragm pump through a drying bottle containing 
calcium chloride and then to the katharometer. The 
imbalance of the katharometer bridge circuit caused by 
the changes in the helium concentration was recorded 
on a millivolt recorder. 

In the house trials, helium was injected into the 
supply plenum of the forced warm-air heating system. 
The circulating blower operated continuously during 
each test. A sample of helium-air mixture was drawn 
from the return air plenum to the katharometer, the 
output of which was recorded. Air circulation rates 
provided by the furnaces were equivalent to about six 
air changes per hr, which were large in relation to the 
rates of air infiltration measured. 

Doors to all rooms and basement were open and it 
is assumed, therefore, that a fairly uniform concentration 
of helium was obtained in the houses throughout each 
test and that the concentration in the return plenum was 
a properly weighted average of the whole house con- 
centration. Circulation of air by the furnace blower 
did not influence air infiltration as no significant pres- 
sure difference between rooms was possible with all 
spaces f r d y  interconnected. 

To measure the pressure differences across the ex- 
terior walls of house No. 1, pressure taps of 14-in. cop- 
per tubing were mounted flush with the outside surface 
nf the walls, 4 ft above the first floor level. These were 
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Fig .  1 House No. 1 

connected through the window frames at  the same level 
to plastics tubing which was brought to a central loca- 
tion in the basement. Pressure taps were also installed 
to measure the pressure difference across the ceiling and 
chimney draft. A cup anemometer was located 25 ft 
from ground level above one side of the house to record 
wind speed and direction. House No. 2 was similarly 
instrumented, but the height of the pressure taps through 
exterior walls varied from 2 to 5 ft above the first floor 
level and the anemometer was located 24 ft from the 
ground and 30 ft to the rear of the house. 

The pressures were measured with a diaphragm, 
strain-gauge-type, presure  transducer. The voltage out- 
put from the pressure transducer was recorded on a 
16-point millivolt recorder. Plastics tubing from each 
pressure tap was connected to a 12-point pressure 



ASHRAE TRANSACTIONS 

The airport is located in a flat open area, 6 miles south. 
west of house No. 1 and 5 miles southwest of house 
No. 2. The ratio of the wind velocity at  the houses to 
that at the airport averaged 0.65 for house No. 1 and 
0.56 for house No. 2 over a wide range of wind 
conditions. 

AIR LEAKAGE TEST RESULTS 
Results of the air leakage tests conducted, in both 
houses are given in Tables I1 and 111. The hourly air 
change rates quoted are based on the net volume of 
the houses including the basement. During the two 
winters, measured ventilation rates for house No. 1 
varied from 0.25 to 0.41 air changes per h r ;  this 
compares with rates of 0.37 to 0.63 air changes for house 
No. 2 during the first winter, and 0.33 to 0.57 air 
changes during the second winter with the openable 
windows taped. During the summer, measured air 
change rates varied from 0.07 to 0.16 for house No. 1 
and 0.11 to 0.23 for house No. 2. 

Figs. 3 and 4 show the relationship between ventila- 
tion rate and wind speed for both houses for the 
summer condition. Assuming a flow exponent of 1h 

L IV ING D I N I N G  ROOM 

Table I Equivalent Crack Length and Calculated 
Air Leakage 

House No. 1 
Length of crack, ft 

BASLMENT N - S E - W - 
First floor . . . . 38.7 - 126.0 155.9 
Basement . . . 32.6 - - 

FIRST FLooq 38.7 158.6 155.9 
Overall Total-353.2 ft 

4 STATIC p q e s S u q L  TAP Total crack length to net volume ratio---0.030 ft/ftl 
X T H E R M O C O U P L L  

House No. 2 (winter storm sash on openable window) 
Fig. 2 HOIISC No. 2 Length of crack, ft 

N - S - E - W - 
First floor . . . . 73.3 24.3 92.0 109.3 

switch controlled by a selector switch in the millivolt . . . 34.0 - 85.0 51.0 
24.3 

- 
recorder. Two wind speed readings were recorded 107.3 177.0 160.3 

Overall Total-468.9 ft 
during a recorder cycle with each reading representing Total crack length to net volume rati-.031 ft/ft, 
the integrated wind Over the recorder Overall total crack length for house No. 2 as above with 
cycle. The time interval for each recorder cycle was windows taped is 313.0 ft and with no storm-sash on 
3 . a  min. openable window (summer window arrangement) is 

