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Air Infiltration 
Through Weatherstripped and 
Non-Weatherstripped Windows 

INTRODUCTION 

Since the beginning of time, the motivating force of the human 
race has been the will to survive. Whether at war or at peace, 
survival is dependent upon food and shelter. Without these, the 
human race is helpless to combat the elements of nature. Food 
and shelter are of equal importance, irrespective of the indi
vidual's race, creed, position, or geographic location. No one can 
escape his dependency upon these two vital requirements. Due to 
the vagaries of the human mind, we take for granted the ordinary 
essentials surrounding us and forget their importance. 

With the advancement of science and its contributions in the 
fields of atomic energy, medicine, mechanical equipment, and 
similar developments, we are apt to overlook the work of those 
who are continually striving to advance the science of food and 
shelter. These latter advancements surround us in all walks of 
life and affect our daily living. They provide us with comfort 
and security, and constitute the basis of operation from which 
people can further the arts and sciences of the world. Needless 
to say, if food and· shelter were not readily available, the human 
race would be too preoccupied in acquiring these necessities to 
channel their energy into other fields of endeavor. 

This publication is primarily related to one phase of the essen
tial requirements-the subject of shelter. During the past two 
decades, technological studies have provided the information for 
a continuous trend of advancement in improving building struc
tures. As a result, there has been an increased use of building 
insulation with a resultant increase in summer and winter com
fort together with a decrease in fuel consumption. The properties 
of insulating materials have been thoroughly investigated by 
many individuals and organizations and have formed the basis for 
determining accurately the heat losses through different types of 
building structures. Considerable information is available on how 
to avoid condensation or moisture accumulation within insulated 
walls through the proper use of vapor barriers. The mechanics 
of heat transfer through walls, roofs, and similar components of a 
structure, together with the mechanics of vapor diffusion through 
the same parts, have been solved and are well understood. The 
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results of these studies have been publicized through technical 
publications, trade journals, popular magazines, and local news
papers. The architect, engineer, and contractor are fully cognizant 
of the necessary precautions required when using insulation. 

Another source of heat loss from a building and the one 
to which this publication is devoted is air infiltration through 
weatherstripped and non-weatherstripped windows and doors. 
With the universal use of insulation in homes constructed in 
colder climates, air infiltration through non-weatherstripped 
windows and doors may account for a substantial percentage of 
the heat loss from a building. 

Extensive studies on the subject of air infiltration through 
windows were initially carried out during the period from 1924 
to 1931. This work furnished the basic information which is being 
used today. Since that time, however, little work has been carried 
on and it is the purpose of this publication to supplement the 
earlier work with studies based upon improvements and changes 
in building construction which have occurred during the past 
twenty years.1 

ECONOMIC VALUE OF WEATHERSTRIPPED WINDOWS 

Due to the increasing importance of reducing fuel costs and 
the demand for homes with cleaner atmosphere and more com
fortable living conditions, the importance of reducing air infil
tration through buildings has become greater. With the almost 
universal use of insulation in homes constructed in colder cli
mates and improvements in different types of insulation which 
have resulted in lower heat loss through walls and ceilings, air 
infiltration through windows and doors may account for a sub
stantial part of the heat loss from a building. Air infiltration 
may account for approximately 37 per cent of the total heat loss 
from a typical five-room, well-insulated bungalow. The use of 
weatherstripping on windows may reduce the infiltration losses 
to 17 per cent of the total heat loss from a house, with a corre
sponding saving of approximately 24 per cent in the total fuel 
cost. The reductions will vary above or below the values pre
sented depending upon the fit of the window, the size of the 
structure, the number of windows, the type and quantity of in
sulation used, and the type and cost of fuel. 

Reduction of air infiltration is desirable not only during the 
heating season, but throughout the whole year. Where excessive 

1 Houghten, F. C. and Schrader, C. C., .. Air Leakage," ASHVE Transactions, 
Vol. 30, 1924. 

Schrader, C. C., "Air Leakage Around Window Openings." Ibid. 
Larson, G. L., Nelson, D. W., and Braatz, C., "Air Infiltration Through Various 

Types of Wooden Frame Construction." Ibid., Vol. 36, 1930. 
Larson, G. L., Nelson, D. W., and Kubasta, R. W., "Air Infiltration Through 

Double-hung Wood Windows." Ibid., Vol. 37, 1931. 
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air infiltration occurs, dust and other organic matter can enter 
the house and have a deleterious effect upon the interior furnish
ings of the home. It is difficult to evaluate the savings realized 
through a reduction of such infiltration; however, it is obvious 
that they are substantial since furnishings will last longer and 
require less frequent cleaning when they are not exposed to dust
laden air. An additional advantage, which is often overlooked, 
can be found in the psychological and physiological effects upon 
an individual when it is possible to eliminate uncomfortable drafts 
where air infiltration has been excessive. These factors are also 
difficult to evaluate in terms of actual savings. 

To illustrate the value of weatherstripping, an analysis 
has been made for twelve different cities throughout the United 
States. The locations were selected to cover the range of climatic 
conditions for the heating season. As the degree day is a com
monly accepted criterion for estimating the heating costs, this 
analysis covers a range of degree days from a minimum of 4,353 
for Portland, Oregon, to 9,871 for Grand Forks, North Dakota. 

The fuel savings are based upon an average five-room bun
galow located in Minneapolis, Minnesota. This bungalow was 
selected from a study of temperature and humidity conditions 
within ten typical houses in Minneapolis during the winter of 
1950-51, which was sponsored by the Housing and Home Finance 
Agency, Washington, D.C. 

The general specifications for this house are as follows: 

1. Floor area ........................................................................................................................................ 998 sq ft 
2. Cubical contents of living quarters ................................................................... 8,230 cu ft 
3. Cubical contents of basement ................................................................................... 6,986 cu ft 
4. Number of windows-living quarters ............. ............................... 12 
5. Number of entrance doors.............. ....................... 2 
6. Gross window area ...... ................................................. ..................................................... 221 sq ft 
7. Gross door area .......................................................... .............. ....... 37 sq ft 
8. Total length of window and door crack 342 ft 
9. Insulation: 

a. Wall-thick in all walls 
b. 4 inches in ceiling 

10. Windows: 
a. Average fitted, unlocked with storm sash 
b. Rib-type metal weatherstripping 

The total heat loss of this structure under different conditions 
and based upon design conditions of 70° F inside, -20° F outside, 
and 15 miles per hour wind velocity is as follows: 

1. Insulated Structure 
With non-weatherstripped windows ............................................. 46,900 Btu per hr 
With weatherstripped windows ......................................................... 35,680 Btu per hr 

2. N oninsulated Structure 
With non-weatherstripped windows . 
With weatherstripped windows 

...... 78,400 Btu per hr 
.. .......... 67,180 Btu per hr 
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The fuel costs are based upon the average of those prevailing 
at the present time in Minneapolis, Minnesota, and will vary for 
other locations. Table I shows the values used in determining the 
cost per million Btu output for different types of fuel. 

Table I. Fuel Data 

Type of Fuel Coal Oil Gas 

Cost oooo•···oo··················oo···oo····oo······················oo•oo•oooo•oo·· $20.00 per ton $0.14 per gal $0.75* 
Heating value .................................................. 12,000 Btu per lb 144,000 Btu per gal 1000 Btu per cu ft 
Furnace efficiencyf OOoo•oo·ooooooooo·oooooo•oooooooo. 65 per cent 70 per cent 80 per cent 
Cost per million Btu output oooooooo·oo .. $1.280 $1.390 $0.938 

* Per 1000 cu ft of gas. 
t ASHVE Guide, 1952, p. 424. 

The actual savings which can be expected from weather
stripping the windows of a five-room, well-insulated bungalow 
are summarized in Table II for different areas throughout the 
northern part of the United States. The actual savings vary from 
approximately $16 to $38 for a heating season, depending upon 
the location. The average saving on the total fuel costs realized 
from weatherstripping windows is approximately 24 per cent. 
These savings will vary for a particular location, depending upon 
the fuel cost, type of heating, extent of insulation, etc. 

The fuel costs and savings in Table II are based upon the use 
of coal. For other fuels, the values in Table II may be multiplied 
by 1.086 to obtain the cost of oil and by 0.733 to obtain the cost 
of gas. 

Table II. Summary of Fuel Savings Due to Weatherstripping of Windows for an 
Insulated House (based upon coal heat} 

Fuel Cost Due to Infiltration Total Fuel Cost 
Degree ------------ --------

Location Days Non-weather Weather- Non-weather Weather-
stripped stripped Savings stripped stripped 

Portland, Oregon ..... •·oo•••ooooooo 4,353 $25.68 $ 9.02 $16.66 $ 69.62 $ 52.96 
Washington, D. C. 00000000 OOoooOOOOOO 4,561 26.91 9.45 17.46 72.95 55.49 
Seattle, Washington ..... 00000000 4.815 28.41 9.98 18.43 77.01 58.58 
New York, New York 000000000000 5,280 31.15 10.95 20.20 84.44 64.24 
Columbus, Ohio oooooooooo•oooooooo ...... oo 5,506 32.49 11.41 21.08 88.07 66.99 
Omaha, Nebraska oooooooooooo ..... oo .. 6,095 35.96 12.63 23.33 97.49 74.16 
Chicago, Illinois OOOOOOOOOOOOOOOOOOoooooo 6,282 37.06 13.02 24.04 100.47 76.43 
Detroit, Michigan 000000000000000000 ...... 6,560 38.70 13.60 25.10 104.92 79.82 
Rochester, New York .......... 00 6,772 39.95 14.04 25.91 108.30 82.39 
Helena, Montana •oooo.·oooooo ...... oo.... 7,930 46.79 16.44 30.35 126.83 96.48 
Minneapolis, Minnesota .... oo 7,966 47.00 16.51 30.49 127.41 96.92 
Grand Forks, North Dakota 9,871 58.24 20.46 37.78 157.88 120.10 

TERMINOLOGY 

During the last twenty years, there has been little or no change 
in the terminology covering the subject of air infiltration through 
windows. The terminology presently in use was established by 
the American Society of Heating and Ventilating Engineers, 
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based upon studies made in the early thirties. Since that time, 
however, there have been a number of changes or modifications 
made in the window industry which require some modifications 
of terms to conform to present-day practices. The majority of 
window manufacturers assume that the installation of windows 
will include the use of weatherstrips. Therefore, the tolerances 
allowed in the manufacture of windows have resulted in the 
change in classification of the different fits of windows. Several 
terms, such as crack and clearance, used in defining the fit of a 
window have also been changed to simplify and express more 
clearly their exact meaning. Following the opinions and recom
mendations of the National Woodwork Manufacturers Associa
tion, Inc., the American Wood Window Institute, Inc., and the 
Weatherstrip Research Institute, the following classifications of 
window fit and definitions have been adopted and are used 
throughout this publication: 
Nomenclature and Definition-These pertain to wood windows (Figure 1) 
as established by the U. S. Department of Commerce, Commercial Stand
ard C163-49 (December 15, 1949). 

