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Infiltration Measurements 

During the winters of 1959-60 
and 1960-61. investi~rations were 

0 

made into the enerev sources and 
V I  

requirements for residential heat- 
ing on two residences constructed 
itnd instrumented for this purpose. 
The details of these houses and 
niuch of the test results have been 
presented in several earlier arti- 
cles,', 2 ' 7 ' 4  

These research houses were 
located on adjacent 120 x 135-ft 
Sorth-South oriented lots in Still- 
svater, Slinnesota, approximately 
IS miles east of St. Paul. Excent 
for differences in tvne and thick- 
ness of the wood fi& blanket in- 
s~llation used, the houses were con- 
btn~cted itlentic,lIly in size, shape, 
. ~ n d  oricnt,ltion. A familv of four, 
consisting of two adult males, one 
adult female and one child, was 
~ostulated and the total heat s l i m  
L L 

plied by these occupants simulated 
-- 
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In Two Research Houses 

through electrical cone heating 
elements with a portion of the heat 
translated into a moisture load bv 

i 

the operation of humidifying units. 
The operation of the refrigerator, 
range, freezer, television, lights, 
ancl miscellaneous electrical appli- 
mces were simulated also through 
the operation of electrical heaters. 
The electric dishwasher. water 
heater, clothes ~vasher,  and clothes 
dryer nctually were operated, with 
cycling controlled by a program- 
mer. 

The heating rec~uirements for 
each room of the structures were 
intlepcntlently monitored with sep- 
arate clcctric resistance heaters. 
zoned ancl metered to define the 
heating clemands for each area. 
Thus, nn attempt was made to pro- 
Lpide a complete picture of the 
intchrplay of the various heating cle- 
mands and heating losses to which 
;L strtrcttlre is subjected when 
nlacecl in the transient environ- 
Lent  in which it actually exists. 

Quite early, however, it was 
recognized that although all lieat 
supplied to the residence was c,,re- 

fully recorded for each zone, that 
both the internal and esternal en- 
vironment were carefully and con- 
tinuously defined, and that the 
transmission losses for the struc- 
ture could be accurately deter- 
mined, one of the Ieast \\.ell-defined 
variables was that of infiltration. 
Indeed, most of the crackage values 
reported . for various types of 
windows in the 1961 ASHRAE 
Guide .ind Data Rook are still 
based upon measurements and 
work conducted in the early 1930's. 
The air change rccommenrlations 
for use in the simplified method 
of calculating heating loads are 
the same today as they were three 
clecacles ago. If a designer is to  
culculate infiltration by crackage 
computations, it is soon discovered 
that there are no data reported for 
new designs of window constmc- 
tion. .4s a result, the infiltration 
calc~~lations remain a judicious 
estimate, at best. 

Nevertheless, excellent new re- 
search tools have been developed 
by D i c k , T o b l e n t z  and Achen- 
bnch%and limited field studies re- 
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despite construction changes which 
have evolved during the last thirty 
years since these coefficients were 
determined. If it is assumed that 
the awning type window used in 
the research houses would perform 
approximately the same as a 
weatherstripped double-hung wood 
sash window with storm sash, then, 
at a wind velocity of ten miles per 
hr, the crackage coefficient would 
be 21 cu ft/lin ft of crack per hr. 
The door coefficient may be taken 
as 35 cu ft/hr/lin f t  of crack. There 
are 117 ft of window crackage and 
40 ft  of door crackage on the first 
floor. If infiltration is assumed 
through one-half of the total cracks 
and edltration through the other 
half, then the resulting infiltration 
is 1928 cu ft/hr, or approximately 
0.23 air changes per hr. This com- 
pares favorably with the experi- 
mented determinations. 

The most striking and mean- 
ingful tests made were those which 
showed the effect of operating the 
shower fan, clothes dryer, and the 
shower fan and range fan together. 
One test made on the entire house 
with the shower fan in operation 
indicated an air change per hr, 
corrected to standard condition of 
0.53. When the clothes dryer was 
in operation, the infiltration value, 
also with the stair doors closed, 
was 0.58 and with the stair doors 
open, 0.61. A single test made on 
House B with both the shower and 
range fans in operation showed an 
infiltration rate of 1.41 air changes 
per hr. 

