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Abstract 

Laboratory tests of sound transmission loss, thermal transmittance, and rate of 
air leakage were conducted on full scale (9 feet high x 14 feet wide; 2.7 x 4~3 meters) 
spe~imens of typical residential exterior wall constructions, either unbroken or penetrated 
by a door or window. The walls were of wood frame construction with gyp,sum board diYw'all 
interior finish and exterior finishes of wood siding,stucco, or brick veneer. Additional 
acoustical tests were run on a number of individual doors and windows. A total of 109 
acoustical tests and 48 thermal tests are reported. The resultant data are compared with 
literature data on similar constructions. Correlations developed amo'ng the several 
quantities measured will assist more rational design where both energy conservation and 
noise isolation must be considered. 

Key Words: Acoustics, air infiltration, air leakage, architectural acoustics, building 
acoustics, doors, energy conservation, heat loss from buildings, heat transfer, sound 
transmission loss, thermal resistance, thermal transmittance, windows. 
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1. Introduction and Scope 

There are many considerations which affect ~he final design of the exterior shell of 
a residential building. Esthetics and economics are, of course, major concerns but two 
factors which are increasing in importance in the design decision are factors emphasized by 
the energy "crisis" and environmental considerations. . 

These two increasing concerns are for conserving heating and cooling energy through 
improved thermal performance and for achieving a sufficiently quiet interior environment in 
which to live comfortably by providing isolation from exterior noise. 

Quite often a good acoustical design for an·exterior wall is also a good thermal 
design since some of the same general principles are followed. The elimination of paths 
for excessive air leakage, for instance, can improve both the thermal and acoustical 
performance as can the use of wall insulation and storm windows. 

The objective of the tests presented in this report was to obtain design information 
consisting of meaningful, representative data on the acoustical, thermal, and air 
infiltration performance of typical doors, windows, and exterior walls as used in 
residential construction. 

Heat transmission and air infiltration data are useful for: 

Accurately estimating heat loss or gain~for residences. 

Providing reference data on conventional constructions with which to compare 
performance of new types of construction designed to improve thermal energy 
utilization. 

Similarly, sound transmission data are useful for: 

Estimating noise levels within residences due to outside sources such as· 
aircraft and traffic. 

Providing reference data on conventional constructions and components against 
which to compare specified or measured performance of new types of 
construction. 

Designing combinations of walls with doors or windows to provide a given 
overall sound isolation. 

Laboratory tests of sound transmission, heat transmission, air infiltration, and heat 
transmission in the presence of air infiltration were conducted on full-scale (9 x 14 ft) 
specimens of typical residential wall constructions, either unbroken or penetrated by doors 
or windows. The walls were of wood frame construction with gypsum board drywall interior 
finish. Three exterior finishes were used: wood siding, stucco, and brick veneer. 

The test program on doors and windows was intended only to provide a representative 
data base on those types commonly used in.residential construction. No attempt was made to 
obtain a statistical sampling of all available doors and windows nor to establish 
definitive averages and ranges of performance. Also, with one or two exceptions as noted, 
no tests were made on experimental constructions. or variations designed to improve 
performance or to illustrate new departures in building practice. In accordance with the 
above method of selection, all units tested were purchased from the local" lumber yard or 
supplied at no cost by a manufacturer from his standard product line. 

The door tests· included five exterior units, plus the addition of a storm door and a 
SUbstitution of weather stripping in one of the exterior units. 

Three general types of windows were tested, namely, wood, wood with exterior plastic 
coating, and aluminum. The window sizes ranged from 3 x 4 ft up to a 6 x 7 ft sliding 
glass door. Other window variables included type of glazing, number of lights (i.e., panes 
of glass in a given sash), and the addition of storm sash. 

1 



This report is organized as follows. Section 2 contains descriptions of the test 
specimens. In Sections 3, 4, and 5, which have parallel structures to facilitate 
cross-comparisons, the sound transmission loss, thermal transmittance, and air infiltration 
tests, respectively, are discussed. In each of these three sections, an introductory 
sub-section provides background information and references to related literature. Chapter 6 
presents correlations among the sound transmission, thermal transmittance, and air leakage 
test results. 

In order to make the test results more immediately useful to American architects and 
designers, customary engineering units are used rather than the (metric) International 
System of Un~ts (81) normally used in NBS publications. A table of conversion factors is 
given in Appendix A. 
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2. Description of Test Specimens. 

The program covered tests on three types of. specimens: 

(a) Continuous unbroken exterior walls 
(b) Individual doors or windows 
(c) Combinations of doors or windows set in exterior walls 

The tests on continuous walls wer,e conducted by building the wall construction into the 
entire 9 x 14 ft test opening of the sound or thermal test facility. These walls were built 
in strict conformity with normally good field practice except that, in addition, they were 
thoroughly caulked into the test opening around the entire perimeter. 

For tests on combinations of doors or windows set into exterior walls', field practice 
was again followed. The doors and windows were installed, with their frames, as complete 
units into rough openings framed to the required nominal dimensions. The outer perimeters 
of all door and window frames were thoroughly sealed to the exterior side of the wall 
opening in accordance with good field practice. 

For sound transmission tests on individual doors or windows, the same installation 
procedure was followed except that a "filler wall" construction surrounding the unit under 
test was specially built to eliminate errors due to flanking transmission. Details of this 
construction are di~cussed in Section 3 and in Appendix B. In some cases, auxiliary 
construction was added to an existing exterior wall construction, and in other cases a 
complete filler wall was built. 

In all cases, the exterior side of the test construction faced the sound source room or 
the thermal cold chamber (which was also the pressurized side for infiltration tests). 

2. 1. Walls 

The sound transmission test program included all of ~he walls, doors, and windows 
listed below. To ayoid duplication, a complete tabulation of the test specimens is not 
given in this chapter but rather is included in Appendix C, where all of the sound trans­
.mission test results are presented. The thermal transmittance test program covered only a 

~ 'limited selection of the test specimens. 

Three types of wood frame e~terior walls were tested having outside facings of painted 
wood siding, unpainted stucco, and brick veneer, respectively. The interior surfaces werI / . 
unpainted 1/2 in. gypsum board drywall. The framing throughout was 2 x 4 in. wood studs,-
16 in. on centers (o.c.). 

The basic construction~gj are described as follows: 

Wood Siding (Figure 1) 

Framing.­
Sheathing -
Siding -
Iriterior -

2 x 4 in. wood studs, 16 in. o.c. 
1/2 in. wood fiberboard insulation nailed to studs 
5/8 by 10 in. redwood nailed through sheathing into studs 
1/2 in. gypsum board screwed to studs or to metal resilient channels 
which were attached to the studs. 

112 x 4 in. wood stud dimensions were 1 5/8 by 3 5/8 in. 

~/The purchase of specific brands of building materials used in the fabrication of test 
specimens was based on availability. Brand names and company names which appear in 
the text or photographs. of this publication do not imply endorsement by ,the National 
Bureau of Standards. ' 
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Figure 1. 

Figure 2. 

Application of wood siding to frame wall installed in sound transmission 
facility. 

Application of building felt and-wire mesh prior to stucco application. 
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Stucco (Figure 2) 

Fr¢ng -
Sheathing 
stucco".-

Interior -

2 x 4 in. wood studs, 16 in. o.c. 
none 
No. 15 felt buitding paper and 1 in. wire mesh nailed to studs.' Stucco 
appli'ed in 3 coats to 7/8 in. total thickness. Dry weight of stucco 7.9 
lb/sq ft. 
1/2 in. gypsum board screwed to studs or resilient channel 

Brick Veneer (Figure 3) 

Framing -
Sheathing -
Brick,-

Interior -

2 x 4 in. wood studs, 16 in. o.c. 
3/4 in. wood fiberboard insulation 
standard face brick 3 1/2 in. wide, spaced 1/2 in. out from sheathing 
with metal ties nailed through sheathing into studs. Dry weight of 
brick and mortar 41 Ib/sq 'ft. 
1/2 in. gypsum board screwed to studs or resilient channel 

For each wall, variations involving cavity insulation and resilient drywall channels 
were tested. 

The constructions witnout resilient channel would be more typical of residential 
exterior walls, and the test~ with channel were included to show the improvement in sound 
isolation which might be, expected. 

The cavity insulation used in all of the walls was Fiberglas1! 3 1/2 in. Rll Kraft 
Faced Building Insulation. In addition, the wood siding wall with the gypsum board 
fastened directly to the studs ~1s also tested with Fiberglas 3 1/2 in Friction Fit 
Building Insulation, ,with Alfol-

3
/ TYPe 2P R14 (inset stapled) reflective-type insulation 

and with 3 in RII Premium Brand- Paper Enclosed Rock Wool Building Insulation. 

The resilient drywall channel, when used, was one of three makes of product which had 
been previously' tested and found essenti~lly equivalent for sound isolation. The channel 
was nailed hori'zontally to the studs on 2 ft spacing, and the gypsum board was screwed 
into the channels (see Figure 4). At the bottom, the gypsum board was screwed into the 
studs through a gypsum board base strip in accordance with standard field practice; this, 
however, reduces the potential sound isolating value of the resilierit channel appreciably, 
as shown by ea~lier tests. 

2.2. Doors 

Five types of residentia~exterior doors were obtained locally and tested. These 
included three wood doors of differing construction, a steel door, and a molded glass 
fiber reinforced plastic (FRP), foam filled panel door. The wood doors and the FRP dOO.:r 
all fit interchangeably into a single wood door frame unit, and the metal door was 
fUrnished with its own wood frame unit. The frame for the three wood doors was furnished 
with a spring brass weather strip on three sides and an aluminum threshold with a half­
round plastic closure strip. The weather strip 'was later replaced with an extruded 
plastic strip for ~he test on the FRP door and a repeat test on one of the wood doors. 

The frame for the steel door was fitted with a magnetic weather strip similar to that 
on a refrigerator door. The bottom of the door carried three soft plastic fingers which 
closed against a flat aluminum threshold. All doors were nominally 3 x 7 ft and 1 3/4 in. 
thick with an actual area of 20.0 sq ft. 

JlRegistered Trademark. Building material brand names are included in this publication 
in o'rder to adequately specify the materials used. . Use of such names does not imply 
endorsement of these materials by the National Bureau of Standards. The "R-values II given 
in this paragraph are ?S stated by the manufacturer and:ma;y not agree with the data 
obtained under the conditions of the present investigation. 
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Figure 3. Brick veneer wall with opening cut for picture window. 

Figure 4. Detail of brick veneer wall construction with resilient channel and cavity 
insulation. 
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One of the wood doors was retested with the addition of an aluminum combination screen 
and storm door. The removable storm panes were clamped against soft plastic gaskets, and 
the aluminum frame for the door was fitted with thin plastic weather stripping on three 
sides. The bottom of the door carried a single plastic strip which wiped against the wo~d 
sill of the main door frame. 