Check rail-A meeting rail sufficiently thicker than the window to 
fill the opening between the top and bottom sash made by the check 
strip or parting strip in the frame. They are usually beveled or 
rabbeted. 
Meeting rails-The rails of a window that meet when the window is 
hung and closed. In a double-hung window this is the bottom rail of 
the upper sash and the top rail of the lower sash. 
Plain rails-The meeting rails of the same thickness as the balance 
of the window~ Usually no provisions have been made for interlock
ing or overlapping the rails at this point to reduce the leakage, and 
it is merely the meeting of the adjoining faces of the lower rail of 
the upper sash and the upper rail of the lower sash. 
Rails-The cross or horizontal pieces of framework of the sash. 
Sash-A sash is a single assembly of stiles and rails into a frame for 
holding glass with or without dividing bars to fill a given opening. 
It may be either opened or glazed. 
S:tiles-The upright or vertical or outside pieces of sash or screen. 
Window-A window consists of two or more single sash to fill a given 
opening. It may be either opened or glazed. 
Window frame-The stationary frame surrounding the window sash. 
Window sash-The frame containing the glass. 

Edge Clearance-The clearance between the ~dges of the sash and the 
corresponding parallel surfaces of the sash runway, as shown in Figure 2. 
It is equal to one-half the difference between the inside window frame 
dimension and the outside sash width. This is classified as crack by the 
ASHVE Guide, 1952. 

Face Clearance-The clearance between the inner and outer faces of the 
sash and the corresponding parallel surfaces of the stops or parting strips, 
as shown in Figure 2. This new definition is equivalent to one-half the 
difference between the width of the window frame guide and the sash 
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MEETING RAIL SILL 

AIR INFILTRATION 

SASH 
RUNWAY 

Figure 1. Typical Double-Hung Wood Window Showing 
Component Parts 

~--------------------------A--------------------------~ 
~-------------------------8 --------------------------~ 

E • EDGE CLEARANCE 

F = FACE CLEARANCE 

A; 8 (FORMERLY TERMED CRACK) 

c;D (FORMERLY TERMED t CLEARANCE) 

Figure 2. Window Fit 
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thickness. The total difference between the window frame guide and the 
sash thickness is classified as clearance by the ASHVE Guide, 1952. 

Well fitted Window-A window having 1/16-inch edge clearance and 
1/32-inch face clearance. 

Average fitted Window-A window having 3/32-inch edge clearance and 
3/64-inch face clearance. This conforms to a poorly fitted window having 
3/32-inch crack and 3/32-inch clearance as specified by the ASHVE Guide, 
1952. 

Poorly fitted Window-A window having 1/8-inch edge clearance and 
1/16-inch face clearance. 

PAR-INFILTRATION AND ITS APPLICATION 

The leakage of air through windows of an average five-room 
insulated home may approach 37 per cent of the total heat loss 
from the structure. This loss will vary according to the type and 
fit of the windows and whether or not they are weatherstripped. 
As previously discussed, this loss may be reduced to 17 per cent 
of the total heat loss by the use of weatherstrips. 

The displacement of heated air in buildings by unheated out
side air may be due to two causes, namely: (1) the pressure ex
erted by the wind, and (2) the difference in density between the 
outside and inside air because of differences in temperature. The 
former is generally referred to as infiltration and the latter as 
stack or chimney effect. This particular investigation is primarily 
concerned with the infiltration or exfiltration of air through win
dows under different conditions. A review of the terms as used 
in this publication is as follows: 

Infiltration-The leakage of air through a window from the outside 
to the inside of a structure. 
Exfiltrafion-The leakage of air through a window from the inside 
to the outside of a structure. 
Filtration-The leakage of air through a window in either direction. 

The leakage of air through a window is dependent upon a com
bination of many factors which make it difficult to accurately 
determine the exact quantity of air filtration. Some of these fac
tors are the variables resulting from the construction of a window, 
such as edge and face clearance and whether or not the window 
is weatherstripped. Other factors are variables which occur fol
lowing installation, such as shrinkage of a window and whether 
or not the window is locked. 

The rate of air infiltration through windows is also dependent 
upon the wind velocity. The impact pressure of the wind causes 
a pressure drop across the windows; and as a result, air infiltrates 
through the windows on the windward side and exfiltrates through 
the windows on the leeward side of the building. If the resistance 
to air movement offered by the windows is the same on the lee-
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ward side as on the windward side, a build-up of pressure occurs 
within the building. In many cases the wind causes a negative 
pressure on the leeward side of a building resulting in a total 
pressure drop across the building of almost twice that on the 
windward side. 

The relation between the impact pressure in inches of water 
and the wind velocity in miles per hour is as follows: 

v = 1096.5 ~ ~ 
where v =velocity in feet per minute 

p =impact pressure in inches of water 
w =density of air in pounds per cubic foot 

For standard air having a density of .075 pound per cubic foot, the above 
equation becomes v = 4005 V p. When converting this equation from feet 
per minute to miles per hour, the relationship between impact pressure 
and wind velocity is as follows: 

v = 45.5 vi) P = .ooo4s1 V2 

where V = miles per hour 
p =impact pressure in inches of water 

The calculated impact pressures for different wind velocities are 
shown in Table III. 

Table III. Calculated Impact Pressures Correspondinq to Various Wind Velocities 

v 
Miles per Hour 

2.5 ............................. .. 
5.0 

10.0 
15.0 
20.0 
25.0 
30.0 

p 
Inches of Water 

0.003 
0.012 
0.048 
0.108 
0.192 
0.301 
0.434 

v 
Miles per Hour 

35.0 
40.0 
45.0 
50.0 
55.0 
60.0 

p 
Inches of Water 

0.590 
0.770 
0.975 
1.20 
1.45 
1.73 

Due to the many factors influencing the infiltration of air 
through windows, the presentation of the results will require a 
large number of charts, graphs, or tables where many different 
types of tests are involved. The analysis of results involves the 
relationship of the many variables affecting the infiltration rate 
over a range of wind velocities. Where only a few windows are 
involved covering a single factor, the presentation of results in 
the form of tables and graphs is comparatively simple. 

For the purpose of simplifying the presentation of results, a 
study was made to obtain a method which would appear accept
able. As a result of this study, the method recommended by 
Coleman and Heald2 appeared to be the most satisfactory. Refer
ence to this publication will provide the details of their investiga-

2 Coleman, E. F. and Heald, R. H. "Air Infiltration Through Windows," Building 
Materials and Structures Report BMS 45. National Bureau of Standards, U. S. Depart
ment of Commerce. 1940. 
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tion. In brief, this method provides a base or reference point for 
comparison of window performance in reducing air infiltration. 

The method adopted simply compares the rates of air infiltra
tion for all windows at a pressure drop through the window of 
0.2 inch of water (20.4 miles per hour equivalent wind velocity). 
The quantity of air in cubic feet per hour per foot of crack which 
infiltrates through a window with a pressure drop of 0.2 inch of 
water across the window is called the window's reference air 
in filtration. 

The Weatherstrip Research Institute has adopted the term 
par-infiltration as a substitute for reference air infiltration for 
the purpose of establishing an equality in value or common value 
for the evaluation and comparison of results. Such common refer
ence point has long been desired. It eliminates the confusion of 
expressing infiltration values at the many different wind ve
locities. Expressing infiltration values for windows at par-infiltra
tion furnishes direct and clearly understood comparisons. The 
selection of 0.2 inch of water pressure drop as a point for com
parison is justified by the fact that this point approximates normal 
design conditions. A review of the winter climatic conditions for 
different parts of the United States3 shows that the average wind 
velocities for the months of December, January, and February 
do not exceed 16 miles per hour. 

Although comparisons of results are made at par-infiltration, 
the rate of air infiltration through a window at any other pres
sure drop up to 0.6 inch of water (35.2 miles per hour wind ve
locity) may be determined with reasonable accuracy by referral 
to a single chart or table. 

To determine the infiltration through a window at any other 
wind velocity and knowing the par-infiltration value, it is neces
sary to establish another term, infiltration ratio. This term is de
fined as the quantity of air in cubic feet per hour per foot of crack 
infiltrating through a window at any given pressure drop divided 
by the quantity of air infiltrating through the same window at 
the reference pressure of 0.2 inch of water. In other words, the 
infiltration ratio is the quantity of air infiltrating through a win
dow at a given pressure drop divided by the par-infiltration for 
that window. As an example, assume the following conditions: 

A poorly fitted, non-weatherstripped window has an air infiltration 
rate of 300 cubic feet per hour per foot of crack at a pressure drop of 
0.6 inch of water across the window and a par-infiltration rate of 160 
cubic feet per hour per foot of crack. The infiltration ratio for this par
ticular window would then be 300 divided by 160 or 1.88. Next, assuming 
that a well fitted, non-weatherstripped window has an infiltration rate of 
122 cubic feet per hour per foot of crack at a pressure drop of 0.6 inch 
of water across the window and a par-infiltration rate of 65 cubie feet 

3 ASHVE Guide, Chapter XI, Table I, pp. 235-39. 1952. 
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per hour per foot of crack. the infiltration ratio for this window is 122 
divided by 65 or again 1.88. It is important to note here that for both 
windows the infiltration ratio at 0.6 inch of water pressure drop is equal 
to 1.88. This is the basic relationship upon which this method is recom
mended. 

Tests by Coleman and Heald show that, within a range of 
pressure drops of 0.0 to 0.6 inch of water across a window, the 
infiltration ratio for any given pressure drop is for all practical 
purposes independent of the type of window tested, providing 
that the infiltration ratio is based upon a pressure drop of 0.2 inch 
of water. To substantiate these findings, the following data is 
presented from the report by Coleman and Heald4 to show the 
variation in infiltration ratio for various types of windows. These 
data show the types of windows which were tested, together with 
the per cent variation of the individual infiltration ratio from 
the group average as follows: 

Type of Window 
Double-hung, wood (fixed sash) 
Light steel casement ........................... . 
Light double-hung steel ... . 
Wood casement of special design ..... 
Medium weight, double-hung steel ............ . 
Double-hung, wood (free sash) ..... . 
Heavy section, steel casement . 