Because of the probability of a zero shift in the 567.3 ft. 

pressure transducer, the zero pressure difference output Air Change Rates 
and the output with the calibration resistor in the trans- House No. 1 0.20 air change per h r  
ducer bridge circuit were also recorded during each No. 

cycle. A shaft encoder was attached to the slide wire a-storm sash on openable window 
-0 .20  air change per hr 

shaft of the millivolt recorder which, in conjunction with b-as above with windows taped 
a punched paper tape recorder and its attendant con- -0.13 air change per hr 

c-storm sash removed 
trol unit, gave all records in three digit binary form -0 .24  air change per hr 

on a punched paper tape. The paper tape was processed Note;: 1. Equivalent crack length given in terms of corre- 
sponding length of average double-hung wood- 

through a digital computer to obtain the actual pres- sash weatherstripped window with assumed air 
sure and wind speed readings. leakage of 60 cfh per ft at a pressure difference 

All wind velocities referred to in this paper are of 0.3 in. of water (equivalent to 25 mph velocity 
head). Other air leakage values assumed as 

those measured on site, approximately 25 ft above follows: 
ground. The wind speed is Bffected both by the height 
at which it is measured and the surrounding terrain. 
Both houses are located in residential districts. House 
No. 1 is located at the edge of a housing area with its 
south wall facing a wooded region. The records of 
the average hourly wind speed obtained at the two 
houses were compared with those recorded at  the Up- 
lands Airport with an anemometer 25 ft above ground. 

cfh 
Average double-hung wood sash window -100 
As above with storm sash - 60 
As above with storm sash taped - 45 
Casement window with storm sash -120 
A s  above with window taped - 45 
Double horizontal sliding sashless window-120 
Fixed window - 30 
Weatherstripped door with storm door -120 

2. Air change rates based on wind speed of 10 mph 
and one-half total equivalent crack length. 
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Fig. 3 Ventilation rate, wind speed for House No. 1 Fig. 4 Ventilation rate, wind speed for Howe No. 2 

for the cracks in the enclosure, a linear relationship is 
obtained. The increase in air change rate for each 
mph of wind is 0.017 for house No. 1 and 0.020 for 
house No. 2. No effect of wind direction is evident 
from the limited records. As observed by others2 an 
apparent ventilation rate was obtained with no wind 
and only small temperature differences. This amounted 
to O.M and 0.06 air changes per hr for houses 1 and 2, 
respectively. It is thought that this was due in part to 
the small temperature differences that occurred during 
most tests as well as to loss of helium by diffusion 
through cracks in walls and ceiling. 

In Fig. 5 the ventilation rates obtained for house 
No. 1 during calm periods with the furnace off are 

plotted against the square root of the temperature dif- 
ference in order to indicate the influence of house stack 
effect. The air leakage increased by 0.024 air changes 
per hr for each increment in the square root of the 
temperature difference. Inside to outside temperature 
differences in these tests did not exceed 35 F, so that 
the temperature rise in the chimney flue due to prior 
futnace operation would be small. Figs. 3 and 5 have 
been combined in Fig. 6 to compare the effect on ven- 
tilation rate of wind and house stack effect with each 
acting independently. For example, an inside-to-outside 
temperature difference of 38 F induces the same total 
rate of air change as that due to wind at 8 mph. Insuf- 
ficient data prohibited such comparison for house 2. 

Table I1 Results of Infiltration Tests; House No. 1 
Average 

Temperature Wind Infiltration 
Test Temperature, F Difference, Velocity, Wind Furnace Rate, Air 
No. Date indoor outdoor F mph Direction Cycle Change/hr 

Winter Test 

8 14.2.61 

Summer Test 
9 1.8.61 

10 2.8.61 
11 3.8.61 
12 4.8.61 
13 10.8.61 

Winter-Spring Test 

off-on 
off-on 
off 
on 
off 
on-off 
off 
on-off 

off 
off 
aff 
off 
off 
off 
off 
off 
off 
off 
off 
off 

off 
off 
off 
off 
off 
off 
off 
off 
off 
OR 
off 
off 

' barometric d a m ~ e r  sealed 
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Fig.  6 Figs. 3 and 5 combined 

The combined effect of wind speed and tempera- 
ture difference for house No. 1 is shown in Fig. 7. 
Ventilation rates obtained during periods with inside- 
to-outside air temperature differences of 29 to 35 r 
and with the furnace off are plotted against the wind 
speed. The intersection with the Y-axis is based on Fig. 5 
and indicates a ventilation rate for stack effect alone, 
at this temperature difference, of 0.16 air changes per hr. 
From the curve for the summer test, reproduced from 
Fig. 3, this air change would be induced by wind effect 
alone at 7.5 mph. The combined wind and stack effect 
at this wind velocity is 0.21 air changes, or 0.65 of the 
sum of the ventilation rates due to wind and stack effect 
acting independently. 