The doors are further described as follows: 

Flush Solid Core Wood Door (Figure 5) 

3 x 7·ft by 1 3/4 in. 
Weight - 78 Ib, 3.9 Ib/sq ft 

Flush Hollow Core Wood Door 

3 x 7 ft by 1 3/4 in. 
Weight - 25 Ib, 1.25 Ib/sq ft 

Wood French Door (Figure 6) 

3 x 7 ft by 1 3/4 in. 
12 lights glazed single strength 
Glass area 8.0 sq ft 
Weight - 57 Ib, 2.85 Ib/sq ft 

Flush Steel Door 

3 x 7 ft by 1 3/4 in. 
Faces - 0.028 in. steel, separated by plastic perimeter strip 
Core - rigid polyurethane, 2 to 2 1/2 Ib/cubic ft, foamed in place 
Weight - 64 Ib, 3.2 Ib/sq ft 

FRP Panel Door 

3 x 7 ft by 1 3/4 in. 
Faces and edges - fiberglass-reinforced plastic 
Core -. rigid polyurethane, 3 Ib/cubic ft, foamed in place 
Weight - 47 Ib, 2.35 Ib/sq ft 

Aluminum Storm Door 

3 x 7 ft by 1 in. 
Glazed singie strength, glass area 12 sq ft 

2. 3. Windows 

Three sets of typical residential windows were purchased locally or supplied at no cost 
by the manufacturer, as follows: 

All wood 
Wood with plastic coating 
Aluminum 

Various types of windows were included in each of the above material categories. In the 
following descriptions, the dimensions are given as width by height and are appr~ximate. 

Double Hung (Figure 7) 

3 x 5 ft. Vertically sliding upper and lower sashes, interchangeable in a single frame unit 
supplied as part of the complete window assembly. 
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Figure 5. 

Figure 6. 

Solid core flush wood door mounted in wood siding wall for thermal test. 

Wood french door mounted in wood siding wall for sound transmission and 
air infiltration test. Auxiliary construction on opposite side eliminates 
significant flanking soun°ci transmission. ° 
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Figure 7. Wood double-hung window installed in filler wall. 
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Single Hung (Figure 8) 

3 x 4 ft. Lower s."sh vertically sliding, upper sash fixed. 

Picture Window (Figure 9) 

6 x 5 ft. Fixed large single sash, normally sealed when installed into frame unit. 
For tests, various sashes were sealed directly into rough opening. 

Awning (Figure 10) 

3 x 4 ft. Upper and lower sashes swing outward from upper hinge on each. Inter­
changeable sashes were tested in frame unit supplied. 

Fixed Casement 

3 x 5 ft. Sealed integr~lly into frame unit as received. 

Operable Casement (Figure 11) 

4 x 5 ft wood and 3 x 4 ft aluminum. 'Right and left half of window swing outward from 
hinges on 'outer edges, operated by cranks. 

Sliding (Figure 12) 

3 x 4 ft. Half of window slides horizontally, other half fixed. 

Jalousie 

3 x 4 ft. Horizontal. glass louvers operable together. Louvers 4 1/2 in. wide With;:.12 
in. over,lap. 

Sliding Glass Door (Figure 13) 

6·x 7 ft. Half of door rolls on track, other half fixed. 

Storm Sash 

A separate window unit added to the corresponding main window unit for test. 

Variations in glazing for the above window types included single strength, double 
strength, safety glass, and insulating,glass. The safety glass tested consisted of a 
double l~er laminated to a transparent inner septum. Insulating glass consists of two 
l~ers separated by an air space, usually with a mastic perimeter seal. Insulating 
glass varies in overall thickness and weight depending on the type and size of window 
in which it is used. The types of glazing included in the test program are as follows: 

Single Strength 

Nominal thickness 3/32 in. 
Nominal weight 1.30 lb/sq ft 

Double Strength 

Nominal thickness 1/8 in. ~. 
Nominal weight 1.63 lb/sq ft 

3/16 in. Safety Glass 

3/32 in. layers laminated 
Nominal weight 2.60 lb/sq ft 
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Figure 8. 

Figure 9. 

Aluminum single hung window. 

6 x 5 ft picture window installed in wood siding wall. 
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Figure ,10. Auxiliary construction erected on interior side of wood siding wall for 
sound transmission testing of window. 

Figure 11. Plastic coated wood operable casement window. 
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Figure 12. Aluminum Sliding window. 

Figure 13. Plastic coated wood sliding glass door. 
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3/8 in. Insulating Glass 

3/32 in. layers, 3/16 in. air space 
Nominal weight 2.60 Ib/sq ft 

7/16 in. Insulating Glass 

1/8 in. layers, 3/16 in. air space 
Nominal weight 3.3 Ib/sq ft 

1 in. Insulating Glass 

3/16 in. layers, 5/8 in. air space 
Nominal weight 5.2 Ib/sq ft 

1/4 in. Louvers (in jalousie window) 

Nominal weight 3.3 lb/sq ft 

For additional information, a test was run on a single 3 x 4 ft sheet of 1/4 in. 
laminated glass. This is a special product designed for high transmission loss consisting 
of,two sheets of 1/8 in. glass laminated to a transparent inner damping layer. Themeasured 
areal density was 3.0 lb/sq ft. 

The windows are further characterized as to whether each sash, or the entire unit in 
the case of a picture window, contains single or multiple panes. 

Single light - one pane in each sash, or each half of a storm window 

Divided lights - multiple panes in each sash 

2. 4. Combinations 

Sound transmission tests were run on four combinations of a wall penetrated by a window 
as follows: 

Wood siding wall with 6 x 5 ft picture window, glazed single strength 

Same, except picture. window glazed insu+ating glass 

Brick veneer wall with each of the above windows 

The two walls repregent the extremes of transmission loss to be expected in wood frame 
exterior constructions. Except for the sliding glass patio door, the picture window had the 
largest area of any window tested and would be expected to cause the largest change in over­
all transmission loss on the basis of relative areas of window and wall. The two glazings 
in the picture window represented extremes in transmission loss as a function of glazing. 

Thermal transmission tests on walls penetrated by doors or windows were run only on the 
wood siding wall with gypsum.board fastened directly to the studs and with Fiberglas 3-1/2 
in. Friction Fit Building Insulation in the cavities, for each of the following penetrations: 

Doors 

Flush solid core wood door, brass weather strip 
Same, plus aluminum storm door 
Flush steel door, magnetic weather strip 
Molded plastic panel door, extruded plastic weather strip 
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Windows 

Wood double-huBg"S·~-:X· 5"f.t glazed single strength, single light 
Same, plus wood storm sash, glazed single strength, single light 
Wood double-hung 3 x 5 ft glazed insulating glass, single light 
Wood picture window 6 x 5 ft glazed single strength, divided lights 
Same, except insulating glass, single light 

2. 5. Cracks and Openings 

Soun,d. transmission tests of the doors and windows were made under varying conditfons of 
soUnd leakage. In every case, a test was made with the door or window completely sealed 
with tape or caulking. This established the maximum transmission +oss of which the unit 
under test is capable. A special series was run on the 6 x 5 ft picture window in which 
accurately measured cracks of varying width and length were provided around the perimeter. 
All of the other doors and windows were tested as' normally closed, in addition to the 
completely sealed condition. Further tests were made on some of the windows to compare the 
locked with the unlocked condition and to show. the effects of slight amounts of opening . 

. 
. ' Thermal transmission tests and the accompanying air infiltration tests on the doors and 

windows were made only on the normally closed condition. All tests on the double-hung window 
were made with the window locked and unlocked. 

Air infiltration tests in th.e two-room sound transmission facility were run for the 
same leakage and crack conditions as stated above~for the sound transmission tests, except 
for complete sealing. 
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3. Sound Transmission Loss Tests 

3. 1. Background 

There are many useful texts and summary articles for the reader who is not familiar 
with acoustics. The~ooks by Harris [1] and Beranek [2] contain chapters by experts in 
different areas of acoustics. Young '[3], Franken [4], and Beranek [5] discuss the funda­
mental concepts and the use of decibels. Rudnick [6] and Kurze and Beranek [7] describe 
outdoor sound propagation. Beranek [8] and Embleton [9] summarize the theory of sound 
propagation in small and large rooms, respectively. Ingerslev and Harris [10] and Cook and 
Chrzanowski [11] discuss solid-borne and air-borne noise respectively, while Ver and Holmer 
[12] summarize related analytical f~~dings. The chapter by Sabine [13] provides a 
discussion of acoustical materials.-

Beranek [14] describes different criteria for human response to noise in buildings. 
Three recent pUblications [15-17] of the U. S. Environmental Protection Agency provide an 
overview of human response to noise. 

In the following brief discussion, only those concepts needed for understanding and 
use of sound transmission loss data are addressed. For additional definitions of 
acoustical terms, see [18,19]. 

The spatially-averaged mean-square sound pressure in a room is, within the limitations 
of certain simplifying assumptions, proportional to the total sound power entering the room 
and inversely proportional to the total sound absorption in the room. In a typical 
building this sound power can enter a room from sources within the room, from sources 
elsewhere in the building, or from sources exterior to th~building. In the present 
report, only sound due to exterior sources is of concern. Furthermore, attention is 
confined to sounds transmitted through the exterior facade, as opposed to roofs, chimneys, 
crawl spaces, etc. 

Sound transmission through a partition can be described in terms of the sound 
transmission coefficient, T, of the partition. The sound transmission coefficient in <.1. 

specified frequency band is the fraction of the airborne sound incident pn the partition 
that is transmitted by the partition and radiated on the other side. 

For an infinitely large panel in free space with a plane wave incident on one side, 

2 
P2 

T = 2' 
Pl 

where P12 is the mean-square sound pr~ssure characterizing the incident wave and P22 is the 
mean-square sound pressure characterizing the transmitted wave. The mean-square sound 
pressure, is related to the normally-measured sound level, L, by the expression, L = 

2 2 10 10glO (p fpo ), where Po = 20 micropascals is the reference pressure. 

~Figures in square brackets refer to the literature references at the end of 
this report. 

2fOf course sound can leave a building and then re-enter it elsewhere (e.g., open 
windows across a courtyard). This can be treated as noise of exterior origin. 
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Usually the effectiveness of a partition is described in terms of the sound trans­
mission loss, 

T1=1010~(~)' 

where the logarithm is to the base ten. Combining equations (1) 'and (2), it is seen that, 
in free space, 

where 11 and 12 are the sound pressure levels of the incident and transmitted waves, 
respect~vely. 

The transmission coefficient and the transmission loss are functions of the direction 
from which the incident wave impinges upon the partition. At sufficiently low frequencies, 
where a simple partition behaves approximately as a limp mass which is vibrated by the 
sound field and the partition is· thin compared to the wavelength of sound, the limp-wall 
mass law [12,20] is approximately valid. As shown in Figure 14, for a given angle of 
incidence, the sound transmission loss increases as a function of the product of frequency 
(of the sound wave) and the areal density (mass per unit area) of the partition. The 
transmission loss is a maximum for a normally incident sound wave and decreases as the 
sound approaches grazing incidence. 

The exterior facade of a building needs to p;ovide adequate attenuation of sound 
arriving from a number of directions. Thus, it seems appropriate, for design purposes, tv 
utilize a sound transmission loss corresponding to an average over many angles of 
incidence. For some situations, such as the upper floors of a high-rise building near a 
highway, the sound will typically arrive at near-grazing incidence and the design value for 
sound transmission loss should be selected accordingly .. However, for residential con­
structions such as are considered in the present report, sound could be expected to arrive 
from essentially all angles. Thus for this report, "random incidence" sound transmission 
loss was measured by placing the partition under test in an opening between two rever­
beration chambers -- acoustically hard rooms that cause the sound to be reflected many 
times so there is essentially equal probability of sound striking the test partition from 
any direction. The dashed curve in Figure 14 shows the theoretical "field-incident mass 
lawll

, which is derived from the di~?rete-angle mass l.aw by averaging over all angles of 
incidence from normal (0°) to 78°.- It is seen that the use of "random-incidence data" 
for design purposes would be conservative for sound striking the partition at angles from 
0° (normal) to be,yond 45°. Unless it is known that sound will usually impinge at 
near-grazing incidence, the use of data obtained under random-incidence conditions should 
be suitable for exterior walls. 