These values may be compared 
with the actual ventilation fan ca- 
pacities. In order to determine the 
air discharge rates of the fans used 

in these residences, calibrated hot 
wire anemometer traverses were 
made. Although the kitchen fan 
was rated at 450 cfm of air free 
delivery, the actual discharge under 
the operating conditions of a closed 
house and a short connecting duct 
reduced this capacity to 220 cfm. 

The shower fan was rated at 
180 cfm free discharge, and under 
test actually produced 103 cfm 
discharge. Several traverses were 
made at different times and the 
variations in discharge capacity 
proved to be less than 5% from 
these figures. The total volume of 
the first floor and basement of 
either house was 13,435 cu ft. 
Thus, operation of the shower fan 
should produce 0.47 air changes 
per hr and operation of both 
shower fan and kitchen fan should 
produce 1.01 air changes per hr. 
It would be expected that opera- 
tion of the fans would dominate 
the infiltration determinations from 
the houses, especially when both 
shower and range fan were in 
operation. The only infiltration 
test made under these conditions 
was Test No. 14 in which the actual 
air change per hr for the total 
house was 1.34 and the air change 
corrected to 10 mph at 40 F tem- 
perature differential was 1.41 air 
changes per hr. 

From a practical standpoint, it 
is evident that with houses as well 
constructed and tightly weather- 
stripped as these, and under con- 
ditions of no occupancy, the actual 
air changes per hr ranged well 
under '/z and can safely be taken 
as 95 under almost all conditions 
of wind velocity and temperature 
difference encountered. However, 

the actual idltration increased 
greatly when clothes dryer, shower 
or range fan was in operation and 
under these circumstances, a value 
of 1/3 or even % would be too low. 

During periods of short dura- 
tion, with several fans or air ,&- 
charging appliances in operation 
at the same time, the rate of i d -  
tration may jump as high or higher 
than 1% air changes per hr. With 
the limited evidence here pre- 
sented, it would appear that for 
houses as tightly constructed as 
these, an air change per hr of 34 
could be safely assumed for design 
purposes. Additional tests, how- 
ever. should be made under a wider 
variety of simulated living condi- 
tions and further infiltration studies, 
such as those currently in progress 
by the National Bureau of Stand- 
ards, should be pursued. 
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AMERICAN PETROLEUM INSTITUTE SCHEDULES RESEARCH CONFERENCE 
S e w  research findings \\-ill be pre- 
sented at the third .4PI Research Con- 
ference on Distillate Fuel Combus- 
tion, to be held in Chicago, Ill., June 
18-19. An activity of the API Oil- 
Burner Development Committee, the 
Conference will feature results from 
the API oil-burner research program 
plus other research of interest to 
equipment designers. Engineers rep- 
resenting equipment manufacturers 
are especially invited to attend and 
take part in the technical discussions. 

Papers scheduled for presenta- 
tion are as follo\vs: .4 Practical Cltra- 

sonic Oil Burner, R. R. Perron, J. R. 
Swanton (Member ASHRAE) and E. 
E. Shanley, A. D. Little, Inc. Optimi- 
zation Studies on the Ultrasonic 
Burner, R. J. Lang, Esso Research & 
Engineering Co. Some Results from 
the Study of Ultrasonic and Electro- 
static Atomization, R. L. Peskin and 
R. Raco, Rutgers University. Feasi- 
bility of a Vaporizing Burner for No. 
2 Heating Oil, G. M. Hein and A. E. 
Weller, Battelle Memorial Institute. 
Pre-Combustion Deposits, F .  W. 
Rakowsky and G. H. Xleguerian, 
American Oil Co. The Ignition and 

Combustion of Drops in Sprays of No. 
2 Heating Oil, B. J ,  Wood, W. A. 
Rosser, Jr, and H. Wise, Stanford Re- 
search Institute. Air-Fuel Mixing and 
Recirculation as Combustor Design 
Parameters, R. Kamo, P. W. Cooper 
and C. \Y. Solbrig, Amour  Research 
Foundation. Aspiration in Fuel-Oil 
Combustion, B. R. Walsh, Gulf Re- 
search & Development Co. The Ap- 
plication of Available Research Re- 
sults to the Design of Practical Oil 
Burners, speaker to be announced, 
Shell International Petroleum Com- 
pany, Ltd. (London). SOFI-Spon- 
sored ASA Standards for Equipment 
Perform,~nce. .I pmel discussion. 
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sulting from the use of this equip- 
ment is already reported in the 
literature. The ga which exists 
between the availa f. ility of this re- 
search tool and the development 
of an accurate procedure for esti- 
mating infiltration requirements in 
modern-day residences remains to 
be £illed. 