In establishing the curve of air change rate for a 
temperature difference of 70 F, it was assumed that this 
ratio of 0.65 is constant for house No. 1 for any corn- 
bination of wind and temperature difference in Fig. 6. 
This assumption would appear to be valid, provided that 
the exponents of flow for the various cracks and open- 
ings in the building remain constant, since the pattern 
of air flow will be similar for all such conditions. It is 
seen in Fig. 6 that a temperature difference of 70 F is 
equivalent to a wind velocity of 11.2 mph. In Fig. 7 
the air change rate at these combined conditions is 65% 
of the sum of the separate wind and temperature effects; 
the intersection with the Y-axis is obtained by extra- 
polating Fig. 5. At the higher wind speeds the effect 

Table Ill  Results of Infiltration Tests; House No. 2 

Average 
Temperature Wind 

Test Temperature, F Difference, Velocity, Wind 
No. Date indoor outdoor F mph Direction 

Infiltration 
Furnace Rate, Air 

Cycle Change/hr 
Winter-Spring Test 

- .37 
on-off .63 
off .42 
on-off .49 
on-off-on .55 
off .39 
off .50 
off-on-off .40 
off .24' 
off .39 
off .45 
off .59' 
off .25 

Summer Test 
off .23 
OR .20 
off .12 
off .I45 
off .ll 
off .06 
off .211 

Winter Test-Window Sealed 
on-off-on .49 
off-on-off .39 
on-off-on .57 
off-on-off .42 
on-offaon -45 
off-on-off .46 
off-on-off .45 
off-on-off .33 
off-on-off .46 
off.on-off .45 

' barometric damper sealed = fireplace damper open 



J R E ~ I E N T S  BY TA~XURA AND WILSON 115 

- FURNACE OFF - 

--MiTEDl - I -.----- _---- 
____------  ---- 
. 

A T =  - 4  5 TO 6 0 F  

(SUMMER TEST. 1961) 
I I I I I I 

0 2 4 6 8 10 I2 
WIND SPEED, MPH 

Fig. 7 Ventilation rate, combined wind a n d  tempera- 
ture e,fects fo r  House No. 1 

of combined wind and temperature difference approaches 
that due to wind alone. 

The ventilation rate during cold weather is affected 
by the additional air flow up the flue induced by furnace 
operation. Two air leakage values obtained with air 
temperature differences of 64 and 75  F and with the 
furnace in operation are shown in Fig. 7. These two 
values are well above the estimated curve for an '  air  
temperature difference of 70 F. To determine the 
amount of air flow through the chimney due to furnace 
operation, the carbon dioxide concentration was meas- 
ured with an Orsat gas analyzer in the smoke pipe be- 
tween the furnace and barometric damper and inside 
the chimney just above the smoke pipe inlet on a num- 
ber of occasions with the furnace in operation. 

The furnace at the time of the tests was equipped 
with a 0.50 gph nozzle burning No. 2 fuel oil and was 
operating with a Bacharach smoke No. 2. At an inside 
to outside temperature difference of 75 F and a wind 
speed of 5 mph the air flow, based on the C 0 2  measure- 
ments, was about 1300 cu ft per hr  or  0.11 house air 
changes per hr through the furnace, which was increased 
by the diluent air through the barometric damper to a 
total of about 4800 cu ft per hr or 0.40 air changes 
per hr. 

The ventilation rates obtained during the cold 
weather and with the furnace on are close to this value; 
this suggests that with the furnace in operation air flow 
out of the house took place largely through the chimney. 
The ventilation rate obtained with the barometric damper 
sealed indicated an appreciable reduction in air leakage. 