PerCent Variation 
4.1 
4.1 
4.4 
2.7 
4.3 
3.7 

10.8 

With the exception of the heavy section steel casement win
dows, the variations for the individual windows are within 5 
per cent of the group average. Coleman and Heald state that 
this variation is considered to be within the limits of error usually 
accepted in design computation to estimate the infiltration for 
windows of the types tested at any pressure within the range of 
0.0 to 0.6 inch of water.5 

As shown in Figure 3, the average infiltration ratios for the 
weatherstripped and non-weatherstripped windows tested for this 
investigation show a close comparison with the over-all average 
curve obtained by Coleman and Heald. This substantiates the con
clusion that the infiltration ratio, as discussed, is a basic charac
teristic of air infiltration through windows and is practically 
independent of the test methods as well as variations in types of 
windows. The error in calculation for individual windows due 
to variations from the average infiltration ratio curve will vary 
both with the type of window and with the pressure drop used 
in the calculation. At pressure drops below 0.2 inch of water, the 
maximum error for the type of windows included in this investi
gation will be less than one per cent when using the infiltration 
ratio curves, whereas at pressure drops above 0.2 inch of water 

4 Coleman and Heald, op. cit. 
5 Loc. cit., Note 1. 
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there is a slight increase in error with an increase in pressure 
drop. Accurate determination of window sash clearances is diffi
cult, and even with accurate control and measurement of the 
clearance it is difficult to obtain exact agreements for infiltration 
rates for duplicate windows. Thus, any error introduced through 
the use of the infiltration ratio curves is considerably less than 
that which may result from variables in the windows themselves. 

Two facts in connection with this method of presenting results 
are again emphasized: 

1. The par-infiltration value, which is the rate of air infiltration ln 
cubic feet per hour per foot of crack at 0.2 inch of water pressure 
drop across the window, is used as a basis of comparing the re
sults of tests on different windows. The use of this method sim
plifies the presentation of results by eliminating the pressure drop 
or wind velocity as a variable. 

2. The infiltration ratio curves are used to determine the rate of air 
infiltration for a window at any pressure drop other than 0.2 of 
an inch of water by multiplying the par-infiltration for the window 
by the infiltration ratio at the pressure desired. 
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A curve and table of infiltration ratio plotted against equiva
lent wind velocity are given in Table IV and Figure 14 in the 
section "Summary of Results" with additional explanation and 
examples for its use. 

RESEARCH PROGRAM 

During the last three years, the Engineering Experiment Sta
tion, University of Minnesota, has been carrying on an extensive 
research program in cooperation with the Weatherstrip Research 
Institute, which has provided the financial assistance to make 
these studies possible. This work consisted of investigating the 
various factors affecting the air infiltration through windows. 
The results of these studies have provided valuable information 
which heretofore was unavailable. 

A summary of the factors which were included in these studies 
is as follows: 

1. The effect of edge and face clearance or window fit 
2. The effect of groove clearance on weatherstripping 
3. The effect of weatherstripping 
4. The effect of locking windows 
5. A comparison of infiltration and exfiltration through windows 
6. The effect of sash shrinkage 
7. The effect of one-piece storm windows. 

In order to simplify the method of presenting the results be
cause of the many variable factors involved and to obtain a direct 
comparison between various types of windows, the term par
infiltration is recommended as a common basis of comparison for 
all windows. 

This term is identical to the term reference infiltration which 
was recommended by Coleman and Heald in their report6 as a 
result of an extensive program covering air infiltration through 
windows. They found that the use of the infiltration ratio method 
of presenting results reduced the number of curves and graphs 
necessary. In comparing the infiltration rates for different win
dows, 'the pressure drop or wind velocity as a variable may be 
eliminated and it is possible to use a single value rather than 
a group of values as a criterion of air infiltration for various 
windows. 

In addition, a change in classification of window fit has been 
recommended. These revisions were based upon the opinions and 
recommendations of the American Wood Institute, Inc., the 
National Woodwork Manufacturers Association, and the Weather
strip Research Institute. All studies were conducted on 24-inch 
by 24-inch, two-light, double-hung, wood sash windows. Where 

6 Coleman, E. F. and Heald, R, H. "Air Infiltration Through Windows," Building 
Materials and Structures, Report BMS 45. National Bureau of Standards, U. S. Depart
ment of Commerce. 1940. 
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UPPER SASH LOWER SASH 

Figure 4. Rib Type Metal Weatherstrip 

weatherstrips were incorporated into the window, the rib type 
metal weatherstrip, as shown in Figure 4, was used as recom
mended by the Weatherstrip Research Institute as representing 
the type considered to be the general standard for the industry. 
Specifications for the installation of rib type zinc weatherstrips 
as used in these studies are given in the Appendix. 

TEST APPARATUS 

Although the test apparatus required for the determination 
of air leakage only through windows and the effect of various 
factors upon the air leakage rate need not be as complicated as 
that which will be shown, both temperature and humidity con
trol systems were incorporated for possible future investigation 
on the subject of water vapor migration through windows. There
fore, a complete system was designed and developed for control
ling both the temperature and humidity on the inside and to pro
vide low temperatures on the outside of the window. Moreover, 
provisions were made for measuring the quantity of moisture or 
vapor which may be transmitted from the warm side to the cold 
side, as well as the rate of air leakage. Since this system is unique 
in its design, a complete description of the test apparatus will be 
presented, although only part of the system was used for obtain
ing the results in this investigation. 

Essentially, the system consists of a warm air pressure cham
ber, a cold air chamber, a blower and duct arrangement for re-
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circulating the air from the cold air chamber into the warm air 
pressure chamber, refrigerating and air conditioning equipment, 
and the necessary measuring devices. A plan view, sectional ele
vation, and photographic view of the exterior of the equipment 
are shown in Figures 5, 6, and 7, respectively. 

A brief description of the operation of the equipment for win
dow air infiltration tests is as follows: The centrifugal fan draws 
air from the cold air chamber through the return air duct and 
discharges it into the warm air chamber. The air flow is regu
lated to maintain the desired pressure drop across the window 
which is mounted in the common wall between the cold air cham
ber and the warm air pressure chamber. The terms warm air and 
cold air are used merely to permit differentiation and to identify 
the nomenclature used in Figures 5 and 6. For air infiltration tests, 
the air temperatures are the same on both sides of the window. 
The pressure drop across the window causes the air to flow through 
the cracks of the window at a rate dependent upon the fit and 
other characteristics of the particular window. The rate of air 
infiltration is determined with measuring devices located in the 
approach duct which connects the centrifugal fan and the pres
sure chamber. Since the pressure chamber is airtight except for 
the test window, the rate of air supplied through the orifice to 
the pressure chamber to maintain the desired pressure drop is 
the rate of air infiltration through the window. In future tests 

GLASS OBSERVATION 
PANELS 

RETURN AIR DUCT 

LOW TEMPERATURE 
CHAMBER 

Figure 5. Sectional Plan of Test Apparatus 

DOOR 
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Figure 7. Exterior View of Test Apparatus 

where it is necessary to determine the vapor flow as well as the 
air infiltration, the temperature and humidity in the warm air 
pressure chamber are automatically controlled as is the air tem
perature in the cold air chamber. This is accomplished through 
means of refrigeration and air conditioning equipment. Equip
ment has also been designed to measure the amount of moisture 
supplied to the air to maintain the required humidity within the 
warm air pressure chamber. 

A complete description of each of the major components of 
the test apparatus is given in the following discussion. 

Warm Air Pressure Chamber 

The warm air pressure chamber is an airtight compartment 
having inside dimensions of 7 feet high by 7 feet wide and 4 feet 
deep. In the common wall between the warm air pressure cham
ber and the cold air chamber is a stepped opening which accom
modates the window under test. The opposite wall contains a 
door for access into the chamber. The test window and access 
door are clamped against a special type of 3f.!-inch thick sponge 
rubber gasket to provide an air seal. Air enters the chamber 
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Figure 8. Interior View of Warm Air Pressure Chamber 
Showing Window and Controls 
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through an orifice located in one of the walls adjoining the wall 
containing the window. The pressure chamber and access door 
can be seen to the right rear of the control panel in Figure 7. 
The test window opening with a test window clamped in posi
tion is shown in Figure 8. The interior of the chamber is lined 
with 24-gage galvanized shee~ iron with the seams between the 
sheets soldered and pa!nted to insure against any air leakage. Fir 
plywood forms the backing for the galvanized sheets and also is 
used for the exterior of this chamber. The walls, ceiling, and floor 
contain 4 inches of insulation to facilitate the control of the air 
temperature irrespective of changes in exterior air temperatures. 

Cold Air Chamber 

An exterior view of the cold air chamber showing the service 
door is presented in Figure 9. As shown in Figures 5 and 6, a 
common wall containing the test window separates the warm 
air pressure chamber from the cold air chamber. The inside di
mensions of the cold air chamber are approximately 7 feet by 10 
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Figure 9. Exterior Yiew of Cold Air Chamber 

feet by 10 feet high. The walls, ceiling, and floor of this chamber 
are insulated with 8 inches of mineral wool. The interior and ex
terior of the walls are covered with fir plywood which is painted 
with enamel. 

Duct and Blower Arrangement 

Air is drawn from the cold air chamber through the return 
air duct by a centrifugal fan and is discharged through the ap
proach duct into the warm air pressure chamber. Thus the system 
is totally enclosed and the air moving through the chamber is 
completely recirculated. 

The return air duct connecting the cold air chamber with the 
fan inlet in Figure 7 has a 12-inch by 13-inch high rectangular 
cross section and is constructed of 24-gage galvanized sheet iron. 
The duct is sealed against transfer of air or water vapor to or 
from the surrounding atmosphere. It is also insulated with 1112 
inches of rigid insulation followed by an exterior covering of 
l/4-inch plywood. 
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The air is recirculated by a one-horsepower centrifugal blower 
operating at a speed of 3250 rpm. The fan has a free delivery 
capacity of 600 cfm and is capable of delivering 300 cfm against 
a pressure of one inch of water. The amount of air supplied to 
the pressure chamber and the pressure drop across the window 
is controlled by an adjustable valve at the inlet to the fan and 
by an adjustable relief valve which controls the amount of air 
which may be by~passed from the fan discharge to the fan inlet. 
The fan inlet valve and pressure relief tube and valve are shown 
in Figures 6 and 7. 