Since· real walls do not behave as ideal limp masses, the rather simplistic curves 
shown in Figure 14 cannot be taken too seriously. However, they show two features which 
are important to remember -- sound transmission loss generally increases as the mass'of the 
partition increases and also increases as the frequency of sound increases. The actual 
frequency dependence of the sound transmission loss can be complicated by resonance 
phenomena and "coincidence effects" [12,20] which depend upon, among other things, the 
bending stiffness and internal damping of the partition. For constructions which are more 
complex, such·as a double partition separated by structural elements, the transmission loss 
also depends upon how well the several components are vibration isolated from one another, 

&/The integration is only taken up to 78° rather than 90° so as to obtain better 
agreement with experimental data. The finite size of the partition, the effect 
of the test facility, and possible damping effects in the wall for near-grazing 
incidence are probably responsible for the observed deviations between experi­
ment and the simple mass-law theory 112, 20-21]. 
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Limp-wall mass law transmission loss. The solid curves correspond to a plane 
wave arriving at a discrete angle of incidence. The dashed curve corresponds 
to "field-incidence mass law", a sum over all angles of incidence up to 78°. 
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the thickness of any air spaces, and the amount of acoustic~lly absorptive m~terial in 
these air spaces [12,2l]. For many partitions, it is possible to calculate approximately 
the sound transmission loss as a function of frequency but, in general, empirical data are 
required. 

When a partition is composed of several elements (i.e., wall, 'door, window, cracks) 
which provide parallel paths through which the sound can be transmitted, the overall sound 
transmission coefficient is obtained from, [11, 12] 

'1: o 

= '1:1Sl + '1:2S2 + '1: 2S3 + 

Sl + S2 + S3 + 

,e,e. 

(4) 

where '1:1 is the transmission coefficient for the element of area Sl' etc., and the sum­
matiort ~s over all areas of the partition. As an example of the use of equation (4), 
consider a 14 f~ by 9 ft wall having a transmission loss of 48 dB and being penetrated by 
a 3 ft by 4 ft window having a transmission loss of 32 dB. Solving equation (2) for T in 
terms of T1 yields 

-T1/l0 
10-4 . 8 1.6 10-5 

'1:1 = 10 = = x 

-T12/1O 
10-3 . 2 6 -4 and '1:2 = 10 = = .3 x 10 . 

Substituting these values into eq. (4), 

so that, again using eq. (2), the effective transmission loss of the composite wall is 

TLO = 10 log (~J " 41 dB. 

A chart derived from equation (4) for estimating the overall transmissiori loss of 
any combination of a wall and a single penetration such as a doo~ or window, 'knowing the 
area and transmission loss of each component, is shown in Figure 15. The linear portions 
of the curves in Figure 15 correspond to situations where nearly all of the sound energy 
comes through the portion of the wall having the lower transmission loss so that T1 ~T12 + 
10 log (lOO/k), where k is the percent of the total wall area occupied by the door,owindow, 
crack· or other path of low sound transmission loss. Consideration of eq. (2) and Figure 
15 reveals that even a small area having a low transmission loss can greatly reduce the 
overall transmission loss below that of the basic wall structure. Since cracks may have 
a transmission loss that is near zero, "leaky" doors, windows, and louvers can vitiate an 
otherwise good construction. The effect of cracks is discussed in some detail in Sections 
3.6 and 6.1. 

Neglecting interior sources of noise, the average sound pressure level in a room 
having an exterior wall on which sound is incident from a large range of directions is 
given approximately by 

12 = 11 - T10 + 10 log S/A, 
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Chart for determining the overall sound transmission loss, TL , of a wall with 
a p'enetration (e.g., door or window) having a transmission lo~s, TL2 , less than 
the transmission loss, TL1 , of the basic wall construction. The penetration 
occupies "k percent" df tlie total wall area. The transmission loss of the 
combination is shown'in relation to that of the wall as TLI - TL. Example: A 
window with TL2 = 30 dB occupies 5 percent of the area of a wallOwith TLI = 50 dB 
Then, 

TLI - TL2 = 20 dB 

TL - TL = 8 dB 
1'. 0 

TL = 50 - 8 = 42 dB o 
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where Ll is the exterior sound pressure levell!, TL is the effective sound transmission 
loss of the wall, S is the area of the wall, and A ~s the total sound absorption (equiv­
al~nt area of a perfect absorber, .in the same units as S) in the room. Equation (5) may 
be used in applications of the experimental so~d transmission loss data presented in 
this report. . 

As discussed previously, sound transmission loss varies markedly with the sound 
frequency. The room absorption, A, .is also a function, albeit a much weaker one, of 
frequency. Thus the sound attenuation in a particular application will depend on t~e fre­
quency spectrum of the noise. The need to provide a "single-figure rating that can be used 
for comparing partitions for general building design purposes" has led to the development, 
by the American Society for Testing and Materials (ASTM), of the Sound Transmission Class 
[22] and, by the International Organization for Standardiz&tion, of a quite similar rating 
scheme [23]. The Sound Transmission Class "is designed to correlate with subjective 
impressions of the sound insulation provided against the sounds of speech, radio, tele­
vision, music, and similar sources of noise in offices and dwellings." [22] 

"Excluded from the scope of this classification system are applications involving 
noise spectra that differ markedly from those described above •... A particular exclusion 
would be the exterior walls of buildings, for which noise problems are most likely to 
involve motor vehicles or aircraft. In all such problems it is best to use the detailed 
sound transmission loss values, in conJunction with actual spectra of intrusive and ambient 
noise." [22] 

Since there are, at present, no generally accepted pingle-figure ratings for exterior 
walls, the Sound Transmission Class has been incluaed in this report to provide a quick way 
of easily comparing different partitions. The above-quoted caution should be observed in 
applying these data. 

Figure 16 illustrates the concept of the Sound Transmission Class. The solid data 
points represent the measured 1/3-octave band sound transmission loss over the frequency 
range 125 to 4000 Hz. liThe STC contour is shifted vertically relative to the test curve 
until some of the measured TL values for the test specimen fall below those of the STC . 
contour and the following conditions are fulfilled: The sum of the deficiencies (that is, 
the deviations below the contour) shall not be greater than 32 dB and the maximum 
deficiency at a single test point shall not exceed 8 dB. When the contour is adjusted to 

/the highest value (in integral decibels) that meets the above requirements, the sound 
transmission class for the specimen is the TL value corresponding to the intersection of 
the contour and the 500-Hz ordinate ... " [22]. The cross-hatched region in Figure 16 
indicates the frequencies at which deficiencies occur. For the example shown, the sum of 
the deficiencies is 29 dB and the largest single deficiencies occurring are 5 dB, so the 
"-8 dB rule" need not be applied. 

NBS has in the past prepared several compilations of sound transmission loss, chiefly 
for interior walls, doors, and floor-ceiling assemblies [24-26]. The most comprehensive of· 
these is the large report of Berendt, Winzer, and Burroughs [26] which has recently been 
reprinted. In 1960, the British Building Research Station published a large compilation of 
field data [27]. This is now being updated and expanded. The Experimental Building 
Station of Australia has recently published a compilation of laboratory transmission loss 
data [28] . Jain and Mulholland [2-9] and Gillam [30] have des cri bed a databank of sound 
insulation measurements which is being developed at the University of Liverpool (Great 
Britain). A recent study [31] for the U. S. Department of Housing and Urban Development 
includes data on a number of constructions having fairly high sound transmis.sion losses. 

lISpecifiCallY, L is the sound pressure level corresponding to the sound energy 
incident on thelwall. Unless the sound source is very close, Ll is nearly 
equal to the sound pressure level measured, say, 5 to 10 ft from the exterior 
surface of the wall. Levels measured very close to the wall need to be adjusted 
to correct for the effect of sound reflected back from the wall. 
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Although the above-referenced compilations contain a few data on exterior walls, 
doors, or windows, the vast majority of the data are for interior partitions. There have 
been some studies [32-36] of the overall attenuation of exterior noise that is provided.by 
a typical complete building. NBS has published f1 translation [37] of a French study on the 
sound transmission loss of exterior walls. Section 3.5 includes some references to pre­
vious work on the sound transmission loss of windows. 

3. 2. Experimental Procedure 

Current standard procedures for measuring the airborne sound transmission loss of a 
partition between two reverberant spaces'are based on the theory developed at NBS many 
years ago by Buckingham [38]. Early experimental work at NBS [39,40] contributed to the 
development of the ASTM Standard Recommended Practice for Laboratory Measurement of 
Airborne Sound Transmission Loss of Building Partitions [41] and to the later ASTM standard 
for field measurements [42]. The current international test method, ISO R140-60 [43], is 
similar to these but the procedures are not so completely described. ASTM E90-70 and ISO 
R140-60 describe the laboratory procedure for determining the airborne sound transmission 
loss of walls of all kinds, floor-ceiling assemblies, doors, and other space-dividing 
elements. The procedure is to mount the test specimen as a partition between two 
reverberation rooms arranged and constructed so that the only significant sound trans­
mission between them is through the test specimen. A random incidence sound field is used 
for the test and, as discussed previously, the results are· most directly applicable to 
similar sound fields, but provide a useful general measure of performance for the variety 
of sound fields to whi~h an exterior partition may typically be exposed. 

Sound transmission tests were run. in essential conformity with ASTM E90-70. ~he 
facility used for the tests is comprised of a 4400 cubic foot source room and a 10,000 
cubic foot receiving room; both reverberant. The room volumes are large enough to qualify 
the facility under E90-70 recommendations for tests down to a lower frequency limit of 110 
Hz. Both dimensions of the 9 x 14 ft test opening exceed the minimum dimensions specified 
in E90-70. 

The wall in which the test opening. was located was of poured concrete 13 in. thick, 
and common to both rooms, with an area of 13 x 22 ft on the 'source room side. This wall 
was mechanically isolated by separate footings and by masti·c joints from the side walls and 
floor and ceiling of both the source and the receiving rooms. Since many of the test 

,.specimens had areas which were quite small compared to the common wall between the source 
and the receiving rooms, special provisions, described in Appendix B, were made to minimize 
flanking sound transmission. 

The source room was rectangular and contained no fixed or moving diffusing elements. 
Previous tests had shown that the introduction of these elements produced no significant 
change in the measurement of roo~-average sound pressure levels or of transmission loss 
values. 

The rece~v~ng room was also rectangular but contained an 8 x 16 ft rotating vane and a 
number of fixed diffusing panels. These had been permanently installed for other types of 
test, so that their effect on transmission loss measurements was not directly established. 

Space-time averages of sound pressure level were obtained by a continuously moving 
microphone in each room. In the source room the microphone traversed an 8 ft long arc 
along a room diagonal, and in the receiving room the microphone was attached to the moving 
vane and traversed a 16 ft diameter circle. The time interval for each complete traverse 
and for the corresponding period of measurement at each 1/3-octave frequency was about 15 
seconds. 