The results of the ventilation tests on house No. 2 
Tor the winter of 1960-61 are shown in Fig. 8 and those 
for the winter of 1961.62 with the windows taped are 
shown in Fig. 9, together with the curve for the sum- 
mer tests in both instances. I t  should be remembered 
that the equivalent crack length of the summer tests 
was somewhat greater than for either winter due to the 
removal of storm sash. The slope of the curve of air 
leakage for the summer tests therefore is greater than 
i s  appropriate for the window arrangement of either 
winter, particularly the second. 

Insufficient information is available to establish 
rurves for specific values of temperature difference. The 
air leakage values for the first winter, however, are 
significantly higher than the summer values due to wind 
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Fig. 8 Ventilation test results for House No. 2, the 
winter of 1960-61 

effect alone, even at the highest wind speeds. Stack 
effect has a much greater influence on the ventilation 
rate for house No. 2 than for house No. I, due probably 
to differences in the vertical distribution of cracks. The 
air change rates for the second winter are somewhat 
lower than those of the first, especially at the higher wind 
speeds. Air leakage appears to be less influenced by 
wind and to be primarily a function of furnace oper- 
ation and stack effect. 

Some increase in air leakage due to furnace opera- 
tion is evident on close scrutiny of the results in  Fig. 8, 
although it would appear to be somewhat less than for 
house No. 1. Opening of the fireplace damper caused 
a significant increase in air leakage; sealing of the baro- 
metric damper caused a significant decrease, even with 
the furnace off. The furnace was operating during all 
of the tests the results of which are shown in Fig. 9. 
Measurements of C 0 2  concentration in the flue gas dur- 
ing the second winter indicated air flows corresponding 
to 0.13 air changes per hr  through the furnace and a 
total of 0.38 air changes per h r  out the chimney with 
the furnace operating steadily, with an inside to outside 
temperature difference of about 44 F and a wind of 
about 10 mph. Thus, with the furnace on a large 
proportion of the air flow out of the house occurred 
through the chimney. 

PRESSURE LMEASUREMENTS 
To obtain a relationship between pressure difference 
across the walls of the holises and the wind speed, the 
following second equation was assumed: 

where 
P = pressure difference, in. of water 
V = wind speed, mph 
A = constant 
C = constant 

The pressure difference and the wind speed readings 
recorded on punched paper tape were processed through 
a digital computer to determine the best fitting curve 
using the method of least squares. Fig. 1 0  is a typical 
plot of the pressure difference across a windward wall 
vs wind velocity. The wind speed recorded was the 
average wind speed during a half recorder cycle (1.92 
min) , whereas the pressure readings were instantaneous 
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Fig. 9 Ventilation test results for House No. 2, the 
winter of 1961-62, taped windows 

measurements. Because of the fluctuations in wind speed 
and direction, considerable scatter of the results occurs; 
it is more pronounced at higher wind speeds. The ex- 
tent of scatter is indicated by the standard error of 
estimate. 

Pressure difference vs wind speed relationships for 
all four walls of house No. 1 are shown in Figs. 11 and 
12 for summer and winter conditions, with wind from 
the east. Similar results for house No. 2 are shown in 
Figs. 13 and 14 with wind from the northwest. The 
pressure difference corresponding to one velocity head 
is also shown. The windward wall is at the rear in both 
cases. The results for the summer condition are similar 
for both residences, with infiltration through windward 
and exfiltration through leeward walls. 

Pressure differences across side walls can be posi- 
tive or negative, depending on small changes in wind 
direction. The pressure difference across the windward 
wall is 86% of the total pressure difference from wind- 
ward to leeward sides for house No. 1 and 83% for house 

Fig. 1 1  House No. 1, summer 
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Fig. 10 Typical pressure plot of pressure difference 
on windward wall us. wind velocity 

No. 2. To balance the air flow, some exfiltration must 
take place through ceiling construction and chimneys. 
Extensive measurements of draft at the base of the 
chimneys during the summer tests indicated that draft 
generally increased with wind velocity for all wind 
directions in house No. 2 and for all but a southwest 
wind in house No. 1. At lower wind speeds the draft 
sometimes exceeded one velocity head. 

The results for the winter conditions in Figs. 12 
and 1 4  indicate the influence on pressure differences of 
house stack effect and furnace operation. No distinction 
is made between furnace-off and furnace-on conditions, 
the results indicating the net effect of this and other 
factors during the test period. 