The approach duct carries the air from the fan to the pressure 
chamber and is designed to reduce to a minimum the turbulence 
of air approaching the orifice in the wall of the pressure chamber. 
This is necessary to insure accurate measurement of air flow 
through the thin plate orifice. The reduction of air turbulence is 
accomplished in the duct by the following methods: 

1. Vertical dispersion vanes located in the transition section of the 
duct leading from the blower 

2. Straightening vanes in the form of an "egg crate" straightener at 
the entrance of the uniform duct cross section 

3. Long duct approach (60 inches) from the blower outlet to the 
orifice 

The approach duct is 141f4 inches square and is constructed of 
24-gage galvanized iron sheets. All seams are soldered and painted 
to form an air and vapor-tight chamber from the fan to the 
terminus of the duct at the orifice plate holder. The orifice plate 
holder is a ring, machined from 1/4-inch brass plate, and has in
side and outside diameters of 81f2 and 11%, inches, respectively. 
A %-inch by %-inch recess on one side of this holder receives 
a 1/16-inch neoprene gasket against which is clamped the orifice 
plate. The duct exterior is insulated with %-inch rigid insulation 
and is covered with 114-inch plywood. 

Refrigerating Equipment 

The refrigerating equipment for the cold air chamber includes 
a 7%-ton Freon-22 compressor with a rated capacity of 33,000 Btu 
per hour at a suction temperature of -20° F. The refrigerating 
coil includes a lfs-horsepower propeller-type fan. The capacity 
of the refrigerating coil is 18,700 Btu per hour at a suction tem
perature of -20° F for a 10° F temperature differential between 
the room and the evaporator coil. The unit cooler is suspended 
from the ceiling of the cold air chambe.r. 

The cold air from the unit cooler is discharged into a plenum 
chamber which extends across the top of the entire frorit half of 
the cold air chamber as shown in Figure 6. The dimensions of 
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the plenum chamber are 6 feet, 5 inches by 5 feet, 10 inches long 
by 2 feet, 8 inches deep. The bottom of the plenum chamber is 
constructed of 14-gage perforated aluminum with 14 holes per 
square inch. The holes are 0.094 inch in diameter on 17/64 inch 
by 45° center. This method of air diffusion provides a uniform 
temperature throughout the chamber at relatively low air ve
locities. The temperature in this chamber can be controlled be
tween the limits of -20° and +50° F. 

Warm Air Conditioning Equipment 

The equipment for controlling the temperature and humidity 
conditions in the warm air chamber consists of electric heaters 
and humidifiers. The return air from the cold room is conditioned 
to the desired temperature and humidity in two steps. This air 
is preconditioned by a preheater and prehumidifier located in the 
return air duct. The air then enters the warm air pressure cham
ber at a temperature and humidity slightly less than that re
quired for the test conditions. The final test conditions are ob
tained by automatically controlling a heater and humidifier 
placed in a circulating stack which is located within the pres
sure chamber. 

The preheater is an electric heater with the maximum input 
of 3,000 watts at 220 volts. The prehumidifier is an electric boiler 
which will evaporate a maximum of 2 pounds of water per hour 
at 220 volts. Figure 10 is a view of the return duct with the access 
panel removed showing the preheater at the right. The accumu
lator which prevents the blow-off of liquid water droplets into 
the duct air stream and which forms the discharge for the pre
humidifier may be seen through the observation panel at the left. 
The large bottle in the foreground is a water reservoir for the 
prehumidifier. The preheater and prehumidifier are manually 
controlled by variable voltage transformers which can be seen 
at the upper right and upper left on the control panel in Fig
ure 11. The temperature and humidity to which the air in the 
return duct is preconditioned varies, depending upon the rate of 
air flow through the duct. 

The circulating stack within the pressure chamber consists of 
a 15-inch-wide by 5-inch-deep galvanized metal vertical duct. A 
9-inch diameter inlet is located at the bottom and a 12-inch by 15-
inch outlet at the top of the duct. An 8-inch diameter propeller
type fan having a free air delivery of 450 emf is located at the inlet. 
An electric heater and humidifier are located within the stack as 
shown in Figure 6. The heater has a capacity of 500 watts at 110 
volts, and the humidifier will evaporate a maximum of 0.6 pounds 
of water per hour. These units are controlled automatically 
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Figure 10. Interior View of Return Air Duct with Access Panel Removed 

Figure 11. Control Panel 
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through a temperature and humidity controller which may be 
adjusted from outside the pressure chamber. Electrically synchro
nized Selsyn motors provide the necessary outside adjustment of 
the controllers. The temperature and humidity controls and the 
Selsyn motors are shown in Figure 8 with the adjusting controls 
in the center of the panel shown in Figure 11. This method of 
control eliminates the necessity of entering the pressure chamber 
during the progress of a test for the purpose of adjusting the 
temperature or humidity. The air conditions within this chamber 
may be controlled between 70° and 120° F and 20 per cent to 80 
per cent relative humidity. 

Instrumentation 

Recording the data for the air infiltration tests required the 
measurement of air temperature and humidity, barometric pres
sure, pressure drop through different components of the equip
ment, and the pressure drop through the thin plate orifice. All 
temperatures were obtained by use of copper constantan thermo
couples connected to a direct reading Leeds and Northrup po
tentiometer. The relative humidity was measured by an electric 
hygrometer manufactured by the American Instrument Company. 
Ellison draft gages of different ranges were used for determining 
the pressure drop across the window and the thin plate orifice. 

Air flow measurements were obtained by the use of thin plate 
orifices. Four plates were carefully made of 15 gage (B & S) brass 
having square edged openings of 13/32, 5/s, 15/s, and 25/s inches in 
diameter. All plates were interchangeable. The law of air flow 
through orifices has been established by Durley7 and others and 
is given by the following equation: 

Q = 1096.5 CA~! 
where Q =quantity of air, cubic feet per minute 

A = area of orifice in square feet 
p =pressure head in inches of water causing flow through the 

orifice 
w = weight of air in pounds per cubic foot 
C = coefficient of discharge 

The coefficient of discharge is 0.6 for these orifices over the low 
pressure range used in the tests. 

The pressure drop through the orifice, which is the difference 
in pressure between the duct and warm air chamber, was meas
ured by an inclined draft gage having an accuracy of 0.003 inch 
of water. 

While the accuracy of the orifice method of measuring air flow 
is generally accepted, further check of its acGuracy at low ranges 

7 ASME Transactions, Vol. 27. 1906. 



THROUGH WINDOWS 23 

of air flow were made. These checks were made against a standard 
apparatus consisting of the Gasometer Meter Prover. Additional 
check tests were also made with a calibrated dry gas meter. 

The test of any particular window was made by regulating 
the blower pressure so as to give the desired pressure drop 
through the window as indicated by the differential pressure 
gage. The size of orifice plate selected for a given test was such 
as to maintain a pressure range of 0.3 to 2.0 inches of water. All 
velocities and volumes of air are presented for air density of 
0.075 pound per cubic foot. 

Preliminary Tests 

Calibration tests were conducted on the apparatus to deter
mine the amount of any extraneous air leakage and to check the 
performance of the equipment prior to the initiation of the prin
cipal test program. The specific purposes of these tests were as 
follows: 

1. To determine the quantity of any miscellaneous air leakages from 
the pressure chamber 

2. To determine whether any significant frame leakage was occurring 
in the joints in the auxiliary window framing 

3. To determine the consistency of test results which could be ex
pected in duplicate tests of the same window. This would establish 
the number of tests necessary to obtain a representative average. 

Pressure chamber leakage-A sheet-metal-covered blank was 
placed in the opening which normally would be occupied by the 
window under test. This blank was clamped against the window 
frame sealing gasket in the same manner as for a window frame. 
The pressure chamber service door was also clamped against a 
rubber sealing gasket, using a torque wrench for drawing up the 
clamps so that a uniform pressure was obtained over the periph
ery of the sealing gasket. The pressure chamber was placed under 
a pressure of one inch of water. Under these conditions, the leak
age was less than that which could be detected by the instru
ments which was 0.15 cubic foot per minute. 

Frame leakage-In order to facilitate the mounting of the 
windows to be tested in the pressure chamber and to insure an 
airtight window frame, it was necessary to box in each of the 
window frames. This auxiliary frame also provided plane sur
faces for sealing against the frame opening of the test chamber. 
Details of the construction of the secondary box frame are shown 
in Figure 12. The auxiliary frame was also painted and then 
coated with paraffin to insure that a positive seal was obtained 
at all joints. Any sash weight openings or counterbalance open
ings were also sealed prior to testing. A series of tests were con
ducted to determine whether or not any extraneous leakage was 
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occurring, and it was found that this method of preparing the 
frames resulted in a positive seal. 

Variation in duplicate test runs-For the purpose of determin
ing the variation in infiltration rates which could be expected be
tween independent test runs on the same window and under the 
same conditions, six tests were made on a single window. A non
weatherstripped, locked window without storm sash was used 
for these tests. Prior to the start of each test, the top and bottom 
sash were raised and lowered and relocked to incorporate any 
variables from this procedure. After completing the first three 
of the six tests, the window was removed from its mounting in 
the wall of the pressure chamber and was then reinstalled for 
the remaining three tests. This procedure was followed to allow 
all possible factors contributing to variations in test results to 
exert their influence. The results of the tests are shown graphi
cally in Figure 13, and indicate that the variation between indi
vidual tests is relatively small. On this basis, it was decided that 
three tests of each window under each set of conditions were suffi
cient for the main part of the program. 

SUMMARY OF RESULTS 

The evaluation of results for each of the different factors af
fecting the air infiltration rate through windows is presented 
separately. The analysis, with a few exceptions, will be based 
upon ·par-infiltration. The exceptions include the rate of air in-
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filtrations through unlocked weatherstripped and non-weather
stripped windows. For these conditions the air infiltration rates 
for wind velocities of 0 to 45.5 miles per hour are presented in 
detail in the form of tables and graphs to further clarify the re
sults. The par-infiltration values may be converted to infiltration 
rates at other pressure drops or wind velocities by the use of the 
infiltration ratio curve as shown in Figure 14 and infiltration 
ratios given in Table IV. 