The test si§7al was a broad band noise generated by a BrUel & Kjaer Type 1402 Random 
Noise Generator.- The signal was shaped for maximum utilization of sound power and was 

~ . 
- Instrumentation brand names and model numbers are included in this publication 

in order to adequately specify the equipment used. Use of such names does not 
imply endorsement of this equipment by the Nationa~ Bureau of Standards. 
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divided into a high and low frequency channel, each of which was fed into a 60-watt power 
amplifier. The high frequency channel drove a horn loudspeaker and the low frequency 
channel a 15 in. cone speaker in an 'enclosure. The loudspeakers were placed in a room 
corner opposite to the test wall. 

The maximum sound pressure level developed in the source room was about 115 dB (re ~O 
micropascals). This level was high eno~h that no corrections for acoustical or electrical 
background noise were needed for ,the highest values of 'transmission loss measured 
throughout the program. 

Sound pressure levels in each room were measured with separate BrUel & Kjaer Type 4132 
condenser microphones, fed alternately into a Bruel & Kjaer Type 2112 Audio-Frequency 
,Spectrometer. The two microphone channels had equal 'overall sensitivity within 0.1 dB at 
the input to the spectrometer, as measured by a pistonphone at 250 Hz on each microphone. 
The difference was less than 1/2 dB at all frequencies up to 6300 Hz, as measured with both 
microphones exposed to 1/3-octave noise bands in a reverberant field. The source room 
microphone was approximately 1/2 dB more sensitive at 6300 Hz and 1 dB at 8000 Hz. 

The 1/3-octave band frequency levels measured by the .spectrometer were recorded on a 
BrUel & Kjaer Type 2305 Level Recorder. Sound pressure levels were read to the nearest 1 
dB from the average of the fluctuating recorder trace at e~ch frequency. Measurements were 
made over a frequency range of 80 to 6300 Hz, alth~ugh the range only from 125 to 4000 Hz 
is commonly reported in standard transmission tests in the United States. 

The calculation of transmission loss from measurements o'f sound pressure level 
differences involved the measurement of 10 log A2 , where A2 is the absorption of the 
receiving room in sabins. This measurement was made for each test by means of a'calibrated 
sound power source. The source used was anILG fan, which is widely used for this purpose. 
To calibrate the power of the source, the room average sound pressure level was measured 
with the source operating in a room of known room absorption, which was measured by the 
decay method. 

3. 3. Calibration Procedures and Uncertainties 

The overall sound transmission loss of each specimen was computed from the expression 

TL = Ll - L2 + 10 log S/A2 , (6) 

where Ll is the average sound pressure level in the source room, L2 is the average sound 
pressure level in the receiving room, S is the projected area of sound transmitting surface 
of the test specimen, and A2 is the total absorption of the receiving'room, expressed in 
Uhits consistent with S. Tliis equation generally is considered to be valid provided the 
total 'flow of acoustic energy between the source and receiving room is not too large 
[44,45]. 

A number of papers [44-60] in recent years have addressed the question of how well 
sound transmission loss measurements made in different laboratory or field situations can 
be expected to agree with one another or with theoretical predictions. It is known that 
the size of the source and receive rooms, the nature of the opening in which the specimen 
is placed, and the size and method of mounting of the spe9imen all can influence the test 
results. At the present time there are no generally accepted 'procedures for quantitative 
evaluation of the effect of these factors in a given testing facility. Comparative tests 
have shown that measurements of sound transmission loss in the facility used for the tests 
in this report are in good agreement with tests on nominally identical specimens in other 
good facilities in North America. 

The precision of reading of space-time average sound pressure levels in the two rooms, 
including levels for the calibrated power source, ranged from about 2 dB at 80 Hz to 1/2 dB 
at 6300 Hz. All measured levels were recorded only to the nearest l dB. Calculated values 
of transmission loss were also stated to the nearest 1 dB. The calibration of the power' 
source was checked periodically and found to be constant within the measurement precision 
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of the sound pressure levels. The measurement of 10· log A was therefore of the same order 
of precision as the measurement of level difference between the rooms. 

The overall accuracy of a transmission los~test can be stated in various ways. The 
immediate repeatability of a test without removing the test specimen or knowingly changing 
the receiving room absorption typically is within 1 dB from 80 to 6300 Hz. 

The repeatability of a test on two different installations of the same nominal 
construction in the Owens-Corning Fiberglas Sound Laboratory, using different lots of 
materials, is shqwn in Figure 17. The tests were made four months apart on a standard wood 
stud exterior wall with wood siding and insulating sheathing on the outside and gypsum 
board drywall on the inside. The maximum difference between the curves at any fre~uency 
from 80 to 6300 Hz is 4 dB, and the difference between the averages for the two curves is 
1.2 dB . 

. -... ..: 
. The accuracy of a transmission.loss test can be affected by flanking transmission 

through the wall surrounding the test specimen. This can be of special importance when the 
test specimen has a very high, transmission loss or has a comparatively small area, such as 
a door or window, in relation to that of·the surrounding wall. Significant errors due to 
flanking· were minimized by the auxiliary constructions detailed in Appendix B. 

3. 4. Results 

Sound transmission loss data were obtained on all of the specimens described in 
Section 2. Data were obtained, in many ca~es, on ~oth individual elements and on 
combinations. To determine the effect of sound leakage through cracks, tests of doors and 
windows were made with the unit sealed in place to establish maximum capability and with 
the unit as normally mounted. In addition, a number of tests were carried out on windows 
with large controlled cracks around them. 

I 

Complete data for all specimens tested are listed in Table c-6 of Appendix C in the 
form of 1/3-octave band sound transmission loss versus fre~uency for each test. Each set 
of data is assigned a Sound Transmission Class (STC) rating in accordance with ASTM E413-73 
[22]. Tables C-l.through C-5 list the tests which were carried out on (C-l) walls, (C-2) 
doors, (C-3) windows, (c-4) walls containing Windows, and (C-5) windows with cracks and. 
openings. These five tables are cross-referenced to the detailed test results given in 

/Table c-6. 

Section 3.4.1., below, gives' a summary of the test results and certain of the more 
important conclusions. Section 3.4.2. contains a more detailed discussion of the test 
results 

3. 4. 1. Summary and Conclusions 

The summarized test data given below are those obtained only for the specific tests in 
this program and do not necessarily apply to general types or classes of construction or 
products. 

The single number performance ratings for sound transmission loss are given as Sound 
Transmission Class (STC) as defined in ASTM E413-70. In ge~eral, a high STC rating 
corresponds to a high resistance to sound transmission. 

1. Wood stud exterior walls with the drywall secured directly to the studs, with insula­
tion board sheathing (except for stucco) and glass fiber cavity insulation, had STC 
values as follows: 

Wood siding 39 

Stucco 46 

Brick veneer 56 
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Figure 17. Sound transmission loss vs frequency data for wood-siding, wood-stud exterior 
wall with cavity insulation. Repeat tests (W-54-7l and W-3-72) on same nomi-
nal construction using different lots of materials. 

26 



The presence of insulating material in the stud cavities, with the drywall secured 
directly to the studs, made a negligible difference of less than about 3 dB. 

2. If the drywall was attached'to resilient ch~nnel, the cavity insulation was much more 
effective, giving the following STC,values: 

Wood siding 47 

'Stucco 57 

Brick veneer 58 

3. The measured transmission loss of a wall containing a door or window agreed very 
closely with the calculated value based on the measured transmission loss and area 
9f each component. The transmission loss of the combination of two components will 
always have a value between the respective transmission loss values of each compon­
ent. A chart for determining the transmission loss of the combination was given in 
Figure 15. 

4. Cracks can greatly reduce the effective sound transmission loss of wall/window com­
binations (see Sections 3.5.4. and 6.1. for discussions of means to estimate the 
sound transmission loss of cracks). 

5. Five exte~ior doors sealed into the frame had STC values ranging from 21 to 31. 
These values were governed largely by door we~ght, rather than materials or con­
struction, and corresponded to an areal density range of 1.2 to 3.9 Ib/sq ft. 

6. The same five doors as normally closed against a weather stripped frame ranged from 
20 to 28 STC. 

7. A solid core flush wood door having an STC of 30 sealed was reduced to STC 27 when 
normally closed against either a spring brass or a plastic weather strip. A steel­
faced door had an STC of 28 whether sealed or normally closed against a magnetic 
weather strip. The latter was considerably more effective at high frequencies than 
the brass or plastic weather strip. 

/8. The tests on all of the windows When completely sealed showed an overall range of 
26 to 39 STC, subdivided as follows: 

Single glass (single strength, 
double strength, 3/16 in. safety) 

Insulating glass (3/8 to 1 in.) 

Windows plus storm sash (win­
dows up to 7/16 in. insulating 
glass, storm sash single and 
double strength glass) 

28 - 32 

26 - 34 

29 - 39 

9. 'There were no significant differences due to single versus divided panes or to the 
sash and frame material. 

10. The insulating glass up to 7/16 in. thickness was on the whole no better than 
single glass in single or double strength. 

11. A test on a special 1/4 in~ laminated glass having an inner damping layer designed 
for high transmission loss showed an STC of 34. The high frequency performance of 
this glass was better than standard glass, but the higher STC value was due to its 
greater weight. 

12. The effectiveness of double glazing, either with insulating glass or with an added. 
storm sash, depended mainly on the width of separation between the panes. 
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13. The use of standard storm sash with single glazed windows with as wide a spacing 
as possible is probably the most effective and economical means of obtaining high 
sound insulation. 

14. Windows installed with weather stripping as furn,ished showed values averaging 
about 4 STC lower than those measured with complete sealing. 

3. 4. 2. Discussion 

a. Walls 

The tests conducted on the three exterior wall constructions are listed in Table C-l. 
Complete data are shown in Figures 18 to 20. For each wall, the use of cavity insulation 
but not resilient channel was considered as "standard" construction as commonly used for 
thermal requirements. This is shown by the left-hand side of each diagram. For the wood 
siding; wall, an additional test was made on this standard construction, but omitting the 
Fiberglas Kraft Faced cavity insulation. This showed a slight reduction in transmission 
loss of from zero to 6 dB over the frequency range with a reduction in STC from 39 to 57. 

-The other three types of cavity inSUlation in the same construction showed'similar results 
with STC values of 37 to 39. The relative ineffectiveness of cavity insulation is commonly 
observed in single wood stud construction and is due to the transmission of sound by 
vibration through the rigid coupling of both sides to the studs. 

The combination of resilient channel and cavity insulation effects a substantial 
improvement in transmission loss over the standard wall for most of the frequency range. 
For the wood siding wall the increase in STC was 8, from 39 to 47, and for the stucco wall, 
11, from 46 to 57. The improvement in the brick veneer wall, however, was only 2, from 56 

, to 58 STC. This might be explained by the fact that the brick was already partially 
isolated from the wood stud portion by the air space and the metal,ties. 

/ 
The tests with resilient channel but without insulation show a lesser improvement over 

the standard wall. The test series as a whole indicated that with the inner surface 
decoupled by the resilient channel, transmission took place largely through the air cavity 
rather than through the studs, thus allowing the sound absorbing action of the cavity 
insulation to become fully effective. 

b. Doors 

The tests conducted on exterior doors are listed in Table C-2. Figure 21 shows the 
envelope of frequency curves for the' five doors sealed into ,the frame, with an STC range of 
21 to 31. Also shown are theoretical "mass law" lines corresponding to the range of areal 
densities of 1.2 to 3.9 Ib/sq ft. The ranges of measured and theoretical data agreed quite 
well at the lower frequencies. At the higher frequencies, the lower measured values were 
due to, stiffness effects which acted oppositely to those of mass. 