In recognition of this gap 
which existed in attempting to 
make a complete and compre- 
hensive study of all of the variables 
affecting demands on these two 
research residences, it was decided 
that the only way in which a true 
measurement of the actual infil- 
tration to the test residences could 
be determined would be through 
the helium tracer gas method 
for determining the air changes. 
Through the cooperation of P. R. 
Achenbach and C. W. Coblentz of 
the National Bureau of Standards, 
the portable infiltration meter de- 
veloped by them was lent to the 
project, and a series of 25 tests was 
made through the months of Janu- 
ary through May 1961 under vary- 
ing conditions of weather and 
mechanical operation. 

DESCRIPTION OF TEST HOUSES 

A detailed description of the test 
houses has been provided in the 
earlier articles and only those 
factors pertinent to the present 
tests will be related here. The floor 
plan shown in Fig. 1 presents the 
location and relative size of the in- 
dividual rooms. The first floor con- 
tains approximately 1100 sq ft of 
living area and the basement rooms 
approximately 650 sq f t  directly 
below the bedroom-bath section of 
the house. The remaining 1/3 of 
the floor area below the living- 
dining room area is crawl space. 
Considerable care was exercised in 
the application of the insulating 
materials to the walls, ceilings, and 
floors to fully utilize the air seal- 
ing characteristics of the insulat- 
ing blanket. '411 wood windows are 
welded, double-glass units with a 
weatherstripped awning type open- 
ing sash. North and south-facing 
windows have a fixed upper sash 
and a movable lower sash. Two 
windows located in the west wall 
are operating awning types. The 
east wall has no windows. A re- 
movable third pane was installed 
in the sash exterior with clips in 
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Fig. I-Plan of first floor and basement 

all windows as shown in Fig. 2. 
The total window and door 

areas occupy approximately 15% 
of the gross wall area. The area, 
volume, and window and door 
crack lengths of each room and 
the volume distribution of the vari- 
ous areas of the house are shown 
in Table I. Table I1 provides a 
summary of the test house con- 
struction data indicating the wall, 
ceiling and floor constructions, as 
well as thicknesses of wood fiber 
blanket insulation. 

DESCRIPTION OF TEST 
EQUIPMENT AND PROCEDURE 

The National Bureau of Standards 
portable infiltration meter meas- 
ures the relative concentration of 
helium tracer gas injected into 
the rooms under test, and permits 
determination of the infiltration- 
exfiltration air movement by meas- 
uring the rate at which this helium 
concentration decayed. The meter 
measures the change in concentra- 
tion of the tracer gas by determin- 

ing the change in thermal conduc- 
tivity of the tracer gas-air mixture 
sampled. Good mixing of the leak- 
age air with the room air is essen- 
tial to the validity of the tracer gas 
technique. 

Fig. 3 shows the equipment, 
consisting of the measuring console 
connected by a 3-conductor cable 
to 10 sensing probes. Probes were 
placed in the centers of the main 
rooms, 3 ft above floor level as 
shown at the left side of Fig. 3. 
Helium was introduced into the 
areas of the house to be tested in 
an amount sufficient to provide a 
helium concentration of %% of the 
total volume. 