With wind at 10 mph the pressure difference across 
the windward wall was greater than that for the summer 
conditions by 44% for house No. 1 and by 66% for 
house No. 2 ;  information for house No. 2 is for a some- 
what higher temperature difference than for house No. 1. 
The magnitude and direction of pressure differences 
across the walls approximately parallel to the wind would 

Fig. 12 l l o w e  No. 1, winter 
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Fig. 13 House No. 2, summer 

again appear to be sensitive to small changes in wind 
direction. 

Under the winter condition, however, infiltration 
occurred through all walls of house No. 1 at wind speeds 
up to 12 mph; infiltration occurred through all walls of 
house No. 2 at wind speeds up to 7 mph. At lower wind 
velocities it must be assumed that all of the exfiltration 
took place through the chimney and ceiling construction. 
The results indicate an increase in chimney draft to wind 
action. 

Analysis of the pressure differences measured across 
the ceiling of both houses indicates that they are gen- 
erally independent of wind velocity and are relatively 
small. During the summer the pressure differences 
ranged between plus and minus 0.002 in. of water for 
both houses. In the winter, with the furnace off, the 
pressure inside each house was higher than in the attic. 

With inside-to-outside temperature differences of 
47 F for house No. 1 and 65 F for house No. 2, this 
pressure difference was generally 0.005 in. of water, or 
less. With the furnace in operation the attic pressure 
was positive with respect to inside in house No. 1, gen- 
erally by 0.005 in. of water, or less, at a temperature 
difference of 47 F indicating a reversal of the direction 
of air flow. Under this condition exfiltration occurred 
mainly through the chimney. In house No. 2 the pres- 
sure difference across the ceiling did not appear to be 
greatly influenced by furnace operation during either 
winter. 

To estimate the neutral pressure level for the two 
houses the average of the pressure difference across the 
four walls was determined at a number of outdoor tem- 
perature conditions at wind speeds of less than 4 mph. 
This is equivalent to determining the value of the "con- 
stant" A of Eq. (2 )  for the different temperature condi- 
tions. The results for both houses are shown in Fiz. 15. - 
No distinction was made between furnace-on and fur- 
nace-off conditions, which may account for some of the 
scatter in the points. 

From Fig. 15, the neutral pressure level is esti- 
mated to be 10 in. above the first floor ceiling level in 
house No. 1 and 1 ft 4 in. below the first floor ceiling 
level in house'No. 2. It has already been noted that, 
in house No. 1, the pressure difference between house 

INSIDE TO OUTSIDE AIR TEMPERATURE DIFFERENCE, 
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WlND SPEED, MPH 

Fig. 14 House h'o. 2, winter 

and attic was positive with the furnace off and negative 
with the furnace on. At an inside-to-outside temperature 
difference of 65 F, this change in pressure difference 
corresponded to a change in the neutral pressure level 
of about 2 ft. Some further information on neutral ' 

zone levels for house No. 2 has already been rep0rted.O 

SUMMARY 
Detailed results of air leakage and pressure distribution 
measurements have been  resented for two single-story 
houses with oil-fired wann air furnaces. The houses had 
similar ratios of equivalent window and door crack 
length to total volume but house No. 2 had a greater 
proportion of crack at ground level. The results, al- 
though specific to the test houses, have implications 
relative to other similar buildings. 

During the summer, air leakage rates of both houses 
varied approximately linearly with wind velocity. Dur- 
ing the winter, the pattern and extent of air leakage 
were influenced by both house stack action and furnace 
operation. The influence of house stack action alone, 
independent of the effects of wind and furnace operation, 
was determined for house No. 1 and the air change rate 
found to vary linearly with the square root of the inside- 
to-outside temperature difference. 

The air change rate under the combined influence 
of wind and temperature difference was less than the 
sum of rates due to wind and temperature acting inds- 
pendently. This is at  variance with other investigatorsa* ' 
who have assumed that wind and temperature effects 
are independent and additive. At the higher wind veloc- 
ities and with the furnace off, the ventilation rate in 
house No. 1 due to combined wind and stack effects 
was only slightly above that induced by wind action 
alone. House No. 2 exhibited a greater stack effect, 
presumably due to the greater amount of crack at lower 
levels. 

The influence of furnace operation on air leakage 
was quite marked. In house No. 1, ventilation rates with 
the burner on were up to 50% greater than with the 
burner off and corresponded closely with measured 
rates of air flow up the chimney. Exfiltration occurred 
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wall was equivalent to about 50% of the velocity head 
of on-site wind. The measured values obtained at 10 mph 
during the winter are greater than calculated values by 
an amount depending upon the temperature difference 
between inside and outside and on furnace action. 