Frequency curves for the three wood doors sealed in place are shown in Figure 22 and 
for the doors with foamed plastic cores in Figure 23. The aforementioned stiffness effects 
are shown quite clearly for the foamed plastic doors in the form of sharp dips in the' curve 
around 2000 Hz. The wood hollow core door also shows a similar dip at 800 Hz. These "wave 
coincidence dips" are further discussed in the following section on windows. 

A comparison of sealed versus normally closed doors is shown in Figure 24 for the 
three wood doors mounted in the same frame with the spring bra'ss weather strip originally 
furnished with the unit. The TL values were significantly lowered only at the higher 
frequencies by about 6 dB, with a corr~sponding change in STC values. of 1 to 4. 

Figure 25 shows a comparison of three weather' strips. Two of these were spring brass 
and extruded plastic, the latter being substituted for the former in the same door frame 
and with the same solid core wood door. The threshold was a half-round plastic strip. By 
referring to the sealed door in Figure 22, it is seen that both weather strips reduced the 
TL by about the same amount; namely 3 to 8 dB at the higher frequencies and from 30 to 27 
STC. 
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Figure 18. Sound transmission loss vs frequency data for wood-siding, wood-stud exterior 
walls of four different constructions (with or without resilient channels and 
with or without cavity insulation). 

Symbol 

o 
6 
o 
\J 

1. 7/8IN.STUCCO 

Test No. 

W-54-71 
W-56-71 
W-55-7l 
w-4-72 

2. NO. 15 FELT BUILDING PAPER AND 
1 IN.WIRE MESH 

3. 2 IN.x 4 IN.STUDS 16 IN O.C. 

Cavity Resilient 
Insulation' Channel 

yes no 
no yes 

yes yes 
no no 
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4. FIBERGLAS BUILDING INSULATION 
(W-50-71 AND W-52-71 ONL YI 

5. NATIONAL GYPSUM RESILIENT CHANNEL 
(W-52-71 AND W-53-71 ONL YI 
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6. 1/21N GYPSUM BOARD SCREWED TO 
CHANNEL 
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Figure 19. Sound transmission loss vs frequency data for stucco, wood stud exterior walls 
of three different constructions (with or without resilient channel and with 
or without cavity in~ulation). 

Symbol Test No. o Cavity Resilient STC 
Insulation Channel 

0 W-50-71 yes no 46 
6 W-53-7l no yes 49 
0 W-52-71 yes yes 57 
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1. FACE BRICK 
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Figure 20. Sound transmissiort loss vs frequency data for brick veneer, wood stud exterior 
walls of three different constructions (with or without resilient channel and 
with or without cavity insulation). 

Symbol Test No. Cavity Resilient STC 
Insulation' Channel 

0 w-44-71 yes no 56 
6 w":'46-71 no yes 54 
0 w-45-71 yes 'yes 58 
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Figure 21. Envelope of sound transmission loss vs frequency data for five doors sealed int 
the frame. The corresponding Sound TransmissionClass range is STC 21-31. The 
dashed lines correspond to the field incidence mass law (see Figure 14 and 
accompanying text) for the range of areal densities (1.2 to 3.9 Ib/sq ft) of the 
five doors. 
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Figure 22. Sound transmission loss vs frequency'~ata for the three wood doors sealed into 
the frame. 

Symbol Test· No. 

0 W-93-71 
6. W-91-71 
0 W-95-71 
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!igure 23, Sound transmission loss vs frequency data for the two urethane foam core doors 
sealed into the frame. 

Symbol 

o 
6. 

Test No. 

W-3-72 
w-44-72 

SEecimen STC 

Steel faces 28 
Fiberglas reinforced plastic faces' 26 
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Figure 24. Sound transmission loss vs frequency data (STC 21-31) for three wooden doors 
unsealed with weather stripping, compared with data for the same doors when 
sealed (STC 20-27). 
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Figure 25. Comparison of effect of three types of weather ,stripping on sound transmiss'ioI 
loss vs frequency data for doors. 

Symbol Test No. 

o W-90-71 

W-42-72 

o W-2-72 

Specimen STC 

Spring brass on 3 sides of solid 
core wood door; plastic half-
round threshold strip 27 

Same except extruded plastic 
3 sides 

Magnetic strip on 3 sides of 
steel door, plastic fingers on 
bottom 
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For the steel door with magnetic weather strip, there was no signific'ant difference 
between the sealed and the normally closed door. The fact that in both cases the TL was 
substantially higher at most frequencies than that of .the Wdod s~lid core door, either 
sealed or normally closed, indicated that the magnetic weather strip provides a 5 to 10 dB 
better sound seal than the other two weather str~ps in the upper. frequencies. The sharp 
dip at 2000 Hz is due to direct transmission through the steel door and therefore could not 
be controlled by the perimeter seal. 

The effect of adding a storm door to the solid core wood door is shown in Figure 26. 
For both doors normally closed, the STC was raised fr~m 27 to 34, and with both sealed 
there was a further improvement to 42 STC. This indicates the need for a drastic 
improvement in the weather stripping of the storm door in.order to approach its full 
capability when added to the wood door. 

c. Sealed Windows 

Sealed Single Glazing 

The tests conducted on windows with complete perimeter seals are listed in Table C-3. 
The data for single glazed windows are summarized in Figures 27 to 31. The overall range 
of STC values for sealed windows without storm sash was 28 to 34. For sealed windows with 
storm sash, the range was 29 to 39 STC. 

The average characteristics for single glazed windows are shown in the curves of 
Figure 27. The STC values are as follows: 

Single Strength 
Double Strength 
3/16 in. safety glass 
1/4 in. ,laminated with 

damping layer 

28 - 29 
29-32 
31 

34 

The envelope of all data for five windows with single strength glazing is shown in 
Figure 28. This showed a remarkably low spread of 1 to 3 dB over most of the frequency 
range in spite of ,'wide variations in window style including single and divided ,lights , wood 
and aluminum frames, and a wide range of sash and pane area. The conclusion is that the 
glass rather than the window material and construction was the governing factor' in sound 
transmission of sealed windows. 

Comparison of the curves for the four types of glazing in Figure 27 shows that the 
transmission loss in the middle and lower frequencies was controlled essentially by the 
surface weight of the glass. For a given frequency, the mass law for single layer 
materials states that their difference in transmission loss is equal to 20 times the log of 
their areal density ratio. For an overall range of 1;3 to 3.0 Ib/sq ft for the four types 
of glass, the predicted spread in TL value was 7 dB, a value which is very closely matched 
by the data from 160 to 1000 Hz. 

The mass law further states that for a perfectly limp, single layer material of a 
given weight, the TL increases with frequency at 6 dB per octave. The data curves, 
however, show, due to stiffness effects, a much lower rate of increase. At the high 
frequencies, the observed dips are due to wave coincidence and occur at a critical 
frequency which depends on the ratio of surface weight to bending stiffness. For a given 
material, the bending stiffness increases with thickness at a more rapid rate than does the 
surface weight so that the coincidence dip occurs at lower frequencies with increasing 
thickness. The frequencies of the observed dips for three of the glazings from 2500 to 
6300 Hz agreed well with the calculated frequencies based on nominal surface weights and 
stiffness for the various thicknesses . 

. The depth of the coincidence dip is governed by the damping properties of the glass 
and its mounting. The dip for the 1/4 in. laminated glass should have occurred around 2000 
Hz, but the large amount of damping provided by the inner layer almost completely filled in 
the dip, resulting in a large improvement above 2000 Hz over the 3/16 in. laminated glass 
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Figure 26. Comparison showing the effect of adding a storm door on the sound transmission 
loss vs frequency of a solid core wood door. 

Symbol Te'st No. SEecimen STC 
" 

0 W-91-71 Door alone, sealed into frame 30 

6 w-40-72 Door unsealed, extruded plastic 
weather strip, plus aluminum 
storm door, unsealed. 34 

0 W-41-72 As above, both doors sealed 42 
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Figure 27. Comparison of sound transmission loss vs frequency data for different types of 
sealed glazing. 

Symbol Test No. SEecimen STC 

0 w-8-71 single strength 
W-33-71 (average of 5 tests) 28-29 
W-41-71 
W-76-71 
w-26-72 

W-7-71 double strength 
W-32-71 (average of 6 tests) 29-32 
W-34-71 
W-64-71 
W-66-71 
W-21-72 

0 w-18-72 3/16 in. safety glass 31 

\l W-22-72 1/4 in. laminated glass 
with inner damping layer 34 
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Figure 28. Envelope of sound transmission loss vs frequency data for five sealed windows 
with single-strength glazing (Tests w-8-71, W-33-71, W-41-71, W-76-71, and 
w-26-72). Windows include: wood and aluminum sash, single and divided lights, 
sash areas from 6 to 30 sq ft. The corresponding Sound Transmission Class 
range is STC 28-29. 
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Figure 29. Sound transmission loss vs frequency data for three types of insulating 
glass. 

Symbol 

o 

o 

Test No. 

W-68-71 
W-82-71 

W-3l-71 
W-29-72 

W-lO-7l 

Specimen 

3/8 in. insulating glass 
(average of 2 tests) 

STC 

26-28 

7/16 in. insulating glass 28-30 
(average of 2.tests) 

1 in. insulating glass 34 
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Comparison of sound transmission loss vs frequency data for insulating glass 2 
with data for single glazing of the same surfa€e density (nominally 2.6 lb/ft ). 
The dashed curve represents field incidence mass law (see Figure 14 and 
accompanying text). 

Symbol 

o 
Test No. 

W-18-72 

W-68-71 
W-82-71 

Specimen STC 

3/16 in. safety glass 31 

3/8 in. insulating glass 
(average of 2 tests). 26-28 
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Figure 31. Comparison of sound transmission loss vs frequency data for:sealed single­
strength windows' with storm sash (at various spacings from primary glazing) 
with data for s.ealed windows, glazed single-strength with storm sash. In 
the following table the spacing is the average between panes for upper and 
lower sash. 

Symbol Test No. SEecimen STC 

- W-8-71 s,ingle strength 28-29 
W-33-71 (average of 5 tests) 
W-41-71 
W-76-71 
w-26-72 

0 W-25-72 storm sash glazed single 29 
strength spaced 1/8 in. 

W-37-71 storm sash glazed single 34 
single strength, spaced 
2 1/8 in. 

'0 W-ll-71 storm sash glazed double 38 
strength, spaced 3 3/4 
in. 
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which was undamped. Below 2000 Hz', however, the small ,improvement was due only to its 
slightly higher weight. 

Sealed Insulating Glass 

Averaged data curves for the thre~ thicknesses of insulating glass are shown in Figure 
29, with STC values as follows:, 

3/8 in. 
7/16 in. 
1 in. 

26 - 28 
28 - 30 
34 

, The first two of these were formed of double layers of single strength and double 
strength glass, respectively, but for most of the frequency range they had TL values equal 
to or lower than the single layer alone. The 1 in. insulating glass was formed of ~/16 in. 
safety glass on each side. ' 

According to sound transmission theory, a double wall generally has a higher TL than a 
single wall of the same total surface weight. This, however, occurs only above a resonance 
frequency which is determined by the weight of each layer and their separation. The 
greater the weight and the wider the separation, 'the lower is the resonance frequency. At 
or near the resonance frequency, the TL is actually lower for the double wall than for the 
single wall. Also, the improvement in TL above the resonance frequency for the double wall 
may in practice be limited by mechanical coupling between the two sides. 