Table IV. Infiltration Ratios for Different Wind Velocities 

Equivalent 
Wind Velocity, 
Miles per Hour 

5 
10 ............ . 
15 
20 ...... 
20.4* 
25 
30 ................... .. 
35 ................................ .. 

Pressure Drop 
Across Window 
Inches of Water 

.012 

.048 

.109 

.193 

.200 

.302 

.435 

.592 

* Reference pressure used for par-infiltration. 

Infiltration 
Ratio 

.10 

.33 

.64 

.98 
1.00 
1.33 
1.68 
2.04 

By definition, the term par-infiltration is the rate of air in
filtration in cubic feet per hour per foot of crack at a pressure 
drop through the window of 0.20 inch or an equivalent wind 
velocity of 20.4 miles per hour. If the rate of air infiltration is 
desired for other wind velocities, the infiltration ratios for dif
ferent pressure drops across the window in terms of equivalent 
wind velocities are shown in Figure 14 and Table IV. These ratios 
have been established by tests and are the average for the 
weatherstripped and non-weatherstripped windows. The infiltra
tion ratio for either weatherstripped or non-weatherstripped 
windows is approximately identical for pressures below 0.20 
inch or an equivalent wind velocity of 20.4 miles per hour. Above 
these pressures there is a slight difference between the two types 
of windows; however, the error introduced by using a single, aver
age curve as compared with two separate curves representing 
each type of window is less than that which is contributable to 
the variations resulting from actual installation. 

If the infiltration rate for an average fitted weatherstripped 
window is desired for a 15-mile wind velocity, the par-infiltration 
rate of 16.7, from Table VIII, is multiplied by the infiltration rate 
of 0.64 from Figure 14 or Table IV. The infiltration rate for this 
vyindow at 15 miles per hour wind velocity is then equal to 10.7 
cubic feet per hour per foot of crack. Similarly, the infiltration 
rate at other wind velocities and for different types of fitted non
weatherstripped or weatherstripped windows may be determined 
from Tables IV, V, and VIII and Figure 14. 
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Effec:l: of Edge and Face Clearances or Window Fi:l: upon 
Air Infil:tra:l:ion · 

To determine the effect of window fit, which includes edge 
and face clearances, a duplicate set of windows was tested for 
each class of window fit. These classes consist of the following: 

1. Well Fitted-1/16-inch edge clearance and 1/32-inch face clearance 
2. Average Fif:ted-3/32-inch edge clearance and 3/64-inch face clear

ance 
3. Poorly Fi:l:ted-1/8-inch edge clearance and 1/16-inch face clear-

ance. 

Precautions were taken to fit each of the windows with the speci
fied edge and face clearances. The difficulty of holding close toler
ances between the wooden members of the window sash and the 
frame is apparent, and consequently the exact specified clearances 
are difficult to maintain. Other factors such as meeting rail and 
sash warping may also reflect themselves in the test results. The 
edge and face clearances for each of the windows were measured 
at 25 points around the perimeter of the sash prior to test. Al
though the face and edge clearances for the windows at any par-
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ticular point may vary slightly from the specified values, the 
average face and edge .clearances are close. to the specified fit. 

All windows were tested in an unlocked position with no storm 
sash. Three individual tests were conducted on each of the win
dows. A summary of these results showing the average par
infiltration rate in cubic feet per hour per foot of crack is given 
in Table V. Additional results are also presented in Table VI 
for a range of pressure drops from 0.1 to 1.0 inch of water or 
equivalent wind velocities of 14.4 to 45.5 miles per hour. 

Table V. Par-infiltration for Non-weatherstripped Windows (Unlocked-no storm sash) 

Type of Fit 

Well .................... . 
Average 
Poorly 

Par-infiltration,* 
cfh/ft of Crack 

.............................................. ............................ 61 
. ................................................. ·············································· 104 

............................... 163 

*At a pressure of 0.20 inch of water (20.4 mph wind velocity). 
t Based upon average fitted windows. 

Ratiot 

0.59 
1.00 
1.57 

Table VI. Air Infiltration for Non-weatherstripped Windows at Different Wind Velocities 
(Unlocked-no storm sash) 

Type of Fit 
Wind Velocity, Pressure Drop, Infiltration, 

· Miles per Hour Inches of Water cfh/ft of Crack 

Well 14.4 0.1 37 
20.4 0.2 61 * 
28.8 0.4 93 
35.2 0.6 ll7 
45.5 1.0 ISO 

Average 14.4 0.1 66 
20.4 0.2 104* 
28.8 0.4 158 
35.2 0.6 197 
45.5 1.0 253 

Poo;rly 14.4 0.1 ll4 
20.4 0.2 163* 
28.8 0.4 221 
35.2 0.6 263 
45.5 1.0 326 

* Denotes par-infiltration. 

A graphical comparison of the effect of window fit on air in
filtration through windows is shown in Figure 15. These results 
illustrate the importance of window fit in controlling infiltration 
through non-weatherstripped windows. ,

1 

The comparison of the air leakage ratio for par-infiltration, 
pased upon the average fitted window, is shown in Table V for 
the well fitted and poorly fitted window. The well fitted window 
has approximately half the air leakage of the average fitted' win
dow, whereas the air leakage through a poorly fitted window as 
compared with the average fitted window is more than 50 per 
cent greater. When similar ratios are calculated for pressures 
9ther than 0.2 (20.4 miles per hour equivalent wind velocity), 
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Figure 15. Infiltration for Non-weatherstripped Windows 

the relationship between the average fitted and well fitted and 
poorly fitted windows remains approximately the same. The use 
of par-infiltration values for the evaluation of the effect of window 
fit simplifies the comparison of their relative air infiltration rates. 

Effect of Weatherstrip Groove Clearance 

Prior to studying the effect of weatherstrips on reducing the 
air leakage through a window, it was necessary to investigate the 
effect of groove clearance. The principal purpose of these studies 
was to determine the optimum groove clearance for rib type 
metal weatherstrips as shown in Figure 16. Upon the recom
mendation of the Weatherstrip Research Institute, the rib type 
metal weatherstrip was selected as a standard for these studies, 
as this type of weatherstrip is most commonly used in the in
dustry. Referring to Figure 16, a section of the weatherstrip is 
shown on the left with the installation of the weatherstrip on the 
right. Groove clearance is defined as the difference between the 
thickness of the metal rib strip and the width of the groove cut 
into the sash. 

The selection of an optimum groove clearance is dependent 
upon the following two factors: (1) the rate of air infiltration 
through the window, (2) the ease with which the window sash 
may be raised or lowered. An increase in groove clearance will 
increase the rate of air infiltration and the ease of raising or 
lowering the sash. If the groove clearance were decreased, the 
opposite would be true. The optimum groove clearance should 
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Figure 16. Preparation of Window for Effect of Weatherstrip Groove 
Clearance on Infiltration 

provide a minimum rate of air infiltration with a reasonable 
ease of sash movement. The investigation included four different 
groove clearances: 0.015, 0.025, 0.035, and 0.05 inch. 

To accurately evaluate the effect of groove clearance, special 
precautions were necessary in this particular study to assure 
centering of the rib strip in the sash groove. Shims were soldered 
to the weatherstrip rib to hold it in the center of the groove as 
shown in Figure 16. The shims were %-inch wide and the thick
ness was equal to one half of the groove clearance being tested, 
so the rib was held in the exact center of the groove. Shims of 
1/16 inch were soldered to the nailing flange of the weatherstrips 
to insure at least 1/16-inch edge clearance around the entire sash. 
A 1/16-inch by 3;4-inch recess was planed around all sides or faces 
of the sash to provide at least 1/16-inch face clearance at all 
points. Thus, no air restriction was provided at any place other 
than between the groove in the sash and the metal rib strip. 

To select the optimum groove clearance, it was necessary to 
determine the average force required to raise and lower the 
bottom sash for each groove clearance. These tests were con
ducted on the windows before they were shimmed or planed in 
any manner. The method found to produce the most consistent 
results was to have an operator stand on a platform scale and 
raise and lower the window with an observer recording the re
quired force. The sash was raised and lowered five times for each 
groove clearance. The terms start and close used in Figure 19 
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refer to the %-inch travel of the window during which the meet
ing rails are together and the bottom weatherstrip is entering or 
leaving the groove in the sash. 

A summary of results on the effect of groove clearance on air 
infiltration is shown in Figures 17 and 18. Figure 17 gives the 
relationship between the air infiltration and equivalent wind 
velocity for the different groove clearances for windows tested 
in both the locked and unlocked positions. Figure 18 shows the 
infiltration rate plotted against groove clearances at five different 
pressure drops through the window. This is included to show the 
straight-line relationship existing between the groove clearance 
and the rate of air infiltration at a given pressure drop. The force 
required to raise and lower the bottom sash for different groove 
clearances is shown in Figure 19. 

The optimum groove clearance is determined by the minimum 
clearance which will permit reasonable ease of sash movement. 
With a groove clearance of 0.015 inch, a force of 38% pounds is 
required to start the bottom sash and a force of 58% pounds is 
required to close it. Although this force is not completely un
reasonable, it would at least be too great for a large percentage 
of people and the window would be practically immovable in 
case of slight warpage of the sash. When the groove clearance is 
increased to 0.025 inch, the force required to start and close the 
sash is reduced to 18 and 31.5 pounds, respectively, or a decrease 
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of approximately 50 per cent from the groove clearance of 0.015 
inch. This force represents a relative ease of sash movement and 
makes allowances for possible sash warpage. Further increases 
in groove clearances above 0.025 inch resulted in only small de
creases in the force required for sash movement, and do not com
pensate for the greater increase in the infiltration rate. On the 
basis of these tests, a groove clearance of 0.025 was selected as 
the optimum. 

The effect of groove clearances on the rate of air infiltration 
in terms of par-infiltration is shown in Table VII. As previously 
discussed, these results are based upon the air infiltration through 
the controlled grooved clearances of the rib type weatherstrips 
only. It does not include the effect of window fit which, as shown 
in Tables VIII and IX, assists in reducing the par-infiltration. 
Therefore, the results in Table VII may be expected to be greater 
than when the effect of window fit is also included. 

Table VII. EHect of Groove Clearance on the Rate of Air Infiltration 

Groove Clearance, Inches 
Par-infiltration,* 
cfh/ft of Crack 

0.025 (optimum) ......................................................... .................................................... 47 

0.035 ···················································································································· ...................... 73 

0.050 ············································································································································· 98 

* At a pressure of 0.20 inch of water (20.4 mph wind velocity). 