With the burner operating, actual values are two or 
more times those calculated. The discrepancy is great- 
est with house No. 2 which exhibited the greater stack 
effect. Calculated air leakages based on the total crack 
length are considerably in excess of measured values 
for the summer; for the winter the calculated values 

INSIOE TO OUTSIDE AIR TEMPERATURE MFFERENCE. OF 
agree well with measured values for house No. 1 with 
the furnace on, but are somewhat lower than measured Fig.  15 Average pressure diflerence across walls due values for house No. 2. Air leakage test results, aug- 

to temperature effects for both houses mented bv Dressure difference measurements. are re- 

across the ceiling construction with the furnace off and 
infiltration with the furnace on. In house No. 2 the 
effect of furnace operation was not so marked until 
the windows were taped; then air leakage rates with 
the burner on were relatively insensitive to wind and 
outside temperature and a large proportion of the exfil- 
tration took place through the chimney. Some exfiltra- 
tion occurred through the ceiling construction even with 
the furnace on. 

The ASHRAE Guide And Data Book crack method 
of calculating air leakage considers only wind action 
and assumes, in effect, that 64% of the velocity head 
of the wind acts across the cracks. For houses it is 
common to base the calculation on the total crack. For 
larger open buildings the ASHRAE Guide And Data 
Book recommends using not less than half of the total 
crack. Any comparison of calculated air leakage values 
and actual values is arbitrary, since it depends on the 
selection of air leakage coefficients and amount of crack 
in the' calculation and on the definition of wind velocity 
in the measurements. 

Calculated air change rates for wind at 1 0  mph 
based on one-half the total crack are in good agreement 
with measured air change rates during the summer with 
wind at 1 0  mph as determined on site. This would 
appear to be due mainly to a fortuitous selection of leak- 
age coefficients. With infiltration primarily through 
one windward wall, the pressure difference across the 
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quired on a variety of house types to develop improved 
calculation procedures. 
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DISCUSSION 

R. L. BOYD, Pittshurgh, Pa.: Accurate determination of infiltration 
values for residences becomes more important as the trend towarrls 
better thermal construction grows. 

I t  is pt~rticularly interesting to see infiltration differences lretween 
periods of furnace operation and  down-cycles. With menns w c h  as 
vlectric heat. eliminating need for comhustion air. separ;ition of build- 
Ing infiltration from comhustion air influences is \aluahle informiltion 
fur use in design. Controlled, forced or exhaust ventilation, automatic;illy 
or manually controlled by occupants, would appear much more de- 
sirable than uncontrolled variations d u e  to heating system r,pcr.ition. 

T w o  questions occur. First, did condensation occur on the inner 
face of the storm windows following their taping for wintvr t a t s ;  nncl 
second. would your results indicate a desirability of recommending con- 
sideration of revision of present infiltriltion data in the Guide And D;ttil 
Book to: first, separate huilding infiltration and comhustion air effects; 
and second, revise present published values to more realistic values? 

AUTHOR WILSON: Mr. Boyd has dsked if taping of the windows had 
any influence on condensation on  the storm sash. It did have some 
influence. hut there was condensation hefore the taping. The  windows 
were such that the inner sash was considerahly looser than the storm 
%ash, so even without the taping, there was a prohlem, not necess;trily 
a serious one, hut  condensation often occurred on the outer pane. 

With taping, the condensation was worse to the point that on 
melting. the water would run to the bottom and would build up 

in the form of ice on the frc~nir. W e  are not recommending the taping 
c~f the outside sash. I t  was merely an attempt to change the air leakage 
characteristics of the house. 

Mr. Boyd has asked ahout revision of the d;tta in the Guide And 
Data Book for calculation of infiltration rates. Some refinements in 
~iiethod or da te  to i~nprove  our  .~hil i ty to predict air leakages would he 
clesirahle. T h e  Guide And Data  Book infornlation on  air leakage char- 
.ictcristics of windows and doors is realistic for the types covered. Some 
.idditional inforn1;ltion on other window types. or how to apply the exist- 
ing datn to other types might he useful. Air Ie;tkttge characteristics even 
fur one type can he highly v.iri.thle. hc)wr\er. so there is always the 
l~rohlem of selecting the right vnlurs no matter how extensive the data.  