The helium was thoroughly 
mixed with the air by several desk 
fans located throughout the house. 
Closets and cupboard doors were 
opened in order to permit the same 
rate of gas decay in these places 
as in the living space. Interior 
doors leading to the individual 
rooms were also opened during the 
majority of the tests, except where 
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Fig. 3 Porkable air infiltra+ion msfer 
console. Sensing probe is shown a+ le@ 

Fig, 2 Ins+alla+ion of +hiad pane of glass 

indicated. Both interior arad exte- 
rior air temperatures, wind velocity 
and direction, and solar radiation 
were recorded continuously daring 
all tests, since a constant thermal 
environment is preferable during 
the measuring periods. The totd 
house infiltration rate or air change 
pea hour was determined by the 
equation: 

where 
V = volume of the space 
c = concentration of tracer 

gas at h e  t 
K = average volume of air in- 

filtration per unit h e  for 
the h e  interval 

TEST RESULTS 

Results of these hfiltration tests 
performed on the research houses 
are recorded in Table JII. In total, 
18 tests were made in House B and 

Table I Area Volume and Window and Door Crackage of 
Rooms Used in Infilha+iw Shdisr 

% of  Window (movable 
Area Volume % of Total First H o w  sash) and Door 

Room (Sq H.) ( C u  Ft) House Volume Volume Crack Length (R) 
Living room . . . . .  380 3040 22.6 35.0 ( W )  40.8 
Dining room . . . . .  (01 20.0 

Kiichsn . . . . . . . . .  106 848 6.3 9.8 ( W )  12.7 
( D l  20.0 . . 

Hel l  . . . . . . . . . . . .  104 832 6.2 9.6 
Shower 

SW bedroom . . . .  202 1616 12.0 18.7 (W]  30.9 
Bath 

FIW bedroom . . . .  150 1200 8.9 13.8 (W) 21.9 

Den . . . . . . . . . . . .  142 1136 8.4 13.8 (W) 10.5 

Total Firs* Floor* . 1084 8672 I 0O.B {W)  116.8 
(D9 40.0 

Stair well 40 290 
Recreation room 329 2386 17.8 (W)  14.4 

Laundry room 288 2088 15.6 [ W )  14.4 

seven in House A under a wi& 
range of outside temperatures, mind 
velocity and wind direction con&- 
tions, and inside operating COB&- 

tions. The 3rd column of this bB1e 
presents the average temperawe 
difference between outdoor and b- 
side air, the 4th column the average 
outdoor wind velw 
test, and the 5th col 
direction. The 6tk, 7&, 8th and 
9th columns of this table d e h e  the 
conditions under which the tests 
were made. 

In some cases. as Has been in- 
dicated, both s t a k e l l  doors lead- 
ing to the basement were c l a d  
and helium was injected only &to 
the first floor rooms. Ira o&er 
the stairwell doors were open and 
helium was injected into both the 
first floor area and the basement 
area. Most of the tests were made 
under static conditions, that 21, 
with no ventilation from the home 
by opening or closing of doors or 
through use of appliances or f a x .  
However, since such conditiom are 
not completely indicative oi  the 
dynamic conditions under which a 
house is operated when people are 
Iiving in the houses, tests 9, 11, 12 
and 14 were made with some ven- 
tilation rovided through the opr -  
ation o appliances or ventilasoa 
fans. 

P 
To+al Bassmen+ . . 657 4763 ( W )  28.8 The l&h, 11th ~d 12th cd- 

- - -. - - - - 

Total t-iouse I741 13,435 100.6 ( W )  145.6 umns of Table III show the actad 
(B! 40.0 test results uncorrected to any * A m  bas& on i n s ~ d e  d~rnensiona to outside walls. Volume b a d  on inside d imens~ons  o l  

each m o m ;  closets and c a b ~ n e t s  not deducted. standard or C O ~ O ~  eowditic~m d 
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temperature or wind velocity. The 
last of these three columns show 
the test results for the first floor 
only for those tests made with the 
total house under test. These data 
were calculated by considering 
only those readings taken in the 
first floor rooms and disregarding 
those made in the basement areas. 

I t  is quite difficult to inake a 
valid comparison of the results 
taken under a variety of tempera- 
ture difference and wind velocity 
conditions. Research conducted at 
the University of Illinois7 on infil- 
tration into a two-story residence 
and a one-story residence, both 
over basements, indicated that the 
infiltration rate is a function of 
the temperature difference between 
the inside and outside air and the 
wind velocity. \Vork done at the 
Sational Bureau of Standardss has 
suggested the relationship. 

where 

I = hourly air change rate 
W = wind velocity, mph 
T = inside - outside temper- 

ature difference, F 
.A = air change rate with 

no wind and no tem- 
perature difference hr-I 

B, C = the changes in infiltra- 
t ion  r a t e  p e r  u n i t  
change in wind veloc- 
itv and temnerature 
d& erence, reshectivel? 

that an accurate evaluation of 
these constants reauires a more 

1 

estensive series of tests than is 
i~sually possible or than was con- 
ducted at the Stillwater project. 