Ratio 

1.00 

1.55 

2.08 

The third column shows the ratio of the par-infiltration rates for 
different groove clearances as compared with the optimum of 
0.025 inch. When the groove clearance is increased to 0.035 inch, 
the par-infiltration rate is increased approximately 50 per cent. 
When the groove clearance is increased to 0.050, the par-infiltra
tion rate is approximately doubled. This indicates the importance 
of maintaining the proper groove clearance to obtain the maxi
mum reduction in air leakage. 

Effect of Weatherstripping on Air Infiltration 

A duplicate set of windows for each class of window fit-well, 
average, and poorly fitted-was tested with weatherstrips ap
plied. All windows were weatherstripped with the standard metal 
rib type strip, as previously described, with the optimum groove 
clearance of 0.025 inch. Three different tests were conducted on 
each window. The windows were tested in an unlocked position 
with no storm sash. 

The par-infiltration rates for weatherstripped windows are 
given in Table VIII. 



34 AIR INFILTRATION 

Table VIII. Par-infiltration for Weatherstripped Windows (Unlocked-no storm sash) 

Type of Fit 
Par-infiltration,* 
cfh/ft of Crack 

Well .......................................................................................................................................... 14-2 

Average .............................................................................................................................. 16-7 

Poorly ....................................... ........................................................................................... 23.8 

* At a pressure of 0.20 inch of water (20.4 mph wind velocity). 
t Based upon average fitted window. 

Ratiot 

.85 

1.00 

1.43 

The ratio of the par-infiltration values for the well fitted window 
and the poorly fitted window as compared with the par-infiltra
tion value for the average fitted window is shown in the last 
column of Table VIII. The air infiltration rates for weather
stripped windows over a wind velocity range from 0 to 45.5 miles 
per hour are given in Table IX and Figure 20. 

Table IX. Air Infiltration for Weatherstripped Wi'ndows at Different Wind Velocities 
(Unlocked-no storm sash) 

Type of Fit 

Well .............................................................................. . 

Wind Velocity, 
Miles per Hour 

14.4 
20.4 
28.8 
35.2 
45.5 

Average ............................................................................................. 14.4 
20.4 
28.8 
35.2 
45.5 

Poorly ................................................................................................... 14.4 

* Denotes par-infiltration. 

20.4 
28.8 
35.2 
45.5 

Pressure Drop, 
Inches of Water 

0.1 
0.2 
0.4 
0.6 
1.0 
0.1 
0.2 
0.4 
0.6 
1.0 
0.1 
0.2 
0.4 
0.6 
1.0 

Infiltration, 
cfh/ft of Crack 

8.0 
14.2* 
24.8 
33.8 
48.7 

9.4 
16.7* 
28.8 
38.8 
56.1 
14.3 
23.8* 
38.9 
51.6 
73.8 

The reduction in the rate of air infiltration through windows 
due to the installation of weatherstrips is shown in Table X, 
which compares the par-infiltration rates for weatherstripped and 
non-weatherstripped windows. The weatherstrip effectiveness 

Table X. Reduction in Air Infiltration Through Windows Due to Weatherstripping 
(Unlocked-no storm sash) 

Par-infiltration,* cfh/ft of Crack 
Type of Fit 

W eatherstripped N on-weatherstripped 

Well ............................................................................................. 14.2 
Average ................................................................................. 16.7 
Poorly ....................................................................................... 23.8 

61 
104 
163 

* At a pressure of 0.20 inch of water (20.4 mph wind velocity). 
t Ratio of non-weatherstripped to weatherstripped par-infiltration. 

Weatherstrip 
Effecti venesst 

4.30 
6.24 
6.85 

... 

"' 
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Figure 20. Infiltration for Weatherstripped Windows 

given in the last column of this table gives the ratio of the par
infiltration rate through a non-weatherstripped window as com
pared with the par-infiltration rate through a weatherstripped 
window. 

The weatherstrip effectiveness ratio becomes smaller as the 
edge and face clearances of the window are decreased. This is also 
apparent from the results given in Tables V and VIII. Whereas 
the window fit has a large effect upon the rate of air infiltration 
through a non-weatherstripped window, as shown by the par
infiltration rates in Table V, the fit has very little effect upon air 
infiltration through a window after it has been weatherstripped. 
Referring to both Tables V and VIII, it will be noted that the 
difference in ratios for different classes of fit based upon the 
average fitted window is approximately the same for both 
we a therstripped and non-weatherstripped windows. However, 
the absolute difference in cubic feet per hour per foot of crack 
is small for the different fitted, weatherstripped windows as com
pared with the different fitted, non-weatherstripped windows. 
The weatherstrip effectiveness, as shown in Table X, decreases 
as the tightness of window fit increases. 

The average weatherstrip effectiveness for all types of fitted 
windows is approximately 5.8. In other words, the rate of air in
filtration through a non-weatherstripped window is approxi
mately 5.8 or six times that of a weatherstripped window. For a 
general basis of comparison and considering that there are some 
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variable factors which will have some effect upon the infiltration, 
the value of 6.00 for weatherstrip effectiveness may be used for 
all practical purposes. 

Effect of Locking Windows on Air Infiltration 

The general practice recommended in calculating the heat 
losses due to air infiltration through windows is to use the air 
infiltration values for unlocked windows. The reason is that 
windows may be left in an unlocked position which increases the 
heat loss and consequently the heating system will be designed 
with ample capacity to take care of these uncertain conditions. 

Locking a window tightens the sash against the head and sill 
and holds the meeting rails firmly together. Since the crack at 
these three points constitutes approximately 40 per cent of the 
total crack, locking the window may serve to hold 40 per cent of 
the total crack at a constant value for any window fit. In a locked 
condition differences in window fit affect only 60 per cent of the 
total crack and do not cause as great a difference in air infiltra
tion as they do for an unlocked window. 

To determine the effect of locking non-weatherstripped and 
weatherstripped windows of different fits, a series of studies were 
conducted to evaluate the reduction in air infiltration due to 
locking windows. The results of this investigation are summarized 
in Table XI, which shows the par-infiltration rates for locked and 
unlocked, weatherstripped and non-weatherstripped windows. 
These results show that the effect of locking non-weatherstripped 
windows is considerably greater than for a weatherstripped win
dow. The amount of reduction in air infiltration due to locking 
a window is dependent upon the type of fit, with the poorly fitted, 
non-weatherstripped window showing the greatest reduction. 

Table XI. Effect of Locking Windows on the Par-infiltration Rate 

Par-infiltration,* cfh/ft of Crack 

Type of Fit Non-weatherstripped Weatherstripped 

Unlocked Locked Difference Unlocked Locked Difference 

Well 61 
Average ..................... 104 
Poorly . ............ . .............................. 163 

53 
90 
97 

8 
14 
66 

14.2 
16.7 
23.8 

*At a pressure of 0.20 inch of water (20.4 mph wind velocity). 

13.5 
16.2 
23.1 

0.7 
0.5 
0.7 

Locking non-weatherstripped windows reduces the par-infiltra
tion rate 8, 14, and 66 cubic feet per hour per foot of crack for 
well, average, and poorly fitted windows, respectively. For 
weatherstripped windows this reduction is only an average of 
0.6 cubic feet per hour per foot of crack for all three types of 
window fit. Thus, for all practical purposes locking a weather-
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stripped window has no effect on the par-infiltration rate provid
ing the window is firmly closed. This is due to the fact that 
weatherstrips provide a uniform seal irrespective of whether or 
not the window is locked. However, for non-weatherstripped 
windows, especially for those which are poorly fitted, it is im
portant that the windows are locked to reduce the rate of air 
infiltration. 

Comparison of Infiltration with Exfiltration 

Air infiltration is the leakage of air from the outside to the 
inside of a structure, whereas air exfiltration is the leakage of 
air from within the structure to the outside. During infiltration, 
the air pressure wedges the window against the sloping sill and 
decreases the sill crack, while during exfiltration the window is 
forced away from the sill, increasing the opening at this point. 
To establish the difference between air infiltration and exfiltra
tion, a study was made of windows with and without weather
strips in locked and unlocked positions. The results of these tests 
have been summarized in Table XII, which gives the par-infiltra
tion rates for different conditions. As will be noted, the difference 
between infiltration and exfiltration is negligible for locked or un
locked, weatherstripped windows. When the window is weather
stripped, pressure from either side of the window will force the 
sash groove against the weatherstrip rib and therefore there will 
be little difference between infiltration and exfiltration. For non
weatherstripped windows, exfiltration is considerably higher than 
infiltration with a greater difference occurring for unlocked win
dows than for locked windows. This may be explained by the 
fact that locking the window holds the sash in a more rigid posi
tion and thereby allows less movement and consequently less 
variation in the sill crack. 

Table XII. Comparison of Infiltration and Exfiltration Throuqh Windows 

Par-infiltration,* cfh/ft of Crack 

Type of Fit N on-weatherstripped Weatherstripped 

Infiltration Exfiltration Difference Infiltration Exfiltration Difference 

Unlocked Windows 
Well ......................................................... 61 78 17 14.2 14.7 0.5 
Average ............................................. 104 110 6 16.7 16.9 0.2 
Poorly ................................................... 163 196 36 23.8 24.4 0.6 

Locked Windows 
Well ......................................................... 53 59 6 13.5 13.8 0.3 
Average ............................................. 90 89 16.2 16.4 0.2 
Poorly ................................................... 97 108 11 23.1 23.7 0.6 

*At a pressure of 0.20 inch of water (20.4 mph wind velocity). 
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Effect of Packing Strips When Weatherstripping Poorly Fitted 
Windows 

In a non-weatherstripped window, the side play of the sash in 
the window frame runway varies depending upon the type of fit 
and is governed by the edge clearance. For well fitted and aver
age fitted windows the installation of weatherstrips serves to re
duce the side play to a reasonable amount. However, because of 
the large opening or edge clearance for poorly fitted windows, 
the weatherstrips alone are not able to provide the additional 
adequate thickness to reduce the edge clearance to a minimum. 
In general practice this is overcome by the installation of pack
ing strips under the weatherstrip in the window frame runway. 

To determine the effectiveness of the packing strips in reduc
ing air infiltration through a poorly fitted, weatherstripped win
dow, tests were conducted on a weatherstripped window with 
and without packing strips. A summary of the par-infiltration 
rates for these tests is shown in Table XIII. 