Beyond that, there is the prohlem of relating air leakage chsracter- 
istics of components to over;ill huilding 1r;tkage under specified condi- 
tion$. The  present basis of cnlculating air leitkage hy the crack method 
is quite ;trhitr;try, and it would .ippe;lr thtit any close agreement t ~ e -  
twevn mvasured and calculated values is Iitrgely fortuitous. In order 
to improve our ahility to estlnl.tte leakages, more extensive information 
\rould seen1 to he  needed on the incremrntal air leakage d u e  to wind. 
indoor-outdoor temperature difference and  furnace operation for differ- 
(.lit house types with a variety of effective crackages. 

D. L. LINDSAY, \lontreaI, C.inada: I would like to ask a rluestion as to 
whether or not the infiltration rates, the air changes that were experi- 
rnced,  would he such that you .Ire getting reasonably r o d  control of 
internal humidity with the occupancy that you had in the house? 



AUTHOR WILSON: The question has been asked whether the air 
leakage changes were adequate to control humidity in the houses that 
were studied. The humidities could be regarded as normal for this kind 
of house in our climnte. They would average about 25% in the coldest 
weather, and during average winter weather, would run between 25 
and 35%. This was high enough to cause periodic conditions of con- 
densation on the inside panes, especially with blinds or drapes drnwn, 
hut I think that this is something to be expected and tolernted. I think 
the air change rates were adequate to control the humidity in these 
particular houses. 

D. L. LINDSAY: Would you suggest that the air change rates could 
be reduced, or are they at the normal, reasonable minimum for this 
type of occupancy, construction, and climate? 

AUTHOR WILSON: For the Ottawa climate with a design temperature 
of about - 15F and 8800 degree days I think that, in general, we 
citnnot afford to reduce air leakage rates much below those provided 
here. 

Mr. Boyd has made the point that these air leakage rates are 
variable with heating system operations. This may not be altogether n 
disadvantage since the incremental air leakage due to furnace operation 
increases with decreased outdoor temperature. In cold climates some- 
what higher air leakage rates are required at lower outdoor tempera- 
tures in order to prevent condensations on inside window surfaces, as- 
suming a fixed rate of indoor moisture production. 

A. E. WHEELER, Baltimore, Md. (Written): The elimination of in- 
filtration due to losses through the chimney would represent a credit to 
electric heating, which could be applied in a comparative operating 
cost analysis of energy sources for heating. Can the authors approximate 
the percentage operating cost credit for the test houses? 

AUTHOR WILSON: The eirect of the e h i n a t i o n  of the chimney on 
infiltration loss will vary with the construction of a house, and will 
depend in general on the distribution and tightness of other openings. 
The crack in the exterior walls may act either as inlet or outlet open- 
ings. The chimney and ceiling construction usually act as outlet open- 
ings. For a relatively tight house, with tight ceiling, the elimination 
of the chimney will effect some reduction in infiltration loss; whereaa. 
with a house of relatively loose construction with porous ceiling the re- 
duction in infiltration can be expected to be small. 

For example, in Fig. 7 for house no. 1, the air leakage rate with 
the furnace off is approximately 70% of that with the fumace on at 
an on-site wind speed of 10  mph and inside-to-outside ak temperature 
difference of 70F. With the elimination of the chimney the reduction 
will be somewhat greater, the amount depending on the relative tight- 
ness of the exterior walls and ceiling. This is shown in part in Fig. 7. 
The air leakage rate obtained with the barometric d a m p  sealed, with 
nn inside-to-outside temperature difference of 35F. ia slightly lower 
than with the bnrometric damper operating normally. 

Fig. 8 indicates that the air leakage rnte for house no. 2 is not 
nEected by the fumace operation as much as that for house no. 1. This 
is probably due to the higher air leakage rate under the combined in- 
fluence of wind nnd stack effect for this house. Pressure measurements 
across the ceiling indicate that the ceiling construction of house no, 2 is 
probnbly less tight than that of house no. 1. With the windows of 
house no. 2 sealed with tape, however, as shown in Fig. 9, the air 
leakage rate appears to be primarily a function of the furnace operation 
and is not greatly affected by wind speed. For this codguration, the 
elimination of the chimney would ~robabl; effect an appreciable reduc- 
tion in infiltration. 

It  would seem that the elimination of the chimney will result in 
some reduction of infiltration loss. With relatively tight houses, however, 
the effect may be to lower the air change rate below the minimum re- 
quired for the control of odors and humidity. 