However, with the Stillwater 
residences it is conservative to as- 
sume that with the type construc- 
tion in\.olved the basic infiltr a t' ion 
rate. with no wind or no indoor- 
outjoor t e m ~ e r a t u r e  difference. 
\vas 0.1 air change per hr. ~ a s e d  
upon the limited evidence avail- 
able, the values for the constants 
B and C have been arbitrarily se- 
lected as 0.0,3 and 0.01, respectively. 
The observed air change rates have 
then been corrected to a standard 
condition defined as 10 mph wind 
\.elocity and 40 F temperature dif- 
ferc~nce. The last three columns of 
Tiihle I  resent these converted 
wlues. 1; must be emphasized, 
however, that while these values 
,ire more nearly comparable than 

Table I I  Test House Construction Data 

One-story f rame house over % basement, I/, crawl space 
Hea ted  f i rst  f loor area - 1084 sq +t 

Walls: 

W o o d  Shingles with Shingle Backer 
25/32 in. Insulating Sheathing 
2 in. x 4 in. Studs 
1/2 in. Gypsum Board 
Latex Base Paint 

Cei l ing: 
in. Gypsum Board 

3/4 in. Cross St r ipp ing 
2 in. x 6 in. Joists 

Floor: 
% in. Oak  Flooring 
5/s in. Plywood 
2 in. x I 0  in. Joists 
3/4 in. Str ipping* 
1/2 in. Tile* 

Insulation: All types shown a re  Balsam-Wool blankets comple te ly  enclosed i n  liners. 

House A House B 
Thickness Liners Thickness Liners 

Wal ls  

Ce i l ing  

Floor 

3% in. Regular 2 in. Ref lect ive 

5 in. Ref lect ive 3% in. Ref lect ive 

2 in. Regular I in. Ref lect ive 

Pitch - 5/12 
Vent i lat ion - Two gable vents plus 14 soffit openings 

Total area = 521 sq in. 

Crawl  Space: 

Vent i lat ion - Two screen openings 
Total area = I I I sq in. 

* Only in recreation room. 

Basement: 

Full basement under bedroom-ki tchen area-650 sq ft 
Crawl  space under l iv ing-dining room-350 sq f t  
Recreation room walls insulated with 5/s in. wood f iber  insulation app l ied t o  2 i n  x 

2 in. str ipping with in. insulating plank in ter io r  finish. 
Laundry room has no wall insulation or cei l ing ti le. 
Exterior walls are 12 in:concrete blocks. 

Windows: 

Factory manufactured units with weatherstr ipped awning t ype  wood sash. Doub!e 
welded glass is mounted i n  t he  sash with a t h i r d  pane a t tached t o  t he  exterior 
o f  the sash b y  means o f  clips. 

Doors: 

W o o d  with storm door  (wood  and glass) 

Hea t i ng  System: 

A l l  f irst f loor and recreat ion rooms are heated wi th  convect ion t ype  baseboard electr ic 
heat ing elements. First f loor  thermostats are  low vo l tage relay t y p e  with l ine 
vol tage control  i n  the recreat ion room. Two 2000 wat t  units with individual 
thermostats were used i n  t he  laundry rooms. 

are the observed values, they must 
be regarded as approsimate only 
since no accurate determinations 
have been made of the constants 
A. B and C. 

DISCUSSION 
These tests were planned as an 
adjunct to the larger project con- 
cerned \vith the integrated effect 
of temperature, wind conditions, 
rainfall, snowfall, solar radiation, 
eutraneous internal heat loads, and 
internal occrlpancy and habits upon 
the actual heating dem'lnds made 
upon heating systems. In planning 

the teht program, it was recognized 
that single variables could be ex- 
plored with high accuracy but that 
the expense of constructing multi- 
ple building~, each identical but 
operated 11nc1er a single variable, 
and, further, the. need for estensive 
field information, dictated the pro- 
gramming of a combination of var- 
iables despite the more approxi- 
mate results to be espected. In 
keeping with this intent of the pro- 
gram, no detailed or eutensive in- 
filtration test program could be 
invol\.ed. 