Table XIII. Effect of Packing Strips on Infiltration Through Poorly Fitted 
Weatherstripped Windows 

Par-infiltration Rate,* cfh/ft of Crack 

Locked 

Without packing strips ................................................................................................... 23.9 
With packing strips ........................................................................................................... 20.2 
Per cent reduction in par-infiltration rate due to packing 

strips ........ ........................................................ 15.5 

*At a pressure of 0.20 inch of water (20.4 mph wind velocity). 

Unlocked 

33.5 
20.9 

37.6 

The application of packing strips reduced the par-infiltration 
rate 37.6 per cent for unlocked windows and 15.5 per cent for 
locked windows. These results indicate the importance of using 
packing strips underneath the weatherstrip in order to reduce 
the air infiltration through a poorly fitted window. Another ad
vantage in the use of packing strips is that it reduces the possi
bility of jamming the sash in the frame runway during sash 
movements. 

Effect of Shrinkage on Air Infiltration 

Wood has as one of its physical characteristics the property of 
absorbing or losing moisture as the temperature and relative hu
midity change in an attempt to reach a balance with the moisture 
content of the atmosphere. Wood swells as it absorbs moisture 
and shrinks as it loses moisture. Although windows are generally 
protected by a coat of wood sealer or by different types of paint, 
these protective coatings do not eliminate entirely the absorption 
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or loss of moisture of the wood, but merely retard it to a degree 
dependent upon the kinds of protective coating used and the 
number of coats applied. 

To evaluate the effect of window sash shrinkage on air in
filtration, infiltration rates were determined for a set of windows 
stored under different atmospheric conditions. The original tests 
were conducted under atmospheric conditions of 80° F, and 50 
per cent relative humidity. Prior to these tests and exposure to 
these atmospheric conditions, the windows were given a coat of 
weod sealer. Following these tests, the windows were exposed 
for a period of approximately six months to atmospheric condi
tions averaging 70° F and 15 per cent relative humidity. The edge 
and face clearances for the different window fits were measured 
before the original tests and conformed to the specifications for 
well, average, and poorly fitted windows. Following the six 
months of exposure to the lower humidity conditions, measure
ments of edge and face clearances were again ta~en at 25 different 
points around the perimeter of the window sash. The increase in 
edge clearance due to shrinkage was measured as 0.018 inch for 
two of the windows and 0.024 inch for the third window. The in
crease in face clearance was less than 0.001 for all windows. 

The Wood Handbook, prepared by the Forest Products Labo
ratory, Madison, Wisconsin, provides information on the moisture 
content of woods for different temperatures and humidity con
ditions, and the dimensional change of wood at various moisture 
contents. From this information, the shrinkage of wood occurring 
between the initial and final conditions of tests was calculated 
to be 1.3 per cent. This value represents an average value and 
the shrinkage of individual pieces may vary somewhat from this 
average. Shrinkage of the wood sash has relatively little effect 
on the face clearance, since the shrinkage occurring in the sash 
stile is counteracted by an approximately equal amount of shrink
age for the window frame runway. However, the shrinkage for 
the edge clearance was found to be considerably higher. The cal
culated increase in the edge and face clearances agrees very 
closely with the actual measurement. The effect of this shrinkage 
upon air infiltration rates is shown in Table XIV for different 
fitted windows with and without weatherstrips, for both the 
locked and unlocked conditions. For non-weatherstripped win
dows the increase in par-infiltration rates due to shrinkage aver
ages approximately 19 cubic feet per hour for the unlocked 
windows and 14 cubic feet per hour for the locked windows. 
For the weatherstripped windows, the average increase is only 
1.6 cubic feet per hour for either the locked or unlocked windows. 
Thus, shrinkage of windows has little effect on the par-infiltration 
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rates for weatherstripped windows as compared with the non
weatherstripped windows. 

Table XIV. Effect of Window Shrinkage on the Par-infiltration 

Par-infiltration,* cfh/ft of Crack 

N on-weatherstripped Weathers tripped 
Type of Fit 

Before After Before After 
shrinkage shrinkage Increase shrinkage shrinkage Increase 

Unlocked Windows 
Well ............................................................ 65 82 17 14.5 17.3 2.8 
Average ················································ 108 128 20 18.9 20.0 1.1 
Poorly ...................................................... 171 190 19 26.8 28.2 1.4 

Locked Windows 
Well ............................................................ 52 75 23 13.9 16.8 2.9 
Average ················································ 106 112 6 18.0 19.3 1.3 
Poorly ...................................................... 120 134 14 25.5 27.3 1.8 

* At a pressure of 0.20 inch of water (20.4 mph wind velocity). 

Effect of Storm Sash on Air Infiltration 

The effect of storm sash on air infiltration through windows 
with and without weatherstrips has been evaluated for regular 
one-piece storm sash. The windows for these tests were those 
which had been exposed to the shrinkage tests so that there is 
some variation in the par-infiltration rates as they do not strictly 
conform to the actual dimensions specified for edge and face 
clearances on well, average, and poorly fitted windows. As these 
tests were made primarily for the purpose of determining the 
effect of storm sash, this difference has no significant bearing on 
the results. Each of the weatherstripped and non-weatherstripped 
windows was tested with the following types of storm sash: 

1. Well fitted storm sash with 1/16-inch edge clearance and 1/32-inch 
face clearance. The face clearance is the difference between the 
jamb and the storm sash. 

2. Poorly fitted storm sash with 3/32-inch edge clearance and 3/64-
inch face clearance. 

The storm sash was planed to provide the required edge clear
ances, with the clearances at the sill being maintained with shims 
placed under each corner of the storm sash. The edge clearances 
along the top and side were maintained by special fasteners to 
hold the storm sash in place. The face clearance was maintained 
by the use of four shims placed between the storm sash and the 
window frame stop. 

The effect of storm sash on the air infiltration rate through 
windows with and without weatherstrips and in an unlocked 
position is shown in Table XV. The greatest reduction in the 
par-infiltration rate was obtained for the non-weatherstripped, 
poorly fitted window with the well fitted storm sash. As the tight
ness of the window fit is increased, the air infiltration rate de-



THROUGH WINDOWS 41 

creases, and as a result the addition of storm sash causes less 
reduction in the rate of infiltration through the window. The air 
infiltration rate for weatherstripped windows is only slightly 
affected by the addition of either poorly fitted or well fitted storm 
sash. 

Table XV. Effect of Storm Sash on Par-infiltration Through Unlocked Windows With 
and Without Weatherstrips 

Type of Window Fit 

Well ............................................................... 
Average ................................................... 
Poorly .......................................................... 

Par-infiltration,* dh/ft of Crack 

Non-weatherstripped
Storm sash fit 

None Well Poorly 

82 55 62 
128 89 101 
190 103 142 

None 

17.3 
20.0 
28.2 

Weatherstripped
Storm sash fit 

Well Poorly 

17.2 17.3 
19.7 20.0 
26.0 26.4 

* At a pressure of 0.20 inch of water (20.4 mph wind velocity). 

CONCLUSION 

This program had as its primary purpose the investigation of 
the various factors affecting air leakage through window sash 
only. The window sash includes the two vertical stiles or side 
rails and the three horizontal rails, consisting of the top and 
bottom rails and the center check rails. A single type of metal 
weatherstrip was used as the basis for all tests, as recommended 
by the Weatherstrip Research Institute. This consisted of the rib 
type metal weatherstrip except at the meeting or check rail where 
the interlocking type of weatherstrip was used. 

To eliminate as n1any variables as possible which would affect 
air leakage through other sections of the window frame, it was 
necessary to guard against elsewhere leakage through the frames. 
Therefore, throughout the program, the air infiltration rates, ex
cept as specifically noted, are based only upon the air infiltration 
through the edge and face clearances and the meeting rail of 
the window. If the elsewhere leakages had not been eliminated, 
the evaluation of the effect of the different factors upon the air 
leakage through the window sash only would not have been 
possible. Thus, all results are based upon par-infiltration and in
clude only the actual leakage or infiltration through the window 
sash. 

The total air infiltration through the different fitted unlocked, 
weatherstripped and non-weatherstripped windows based upon 
the air infiltration rates from this investigation is summarized 
in Table XVI for different wind velocities. The total infiltration 
values are the actual test values for air infiltration from this in
vestigation and the air leakage around the wood frame construe-
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Table XVI. Infiltration Throuqh Unlocked Windows Expressed in Cubic Feet per Hour 
per Foot of Crack* 

Type of Infiltration 
5 

Around frame in masonry wall-not calkedt 3 
Around frame in masonry wall-calkedt .......................... . 
Around frame in wood frame constructiont ........................ 2 
Around window sash only:; 

Well fitted, non-weatherstripped ....................................... 6 
Average fitted, non-weatherstripped ............................ 14 
Poorly fitted, non-weatherstripped ................................. 30 
Well fitted, weatherstripped . .. .......................................... I 
Average fitted, weatherstripped ....................................... 2 
Poorly fitted, weatherstripped ................................................ 3 

Total for wood window in wood frame construction:§ 
Well fitted, non-weatherstripped ....................................... 8 
Average fitted, non-weatherstripped ........................... 16 
Poorly fitted, non-weatherstripped .................................... 32 
Well fitted, weatherstripped .................................................. 3 
Average fitted, weatherstripped ....................................... 4 
Poorly fitted, weatherstripped ................................................ 5 

Wind Velocity, Miles per Hour 

10 

8 
2 
6 

20 
40 
73 

4 
5 
8 

26 
46 
79 
10 
11 
14 

15 

14 
3 

11 

40 
71 

120 
9 

10 
15 

51 
82 

131 
20 
21 
26 

20 

20 
4 

17 

59 
101 
160 
14 
17 
23 

76 
118 
177 
31 
34 
40 

25 

27 
5 

23 

79 
134 
197 
20 
24 
32 

102 
157 
220 

43 
47 
55 

30 

35 
6 

30 

98 
166 
230 

27 
31 
41 

128 
196 
260 

57 
61 
71 

* Based upon University of Minnesota sash leakage tests and ASHVE Guide frame 
leakage. 

t ASHVE Guide, 1952, p. 216. 
:t: Air infiltration through the window crack only (University of Minnesota tests). 
§ Total air infiltration through the window crack and elsewhere leakage for wood 

frame construction. 