These effects are clearly shown in Figure 30, where the TL curve of the single-layer 
3/16 in. safety glass is compared with that of the 3/8 in. insulating glass having the same 
total areal density of 2.6 Ib/ sq ft. Also shown is the theoretical mass law curve for a 
limp, single layer material of that weight. ' The calculated resonance frequency for the, 
insulating glass is approximately 500 Hz, and the data curves show a wide dip around this 
frequency which is 10 dB below the curve for the single layer. In well-isolated double 
wall' structures with wide separation, the TL curve generally rises steeply beyond the mass 
law line above the resonance frequency, but for the insulating glass this did not occur. 
This was due largely to the high compressive stiffness of the shallow air cavity and to the 
influence of coincidence effects at the highest frequencies. There was also rigid ' 
~chanical coupling around the perimeter of the glass due to the "",elded" structure which 
may> have contributed to flanking sound, transmission. 
,/ 

For the 1 in. insulating glass shown in Figure 29 both the calculated and observed 
resonance frequencies are around 200 Hz, and the rise in TL above resonance is effective 
over a larger part of the frequency range. This rise, however, was again severely limited 
by the coincidence dip at 2500 Hz. 

Sealed Windows with Storm Sash 

The data for sealed windows with added storm sash may be grouped as follows: 

Window Glazing Storm Glazing STC 

Single and double strength Single and double strength 29 - 38 

3/8 in. and 7/16 in. insulating Single and double strength 35 - 39 

The wide spreads in the above groupings were due, not to the variations in glazing, 
but to the wide range of spacings between the window and the storm sash. These varied from 
1/8 in. for the aluminum sliding window to 3 3/4 in. for the picture window. The effect of 
spacing is shown in Figure 31, where curves are plotted for three single or double strength 
storm sashes added to the average of five single strength windows. 

These curves agreed well with the predictions of double wall theory. The curve for 
1/8 in. spacing was quite similar to those for the insulating glass in Figure 29 and 
showed no improvement over the window alone except above 1000 Hz. The calculated resonance 
frequency for this spacing was 600 Hz, which was too high for effective double wall 
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performance. The calculated resonance frequencies for the 2 1/8 in. and 3 3/4 in. -spacings 
were 145'and 105 Hz, respectively, which agreed fairly well with the observed dips in the 
TL curves. In both cases, the T~ curves rose rapidly with frequency above the resonance 
frequency , resulting in a 10 to 20 dB improvement over the window alone at all frequencies 
above about 500 Hz. The STC values were 34 and 38, respectively, as compared to 28 to 29 
for the window alone. 

The highest STC value obtained in the entire window program was 39 for a combination 
of a double hung wood window with 7/16 in. insulating glass and a storm sash'glazed double 
strength at 2, 1/8 in_ spacing. Although not tested, a considerably higher value could 
probably have been obtained by adding a storm sash to the 1 in. insulating glass in the 
picture window at 3 3/4 in. spacing. 'The insulating glass alone had an STC of 34. 
However, it was assumed that the use of storm sash or insulating glass is dictated by" 
thermal insulation requirements in common building practice, rather than sound insulation, 
and that it would be ~nlikely that a storm sash would be added to a 1 in. thick insulating 
glass', 

d. Unsealed Windows 

The foregoing data on sealed windows represent their maximum sound insulating 
capability. Under normal conditions, of course, this performance is more or less 
compromised by sound leakage through perimeter cracks and openings. In all tests of 
unsealed windows, the outer frame of the window unit was thoroughly sealed into the wall, 
it being assumed that this degree of sealing could reasonably be expected in field 
practice. The measured sound leakage, therefore, was attributable only to that which 
occUrred around the perimeters of movable sashes in various conditions of opening, closing, 
and locking. 

To provide a reference for interpreting such data, a series was run on accurately 
gauged perimeter cracks around the 6 x 5 ft picture window, as shown in Figure 32. The 
series was repeated for two picture window sa~hes having double strength glazing and 1 in 
insulating glass, respectively, in order to show more clearly the relative transmission 
through the cracks and the glass. 

The transmission loss data curves for gauged perimeter cracks around the picture 
window are shown in Figure 33 for double strength glazing and Figure 34 for insulating 
glass. Each curve represents the combined transmission through the parallel sound paths of 
open crack and glass, the transmission being governed essentially by the weaker of the two 
paths. The curves show that oVer most of the frequency range, the transmission is governed 
Qy the crack area. At low frequencies, the glass transmission tended to govern, and there 
was less difference in transmission due to the various crack areas. In accordance with 
theory, the transmission loss should decr:ease 3 dB with each doubling of transmitting"area, 
and the curves agreed quite well with this prediction. The curves also showed that the 
transmission through the crack was almost independent of frequency. 

The transmi~sion loss of a window with a perimeter crack of known dimensions can be 
estimated Qy assuming that: (1) the transmission loss of the sealed window is much higher 
than the window with the crack, (2) the transmission loss of the crack is zero at all 
frequencies, and (3) the sound ~nergy transmitted by either the crack or the glass is 
directly proportiona+ to the corresponding area. On this basis, the theoretical 
transmission loss of the window with crack is: 

TL = 10 log (l/k) 

where: k = ratio of crack area to window area, 

In general, for each of the gauged cracks in Appendix C (Test Nos. W-12-71 to 
W-21-71), the measured values were lower than equation (7) would predict. This point is 
discussed in Section 3.5. 

As a further check on the above estimating procedure, the transmission loss curves of 
the picture window with two cracks of equal area but different lengths and widths are 
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Figure 32. Detail of framing in filler wall to receive picture window sashes. Strip 
A was shinnne.d out to provide perimeter cracks ranging from 1/32 to 1/4 in. 
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Figure 33. Sound transmission loss vs frequency data for 6 x 5 ft picture window, 
double-strength glazing, with perimeter cracks of controlled size. 

Symbol Test No. Crack Width STC 

0 W-7-71 None, complete seal 29 
6 W-21-71 1/32 in. 25 
0 W-17-71 1/16 in. 21 • W-15-71 1/8 in. 18 

• w-16-71 1/4 in. 15 
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Figure 34. Sound transmission loss vs frequency data for 6 x 5 ft picture window, glazed 
with 1 in. insulating glass, with perimeter cracks of controlled size. 

Symbol Test No. Crack Size STC 

0 W-IO-71 None, complete seal 34 
6 W-20-71 1/32 in., half perimeter 29 
0 W-19-71 1/32 in., full perimeter 26 

• w-18-71 1/16 in., full perimeter 23 

• w-14-71 1/8 in., full perimeter 19 

• W-12-71 1/4 in., full perimeter 15 
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Figure 35. Comparison'of effect of perimeter'cracks of the same'area, but different widths, 
on the sound transmission loss vs frequency for a 6 x 5 ft picture window, 
glazed with 1 in. insulating glass. The dashed horizontal line corresponds 
to the theoretical transmission loss, based on the ratio of crack area to 
window area, assuming the transmission loss of the crack is 0 dB. 

. Symbol 

o 
6 

Test No . 

W-14-71 
W-13-71 

Crack Size 

1/8 in. ,< full perimeter 
, 1/4 in., half perimeter 
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compared in Figure 35. It is shown that there is no significant difference between the two 
tests and generally good agreement with the theoretical transmission loss. 

The above equation for the transmission loss of a window with perimeter cracks can be 
put in the form: 

TL 10 12 A 
(8) = log --d L 

where: d = crack width, in. 

A = window area, sq ft 

L = total crack length, ft 

This is plotted in Figure 36 which can be used either to estimate an equivalent crack 
width from measurements of transmission loss or to estimate the transmission loss from a 
known crack width, knowing in either case the window area and sash perimeter. The latter 
would be the total crack length for double hung or multiple sash units. It must also be 
known that the measured transmission loss is much lower than that of the sealed window. As 
noted above, this would generally be true at the higher frequencies. 

As an example, compare the data in Appendix C for the 3 x 5 ft wood double hung 
window, glazed insulating glass, sealed (Test No. W-31-71) versus normally closed and 
unlocked (Test-No. W-25-71). Above 1000 Hz, the transmission loss of the sealed window 
ranged from 27 to 40 dB, and for the normally closed window 21 to 29 dB with an average of 
about 24 dB. The ratio A/L for total sash area to total crack length of both sashes 
(counting the joint between sashes only once) was calculated at about 0.7. Referring to 
FigUre 36, a transmission loss of 24 dB at A/L = 0.7 would result from an equivalent crack 
width at all sash perimeter joints of .037 in. or slight'ly over 1/32 in. 

Illustrative data on the effect of sealing only the horizontal joints of this window 
are given in Test Nos. W-23-71 and W-35-71 in Appendix C. Summarized test data and test 
number references ~or gauged openings in the other windows are listed in Table C-5. 

Probably a mo!e typical condition in practice would be a fully closed window either 
109ked or unlocked rather than one partially open by a slight amount. Accordingly, all 
wfndows in the program were tested both locked and unlocked as well as fully sealed. In 
some types of operable windoy, closing and locking or latching were accomplished together 
so that an unlocked condition could not be tested separately. 

An overall comparison of all of the test data for sealed versus unsealed windows is 
shown by the envelopes of data in Figure 37. The unsealed windows were all closed tight 
and either locked or unlocked. The lower limit of the envelope for the unsealed windows 
corresponded almost entirely to the data for the aluminum casement window unlocked, having 
an STC of 17 (Test No. W-20-72). This window had no weatherstripping of any kind. The 
same window locked showed a 21 STC (Test No. W-21-72). Omitting the1envelope data for the 
unlocked window, there was an average difference of about 4 STC between the two envelopes, 
with slightly more difference at the high frequencies and less at the low frequencies. 

Illustrative data for a few windows are shown in Figures 38 and 39. The differences 
between sealed and unsealed units were most pronounced at the high frequencies, especially 
for the insulating glass which has higher transmission loss at high frequencies than single 
or double strength. There were no consistently large differences between the locked and 
the unlocked condition,,~lthough there was quite an erratic spread of data in the highest 
frequencies. The large dip at 4000 Hz for the unlocked window in Test No. W-25-71 could be 
due to resonance phenomena as are discussed in Section 3.5. 
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Figure 36. Theoretical sound transmission loss of surface with cracks, assuming the 
sound transmission loss of the sealed surface is at least 10 dB higher than 
that of the surface with cracks (see text). 
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Figure 37. Comparison of the envelope (corresponding to STC 26-34) of sound transmission 
loss vs frequency data for all sealed windows with the envelope (STC 17-30) of 
data for all unsealed windows: locked and unlocked. 
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~igure 38. Comparison of sound trans~ission loss vs frequency data for sealed and 
un~~aled windows, glazed single-strength. 

Symbol Test'No. Specimen STC 
• 

same as in sealed (average of 5 
Figure 31 tests) 28-29 

0 W-74-71 wood double-hung, locked 26 

6 W-75-71 wood double-hung, unlocked 26 

0 W-23-72 atuminum sliding, latched 24 
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Figure 39. Comparison of sound transmission loss vs frequency data for sea1ed and unsealed 
. windows, glazed 7/16 in. insulating glass. 