Therefore, only a limited num- 
ber of tests was conducted in 
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Table Ill Infiltration Test Data and Calculations 

Temp i Calcu- , Calcu- 
Difference Avg Wind Wind Test on Test on stair. Test Determination lated Test Determination ' lated 

rest Indoor to Velocity Direc- 1 First Total vk;i- door First Total Firs+ Total First 
No. House Outdoor mph tion I Hoor House lation Position Floor I House I Floor Floor I House I Hoor 

c Test Conditions 
Air  Changes per H r  Cor- 

Air Changes per H r  rected to I 0  mph and 40 F 
Diff 

14 NNW/ X 

order to determine the range of 
infiltration conditions which might 
be expected and to determine the 
significance of this factor in rela- 
tion to calculation of the entire 
heating load and analysis of the 
heating demand. Although it is 
possible to group the results ob- 
tained into a variety of categories 
and discuss the differences between 
the average infiltration coefficients 
so determined, such results would 
not be statistically significant. For 
this reason, discussion is limited 
to broad comparisons. 

From an inspection of the air 
changes per hr, approximately cor- 
rected to 10 mph wind velocity and 
40 F temperature difference, and 
under conditions of no ventilation, 
the infiltration air changes per hr 
ranged from a minimum of 0.1 to a 
mavimtim of 0.4, with but a single 
exception. This exception occurs 
in test S o .  20 made on House B 
and shows a corrected air change 
test value of 0.68. However, it 
should be noted that the actual 
temperature difference between the 
inside and outdoor air for this test 
\bras only 5 F, by far the lowest for 
,my test made. Since there are sev- 

8 i 9  1 0  

15 E 
19 ESE 
12 W 
15 N N W  
16 N N W  
12 N W  

eral possible reasons for this single 
discrepancy in the results, this 
value is disregarded in the discus- 
sions on the basis of its improba- 
bility. 

As shown in Table 111, a num- 
ber of tests was made with the 
basement stair doors open and with 
helium injected throughout the 
house, including the basement. 
Under these conditions, it might 
be expected that any stack effect 
tending to carry the helium in- 
jected into the basement up to the 
first floor area would be magnified. 
It would also be expected that in- 
filtration from the first floor would 
be greater than from the basement 
as a result of the greater window 
and door crackage of the first floor. 

However, in most cases, the 
rate of infiltration for the total 
house was not greatly different 
than that for the first floor alone. 
In any event, an insufficient num- 
ber of tests was made to provide 
any statistically accurate estimate 
of magnitude of this effect if it 
exists. Further, from a practical 
standpoint, it is seen that it is rela- 
tively tinimportant whether the 
corrected air changes varied as 

-?- 

None ' Open 
None Open 
None I Open 
None Open 
None Open 
None ! Closed 
None Closed 
None All doors 

closed 
Shower ; Open 
None Closed 

Clothes , Closed 
dryer 

Clothes Open  
dryer 
None Closed 

Shower Closed 
& range 1 

None Closed 
None Closed 
None Closed 
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much as 0.1 air change per hour. 
A similar investigation of the 

differences between House A and 
House B was equally indecisive, 
and although it is probable that 
slight differences in the tightness 
of the houses did exist, an insuffi- 
cient number of tests was avail- 
able to determine such differences. 
For example, all tests run on House 
A on the first floor only, with the 
stair doors closed and with no fan 
ventilation, showed only slight dif- 
ferences from similar tests run on 
House B. The  six tests run on 
House B showed an average air 
change per hr, corrected to stand- 
ard conditions of 0.97, while on 
House A, the three tests showed 
an average value of 0.91 and the 
probable error is greater than the 
differences. 

It is possible to make an ap- 
proximate check on these infiltra- 
tion determinations by assuming 
the window and door crackage 
coefficients as tabulated in the 
ASHRAE Guide And Data Book. 
To do so, however, involves an 
arbitrary selection of coe5cients 
from the values available and the 
assumption that they are still valid 
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0.38 

0.28 
0.61 
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