Table XVII. Comparison of ASHVE and University of Minnesota Infiltration Values for 
Double-hunq Wood Windows. All Windows Unlocked (Expressed in 

Cubic Feet per Hour per Foot of Crack) 

Wind Velocity, Miles per Hour 
Type of Infiltration 

5 10 15 20 25 30 

University of Minnesota Values 
Non-weatherstripped windows 

Well { 1/16-~nch edge clearance } ........... 
1/32-mch face clearance 

26 51 76 102 128 

Average { 3/32-inch edge clearance l 
3/64-inch face clearance J ............................ 16 46 82 118 157 196 

Poorly { 1/8-inch edge clearance } 
1/16-inch face clearance 

32 79 131 177 220 260 

Weatherstripped windows 
Well ...................................... ................................................................................ 3 10 20 31 43 57 
Average ·························· ................................................................................ 4 11 21 34 47 61 
Poorly ································ ................................................................................ 5 14 26 40 55 71 

ASHVE Guide, 1952, Values 
Non-weatherstripped windows 

Average { ~j~~:~~~he:: ~~~:~:~: } ........................... 7 21 39 54 80 104 

Poorly* { ~j~!~~~~~ ;:;ee c~~e;~O:c:e } ............................... 27 69 Ill 154 199 249 

Weatherstripped windows 
Average ............................................... 4 13 24 36 49 63 
Poorly* .............................................................. . .................................. 6 19 34 51 71 92 

* Poorly fitted windows designated by ASHVE are equivalent to average fitted windows 
designated by University of Minnesota tests. 
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tion obtained from the ASHVE Guide, 1952, for different wind 
velocities. 

A comparison of the total air infiltration through windows 
between these studies and those presented in the ASHVE Guide, 
1952, is shown in Table XVII for different window fits with and 
without weatherstrips. The window classified as average fit in 
this program is identical in fit to the poorly fitted window as 
classified by the ASHVE Guide, 1952. Thus a direct comparison 
of results may be obtained for different conditions and wind ve
locities by comparison of results of the tests on these windows. 
In general, the results of these studies show less total air infiltra
tion for both the non-weatherstripped and weatherstripped win
dows than the values given in the ASHVE Guide. For the same 
actual fit and at 15 miles per hour wind velocity, the values are 
23.5 per cent and 26 per cent less for weatherstripped and non
weatherstripped windows, respectively, for these studies as com
pared with the ASHVE data. 

The results of this program provided the following additional 
information: 

1. The use of par-infiltration provides a clear and simplified method 
for the comparison of the variable factors affecting the air in
filtration through windows. 

2. tor non-weatherstripped windows. the air infiltration through 
well fitted windows is approximately one-half the air infiltration 
through average fitted windows. whereas the air leakage through 
a poorly fitted window is 50 per cent greater than through an aver
age fitted window. 

3. The optimum groove clearance which will permit reasonable ease 
of sash movement was found to be 0.025 inch and therefore was 
selected as the recommended groove clearance for rib type metal 
weatherstrips. 

4. The installation of rib type metal weathers:trips on windows re
duces the difference in air infiltration for the different fitted win
dows. The air infiltration through non-weatherstripped windows 
is approximately six :times that of the air infiltration through 
weatherstripped windows. 

5. Locking of non-weatherstripped windows had a considerable ef
fect in reducing air infiltration; however. for wea:therstripped 
windows :this difference is very small. 

6. The difference between air infiltration and exfiltration is negligible 
for weatherstripped windows. whether locked or unlocked. How
ever. for non-weatherstripped windows the exfiltra:tion is consid
erably higher :than :the infiltration with a greater difference oc
curring for :the unlocked :than for the locked windows. 

7. Packing strips should be installed in back of wea:therstrips when 
weatherstripping poorly fitted windows. For well or average fitted 
windows. :the use of packing strips is unnecessary. 

8. The shrinkage of a window has very little effect on :the infiltra
tion rates for wea:thers:tripped windows as compared with non
weathers:tripped windows. 
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9. The air infiltration rate for weatherstripped windows is only 
slightly reduced by the addition of either poorly filled or well 
filled storm sash. However, for the non-weatherstripped windows. 
there is a considerable effect, with the greatest effect being ob
tained from the installation of a well filled storm sash on a poorly 
filled window. 

-I 



Appendix 

The weatherstripped windows studied in this program consisted of 
rib type zinc weatherstrips installed according to the following specifica
tions. 

The side jamb strips are made of .018 inch zinc to cover width of 
runway plus kerfing allowance. Upper jamb members are to be kerfed 
1/16 inch into blind stop, and lower jamb members are to be kerfed 1/16 
inch into parting stops. The base of rib shall be thinner than top of 
rib, and jamb strips shall be rolled to provide uniform thickness at the 
top of rib. The sealing of the jamb members to the frame lies in the 
kerfing of the respective strips, and nailing shall be required only to 
keep strips in place. Lower jamb strips shall project under inside stops 
and nailing shall be concealed by stops. 

Zinc head and sill strips shall be not less than %-inch wide with 
burred nailing flanges to hug the wood between nails. Nails shall be 
staggered on either side of rib and not less than 3% inches apart for 
head strip and 2 inches apart for sill strip, the closer spacing of nails for 
sill strip is to provide greater support at sill. Head and sill strips shall 
be rolled to provide uniform rib thickness, with the widest part at base 
of rib and slightly thicker than rib thickness of jamb members, to pro
vide a tight fit of head and sill members when sash is closed. Head strip 
should be rolled with rib at right angles to nailing flange, and sill strip 
should be rolled with rib at a 76° angle to suit normal sill pitch of 14°. 

Meeting rails shall be equipped with interlocking zinc strips of hook 
and flat design with a hook of .028 inch zinc and a flat of .018 inch zinc 
doubled to provide .036 inch thickness, or with comparable strips of 
interlocking J design, with members rolled to fit snugly with approxi
mately %-inch interlocking contact. Meeting rail members shall be ex
pertly applied to sash to interlock without binding or opening of hook 
to permit engagement. Nail spacing for each member shall be approxi
mately 1% inches. 

The sash shall be grooved in depth slightly in excess of height of 
ribs on three sides. The width of groove shall be equal to thickness of rib 
strips furnished for job plus .025 inch. If the edge clearance exceeds 3/32 
inch (3/16 inch over-all difference between sash and frame width), apply 
packing strips under jamb weatherstrip to reduce edge clearance so as 
not to exceed 3/32 inch. 

Jamb strips shall be neatly coped over head and sill strips at corners 
with meeting rails fitted level. Closure or dust pads shall be installed at 
each end of meeting rail. Inside stops shall be set with face clearance of 
at least 1/32 inch from face of sash to avoid rubbing action. 
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The Engineering Experiment Station of the University of Minnesota was established 
by an act of the Board of Regents on December 13, 1921. 

The purpose of the Station is to advance research and graduate study in the Institute 
of Technology, to conduct scientific and industrial investigations, and to cooperate with 
governmental bodies, technical societies, associations, industries, or public utilities in the 
solution of technical problems. The results of scientific investigations will be published in 
the form of bulletins and technical papers. Information which is of general interest and 
yet not the result of original research may be distributed in the form of circulars. 

For a complete list of publications or other information concerning the work of the 
Station, address the Director of the Engineering Experiment Station. 

Bulletins Available 
12. Thermal Conductivity of Building Materials, by F. B. Rowley and A. B. Algren. 

x + 134 pages, 109 illustrations. 1937. $1.50. (Purchased through University 
Press.) 

14. Square Sections of Reinforced Concrete under Thrust and Nonsymmetrical 
Bending, by Paul Andersen. vi + 42 pages, 8 figures, 23 diagrams. 1939. 

15. Laboratory Studies of Asphalt Cements, by F. C. Lang and T. W. Thomas. x + 
96 pages, 43 illustrations. 1939. 

16. Factors Affecting the Performance and Rating of Air Filters, by F. B. Rowley 
and R. C. Jordan. viii + 54 pages, 21 illustrations. 1939. 

18. Condensation of Moisture and Its Relation to Building Construction and Opera
tion, by F. B. Rowley, A. B. Algren, and C. E. Lund. vi + 69 pages, 28 illus
trations. 1941. 

19. Pulp, Paper, and Insulation Mill Waste Analysis, by F. B. Rowley, R. C. Jordan, 
R. M. Olson, and R. F. Huettl, vi + 55 pages, 34 illustrations. 1942. 

20. Conservation of Fuel, by F. B. Rowley, R. C. Jordan, and C. E. Lund. vi + 61 
pages, 22 illustrations, 17 tables. 1943. 

21. Aids to Technical Writing, by R. C. Jordan and M. J. Edwards. viii + 112 pages, 
60 illustrations, 13 tables. May, 1944. 

22. Vapor Transmission Analysis of Structural Insulating Board, by F. B. Rowley 
and C. E. Lund. vi + 71 pages, 24 illustrations. 16 tables. October, 1944. 

24. Factors Affecting Heat Transmission through Insulated Walls, by F. B. Rowley 
and C. E. LUnd. iv + 25 pages, 8 illustrations, 8 tables. April, 1946. 

25. Vapor Resistant Coatings for Structural Insulating Board, by F. B. Rowley, M. H. 
LaJoy, and E. T. Erickson. vi + 31 pages, 9 illustrations, 10 tables. September, 
1946. 

26. Moisture and Temperature Control in Buildings Utilizing Structural Insulating 
Board, by F. B. Rowley, M. H. LaJoy, and E. T. Erickson. vi + 38 pages, 16 
illustrations, 8 tables. July, 1947. 

27. Water Permeability of Structural Clay Tile Facing Walls, by J. A. Wise. iv + 32 
pages, 26 illustrations, 4 tables. August, 1948. 

28. Thermal Properties of Soil, by M. S. Kersten. xiv + 227 pages, 138 illustrations, 
15 tables, 5 plates. June, 1949. 

29. Proceedings of the Symposium on Engineering Research, edited by C. E. Lund. 
x + 110 pages. August, 1949. 

30. Some Causes of Paint Peeling, by F. B. Rowley and M. H. LaJoy. vi + 34 pages, 
23 illustrations, l 1 tables. September, 1949. 

31. Determination of Load Distribution on a Beam from Measurements on Its De
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tions, 13 tables. January, 1950. 

32. Determination of Particle Size Distribution-Apparatus and Technique for Flour 
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34. Principals Affecting Insulated Built-up Roofs, by C. E: Lund and R. M. Granum. 
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Technical Papers Available 
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pages. January, 1938. 
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10 pages. September, 1943. 
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53. Thermal Conductivity of Insulating Material at Low Mean Temperatures, by 
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