Symbol Test No. SEecimen STC 

- W-3l-71 sealed (average of 2 tests) 28-30 
W-29-72 

0 w-24-7l wood double-hung, locked 26 

6 W-25-7l wood double-hung, unlocked 22 

0 W-27-72 aluminum single hung, 27 
locked 

w-28-72 aluminum single hung, 25 
unlocked 
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e. Combinations of Windows in Walls 

Complete test data for the four comblnatioris'of the 6 x 5 ft picture win&ow in two 
walls are ~hown in Figure 40 to 43. For each combination of wall and window, the measured 
transmission loss data curve for each component ,is shown on the charts. Also, on each 
chart is shown the calculated transmission loss of the combination, this calculation being 
made using equation (4) with only two areas, that of the wall and that of the window, being 
used. 

An example of the application of this approximation is shown in the curves of Figure 
42 where the window having the minimum transmission loss was placed in the wall having 
maximum transmission loss. Even though the window area Sl was much less than the remaining 
wall area S2' the transmission coefficient of the window was so much greater than that of 
the wall that the ratio ('lSl)/('2S2) was greater than 10 at almost all frequencies. As 
discussed in Section 3.1., in sucn a case the transmission loss of the combination should 
exceed the transmission loss of the window by the amount 10 log (S/Sl)' For correspqnding 
areas of 126 and 25.6 sq ft, respectively, the excess is 7 dB. It w~ll be seen in Figure 
42. that the palculated curve of the combination lies 7 dB above the measured curve of the 
window over nearly all of the frequency range. For the other combinations where there was 
less difference between the transmission loss of the window, and that of the wall, the 
complete formula in equation (4) was used. In every case, the transmission loss of the 
combination fell between the transmission loss values of each component. 

3. 5. Comparison of Results with Those of Other Investigations 

3. 5. 1. Wails 

No data were found in the literature on exterior walls similar in construction to 
those tested during the present investigation. However, it was felt to be useful to 
compare the effects of resilient channels and cavity insulation with corresponding data on 
interior w~lls. Figure 44 repeats the data shown in Figure 18 for the wood-siding 
wood-stud, exterior wall, with and without cavity insulation and with and without resilient 
channels. Figure 45 presents the data of Northwood [61] on two-leaf walls with 1/2 in. 
plasterboard on either side of nominal 4 in. studs; curves 1 and 2 correspond to 2 x 4 in. 
wood studs on 24 in. centers while curves 3 and 4 correspond to 3 5/8 in. steel channel 
studs on 24 in. centers (the steel channel studs should have provided roughly equivalent 
vibration isolation to that provided by the resilient channels in the case of the wood 
siding, wood stud exterior wall). Several similarities and differences between Figures 44 
and 45 can be pointed out. Since both sides of the plasterboard walls were of identical 
construction, the high frequency coincidence dips for these walls are much more pronounced 
than are those for the exterior walls. The improvement due to resilient channels plus 
cavity insulation is about the same for the interior and the exterior walls. Since both 
sides of the plasterboard walls' are identical, they are very efficiently coupled by the 
stiffness of the air in the cavity so that resilient channels, without cavity insulation, 
do not produce as much improvement for the interior walls as they do for exterior walls. 
Since the inner and outer surfaces of the exterior walls are of different construction, the 
coupling through the air cavity is not very efficient so that additioR of cavity insulation 
alone does not provide much improvement for the exterior walls. V~r and Holmer [12] give 
procedures for estimating the effectivenes~ of different procedures for vibration isolation 
between the two sides of double walls. 

3. 5. 2. Doors 

The data presented here are restricted to sealed or tightly gasketed doors. The 
effects of cracks are discussed in Sections 3.5.4. and 6.1. 

Figures 46 and 47 present data on a total of eight solid core wood doors having areal 
densities ranging between 3.3 and 7.0 lb/sq ft. The data (Test W-91-71) from the present 
investigation are shown in both figures to facilitate comparisons. Although the sound 
transmission loss curves from the several investigations differ.somewhat at low and high 
frequencies, the STC values are all within a range of ~3 around the value obtained in the 
present investigation. 
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Figure 40. Comparison of measured sound transmission loss vs frequency data for a 6 x 5 ft 
picture window, glazed single strength, in a wood siding wall with that pre­
dicted from the transmission losses and areas of the wall and window (window area 
= 25.6 sq ft, wall plus window area = 126 sqft). 

Symbol Test No. Specimen STC 

0 W-54-7l wall alone 39 
6 W-8-71 wi~dow alone 28 
0 W-57-7l combination, measured 35 - combination, calculated 34 
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Figure 41. Comparison of measured sound transmission loss vs frequency data for a 6 x 5 ft 
picture window, glazed 1 in. insulating glass, in a 'wood siding wall with that 
predicted from the transmission losses and areas of the wall and window (window 
area = 25.6 sq ft, wall plus window area = 126 sq ft). 

Symbol Test No. SEecimen STC 

0 W-54-7l wall alone 39 
6 W::-lO-7l window alone 34 
0 W~58-71 combination, measured 38 

combination, calculated 38 
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Figure 42. Comparison of measured sound transmission loss vs frequency data for a 6 x 5 
ft picture window, glazed single strength, in a.brick veneer wall with that 
predicted from the transmission losses and areas of the wall and window 
(window area = 25.6 sq ft, wall plus window area = 126 sq ft). 
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Figure 43. Comparison of measured sound transmission loss vs frequency data for a 6 x 5 
ft picture window, glazed 1 in insulating glass, in a brick veneer wall with 
that predicted from the transmission losses and areas of the wall and window 
(window area = 25.6 sq ft, wall plus window area = 126 s,q ft) . 
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Figure 44. Sound transmission loss vs frequency data for wood-siding, wood-stud, exterior 
walls. The data are from the present investigation and correspond to walls 

·with or without resilient channels and with or without cavity insulation. 

Cavity Resilient 
Curve Test No. Insulation Channel STC 

1 w-4-72 no no 37 
2 W-54-7l yes no 39 
3 W-56-71 no yes 43 
4 W-55-71 yes yes 47 
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Figure 45. Sound transmission loss vs frequency data for plasterboard interior walls. 
The data are from Northwood [61] and correspond to walls with wood or metal 
studs and with or without cavity insulation. 

Cavity Metal STC 
Curve Wall No. Insulation Channel Stud 

1 2.03 no no 35 
2 2.13 yes no 40 
3 2.04 no yes 36 
4 2.14 yes yes 44 
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Figure 46. Sound transmission loss vs frequency data for solid core wood doors. 

Test or STC Areal 
Curve Reference SEecimen No. Densit;y: 

Ib ft-2 

1 present 
investigation W-91-71 30 3.91 

2 [25] 632 30 4.6 
3 [25] 617 28 5.6 
4 [25] 616 30 7.0 
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Figure 47. Sound transmission loss vs frequency data for solid core wood doors. 
Curve 1 is the same as in Figure 46. 

Test or Areal 
Curve Reference S:eecimen No. STC Density 

lb ft-2 

·1 present 
investigation W-91-71 30 3.91 

2 [62] 27 31 4.52 
3 [28] 7031 33 3.28 
4 [28] 7111-3 27 3.69' 
5 [31] p.l00 29 ? 
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Figure 48 presents data on four hollow co~e doors having areal densities from 1.2 to 
2.3 Ib/sq ft. Again there are significant differences at low and high frequencies but the 
STC values are essentially identical. 

3. 5. 3. Windows 

Marsh [63] has given a comprehensive review of the literature on the sound trans­
mission loss of glass, including a compilation of tabulated data. Wherever possible, data 
in this section were taken from her review rather than from .the original source. 

Probably because most measurements of the sound transmission loss of glass presumably 
have been taken in support of engineering solutions for situations where better-than-usUal 
sound isolation was required, most of the data reported by Marsh are for glass much thicker 
than the single- and double-strength glass used for most of the windows examined in the 
present investigation. 

Figure 49 showS a comparison of the envelope of sound transmission loss data, from the 
present investigation, for sealed windows having double-strength glazing (nominally 1/8 
in.) with the envelope of data for $ealed windows having 3 mm glazing as reported in Table 
Al of Marsh [63]. The agreement is not good at low frequencies, where it is difficult to 
make accurate sound transmission loss measurements. Insofar as overall performance is 
concerned, the'present data fall in the upper end (STC 29-31) of the range of data cited by 
Marsh (STC 26-31). 

Figure 50 shows a comparison of the envelope of sound transmission loss data, from the 
present investigation, for sealed windows having single-strength glazing (nominally 3/32 
in) with the envelope of data for three sealed windows of similar thickness as reported in 
the literature [62,63]. The present data correspond toSTC 28-29 while the literature data 
correspond to STC 26-28. 

Marsh [63] found that the solid line. shown in Figure 51 represented the mean sound 
transmission loss (not the Sound Transmission Class) for sealed windows over the frequency 
range from 100 to 3150 Hz as a function of glass thickness. The dashed lines 3 dB above 
and below the solid line encompass about 95 percent of the literature data which she used. 
The solid circles indicate the average and range of the data from the present 
inv,estigation. 

Patil [64] reported a number of recent STC determinations made at. Riverbank Acoustical 
Laboratories on glass of various thicknesses. These results are compared, in Figure 52, 
wi th the ave·rage and range of data on single- and double-strength glass from the present . 
investigation. The present data lie from 1 to 3 STC-units above a mean curve through the 
Riverbank data. 

In the present investigation it was found that the Sound Transmission Class for a 
given glass thickness was essentially independent of the size of the individual panes and 
of the type of window. Since glass has very low internal damping, one would expect that 
resilient mounting of the glass, which was not examined in the present investigation, would 
improve the sound transmission loss, especially near the coincidence region. Marsh [63] 
discusses this point briefly. The work of Utley and Fletcher [65-66] and Cops, Myncke, and 
Lambert [67] provi'des considerable useful information on the influence of edge damping. 

Figure 53 compares'the results from the present investigation on 1/4 in. laminated 
glass, having an internal damping layer, with data on nominally identical glazing as 
reported by Marsh [63].· The data are seen to be very similar. In the present investiga­
tion an STC of 34 was found wh~le the data reported by Marsh correspond to approximately 
STC 32-33. Patil [64] reports a value for similar glazing of STC 34. 

Of the pre-fabricated insulating glass·units tested in the present investigation, 
literature data on comparable units were found only for the 7/16 in. insulating glass (two 
1/8 in. panes with a 3/16 in. air space). In Figure 54, the solid curves represent the 
envelope for the two units tested (STC 28 and 30) while the dotted curves represent the 
envelope of three windows reported by Marsh [63]. . 
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Figure 48. 
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Sound transmission loss vs frequency data for hollow core wood cores. 

Test or Areal 
Curve Reference SEecimen No. STC Density 

lb ft-2 

1 present 
investigation W-93-71 21 1.23 

2 [25] 634 - 20 1.9 
3 [62] 26 20 1.43 
4 [28] 7083-1 20 2.25 
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Figure 49 . 
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. Sound transmission .LOSS vs frequency data for sealed windows, of var.ious types 
and sizes, with double-strength (3 rom) glazing. The ·solid curves represent 
the envelope of data obtained in the present investigation (T~stsW-7-71, W-32-71, 
W-34-71, w-64-71, w-66-71, and W-21-72). The dotted curves represent the envelope 
of data, on sealed windows only, from Table A5 of Marsh [63] (the sets of data 
included are the 2nd and 3rd of Aston"the 1st of Wooley, and the 1st, 2nd and 
4th of Saint-Gobain). 
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Figure 50. Sound transmission loss vs frequency data for sealed windows, of v~ious types 
and sizes, with single-strength glazing. The solid curves represent the envelope 
of data obtained in the present investigation (Tests w-B-71, W-33-71, W-41-71, 
W-76-71, and w-26-72). The dotted curves represent the envelope of the follow­
ing data: Brandt (2 mm glass) and Libbey-Owens-Ford (3/32 in. glass) from 
Table A6 of Marsh [63.]; caulked steel frame casement window (3/32 in. glass) 
from Bishop and Hirtle [62]. 
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Figure 52. Sound Transmission Class of sealed windows vs glass thickness. The triangles 
and the line fitted through them represent the data reported by Patil [64]. 
The solid circles represent the average and range of data on single- and 
double-strength glazing from the present investigation. 
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Figure 53. Sound transmission loss vs frequency data for 1/4 in. laminated glass with an 
internal damping layer. The solid curve represents the data from the present 
investigation (Test No. W-22-72) while the dotted curves represent the envelope 
of data from Table A8 of Marsh [63] (the two sets of data are that of Pilkington 
Bros. and the 1st of Libbey-Ovens-Ford). 

59 



70 

60 

20 

, . 

10 
125 

..... : 

250 500 1000 

.... ~ 

2000 

. . . . 

BA~DCENTERFREQUENCY,Hz 

4000 

Figure 54. Sound transmission loss vs frequency data for 7/16 in. insulating glass units 
consisting, nominally, of two 1/8 in. panes of glass separated by a 3/16 in. 
air space. 'The solid curves represent the envelope of data obtained in the 
present investigation (Tests W-3l-7l and W-29-72). The dotted curves represent 
the envelope of data from Table Bl of Marsh [63]. (the sets of data included 
are the 2nd of Wooley and the two of Saint-Gobain). 
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The solid curve in Figure 55 represents the data for the single-strength picture 
window with a double-strength storm sash spaced.3.3/4 in. away. The dotted curves 
represent the envelope of data for three windows reported by Marsh [63J. All 'four windows 
had an STC'of 38. ' 

Curve No. 1 in Figure 56 represents the average sound transmission loss for three 
double-hung windows with storm sashes an average distance of either 2 1/8 or 2 3/4 in. (54 
or 70 mm) away. Since the upper and lower window sashes were not the same distance from 
the storm sash, comparisons with literature data are not very meaningful. Curves 2 and 3 
correspond to literature data with spacings of 32 and 75 mm, respectively. Curve 4 
corresponds to literature data with a spacing of 51 mm. Curve 5 is for a double-hung 
window with the upper and lower sashes spaced different distances from the storm sash. 
These spacings were very similar to those in the present investigation. However, the poor 
high frequency performance indicates that this window may not have been tightly sealed. 

Marsh [63] t~bulates data on a large number of double-glazing situations and dis.cusses 
these data in some detail. DeLange [68] gives data (measured under conditions wherein the 
sound impinged on the windows from discrete directions) on a variety of constructions and 
discusses the use of such data. Sharp [31] gives data on a few windows havin~ high sound 
transmission loss. 

3. 5. 4. Cracks and Openings 

Data reported by Marsh [63], Bishop and Hirtle [62], and others are in qualitative 
agreement with the results of the' present investigatfon as regards the influence of cracks 
and openings on the effective sound transmission loss of doors and windows. These data all 
indicate that such leaks can seriously reduce the sound isolation at medium to high 
frequencies. In the absence of quantitative information on the size of such leaks, there 
is little or no point in quantitative comparisons of sound transmission loss data since 
different windows or doors of nominally the same construction may differ considerably in 
the size of cracks and openings. For this reason, further discussion of the effect of 
normally occurring cracks is deferred until Section 6.1, where correlations are made with 
the results of air leakage tests. The remainder of the discussion in the present section 
is limited to those tests where controlled-width cracks were intentionally introduced. 

There are many papers in the literature which address the problem of wave propagation 
~fOUgh openings in very thin walls. Papers which are directly relevant to sound trans­
mission through finite thickness walls include [69-82]. The work of Gomperts [76,77] and 
Gomperts and Kihlman [78] is most directly applicable to the tests, in the present 
investigation, on windows with cracks of known size. 

Figure 57 displays the sound transmission loss, computed from equation (69) of 
Gomperts [76], for slits in the middle of a wall separating two reverberation chambers. 
The lower figure shows the results for 1/32.in. and 1/4 in. slits in a 2 in. thick wall 
while the upper figure corresponds to slits of the same widths in a 4 in. thick wall. (The 
abcissa in this figure represents continuous frequency rather than discrete 1/3-octave 
frequency bands as used in previous figures). For a given slit, the sound transmission 
loss increases monotonically with frequency until the wavelength of sound decreases to a 
value approaching twice the wall thickness. The resonances occur when the frequency is 
such that the wall thickness is approximately equal to an odd number of half-wavelengths of 
the sound. 

For measurements made in 1/3-octave frequency bands, as was done in the present 
investigation, the sharp resonances shown in Figure 57 could not be observed. Figure 58 . 
compares the curve (from Figure 57) for a 1/32 in. wide, 2 in. deep slit with the corres­
ponding curve averaged over a 1/3-octave frequency band by numerical integration of 
Gomperts' equation (69). It is seen that the resonance dips are neither so sharp nor so 
deep as in the pure tone case. 

Gomperts' equation (69) does not include the effects of energy loss due to viscous 
flow in the slit. As shown in his later paper [77], this will further increase the 
measured sound transmission loss at frequencies near to the resonances. 
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Figure 55. Sound transmission loss vs frequency data for double glazing with a nominal 4 in. 
s-eparation between the two panes-. The solid curve represents a 6 x 5 ft picture 
window glazed single strength (2.4 mm) with a double strength (3mm) storm window 
spaced 95 mm (3 3/4 in.) away CTest W-ll-71). The dotted curves represent :the 
envelope of data, from Table C2 of Marsh [63] ,- for 3 mm panes separated by 100 
to 102 mm (the sets of data are the first listed for each of the following: 
Aston, Ingemansson, and Woolley). 
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F~e 56. Sound transmission loss vs frequency data for double glaz.ing with an average 
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Figure 57. Theoretical sound transmission loss vs frequency data for slits in the middle 
of a wall between two reverberant rooms, as computed from eq. (69) of 
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Figure 58. Theoretical sound transmission loss vs frequency data for slits in the middle of 
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of Gomperts [76] while the upper curve was derived by numerical integration of 
the transmission coefficient corresponding to th~ lower curve. 
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Figures 59 through 62 compare the experimental data for the sound transmission loss of 
cracks of known width around picture windows with the predictions of equation (69) of 
Gomperts [76]. The experimental data were calculated, using equation (4) of the present 
report, from two tests -- one with the crack present and one with the window sealed. As 
shown in Figure 32, for cracks smaller than 1/4'in. in width, the actual crack consisted of 
two cracks in series -~ a 1/4 in. wide crack between the sash and the fr~ng and a 1/8, 
1/16, or 1/32 in. crack between strip A and the framing. For calculation of both the data 
points and the theoretical curves in Figures 59-62, an effective crack width was used, 
namely, the width of a uniform crack that would contain the same volume of air as the 
actual crack. 

Further reference to Figure 32 indicates that the proper values for the effective 
depths of the cracks are not obvious. Since it was found empirically that effective crack 
depths about 25 percent greater than the combined thickness of the sash and of strip A gave 
theoretical resonance frequencies in good agreement with the experimental data, those were 
the depths used for the two theoretical curves in Figures 59-62. The dotted curves in 
these four figures were computed in the same manner as the upper curve in Figure 58; they 
correspond to the 'transmission coefficient, averaged over a 1/3-octave band, for a slit in, 
the middle of a wall between two reverberant rooms. Since the window was located in a 
recess in an otherwise thick wall, the solid curves were also generated; 'they correspond to 
a slit at the edge of a wall between two reverberant rooms. 

Considering the rather complex geometry of the slit, framing, ahd filler wall, the 
agreement between the experimental data and the theoretical curves in Figure 59 is perhaps 
better than might have been expected. At very low frequencies, the geometry irregularities 
were small compared to the wavelength of sound so the slit behaved as if it were in the 
middle of a smooth wall between the two reverberant rooms (corresponding to the dotted 
curves). As frequency increased, the wavelength decreased so'that the recesses on either 
side became effective in making the slit behave as if it were at the edge of the wall 
(corresponding to the ,solid curves). At high frequencies, the irregular geometry leads tc 
much less pronounced resonances that are calculated for a slit in a smooth wall. As the 
slit width decreases, the experimental data at very low and very high frequencies lie 
further and further above the theoretical curves. Preliminary analysis indicates that this 
is at least partially due to energy loss by viscous flow through the narrow slit between 
strip A and the framing (see Figure 32). 

Discussion of other experimental data on leaky windows is deferred until Section 6.1. 

In general, openings severely reduce the sound isolation otherwise provided by 
windows. However, when no other means of ventilation is available, the work of Ford and 
Kerry [83] and Kerry and Ford [84] is of particular interest since it shows that double 
glazing with staggered openings can be rather effective even for fairly large openings. 
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Figure 59. Comparison of experimental results and theoretical predictions for the sound 
transmission loss of 1/4 in. cracks around picture windows. The data points in 
the upper portion of the figure'are from Test w-16-71 and the average of Tests 
W-7-71 and W-9-71; those in the lower portlon are from Tests W-12-71 and W-IO-71. 
Solid symbols indicate that the transmission loss of the sealed window was at 
least 9 dB greater than that of the leaky window, while half-filled symbols 
indicate a.6 to 9 dB difference and open symbols a 3 to 6 dB difference. If the 
effect of the crack was less than 3 dB for a given frequency band, the data 
are not plotted. The dotted curves were calculated from equation (69) of 
Gomperts [76] averaged over a 1/3 octave band, for a slit in the middle of a 
wall; the solid curves were calculated in a similar manner but correspond to a 
slit at the edge of a wall between two reverberant rooms. The effective , depth 
of the slit was taken as 4.5 in. for the theoretical calculations in the lower 
figure and as 4.0 in. for those in the upper figure. 
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Figure 60. Comparison of experimental results and theoretical predictions for the sound 
transmission loss of 1/8 in. cracks around picture windows. The data points in 
the upper portion of the figure are from-Test W-15-71 and the average of Tests 
W-7-71 and W-9-71; those in the lower portion are from Tests w-18-71 and W-IO-71. 
The effective width of the slit was taken as the uniform width which would 
contain the same mass of air as the actual slit (which consisted of two segments 
of different widths. (Otherwise, as in Figure 59)· 
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Figure 61. Comparison of experimental results and theoretical predictions for the sound 
transmission loss of 1/16 in. cracks around picture windows. The data points in 
the upper portion of the figure are from Test W-17-71 and the average of Tests 
W-7-71 and W-9-71; those in the lower portion are from Tests w-18-71 and W-IO-71 
(Otherwise, as in Figure 60). 
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~igure 62. Comparison of exPerimental results and theoretical predictions for the sound 
transmission loss of 1/32 in. cracks around picture windows. The data points 
in the upper portion of the figure are from Test W-21-71 and the average of Tests 
W-7-71 and W-9-71; those in the lower portion are from Tests W-19-71 and W-10-71. 
(Otherwise, as in Figure 60). 

70 



4. Thermal Transmittance and Resistance Tests 

4. 1. Background' 

In general, architects, engineers, .builders and others who might use the data and 
information in this report have a more thorough background in heat transfer than they do in 
acoustics. Accordingly, less background information is given here than in the preceding 
chapter. References are given, however, for those who seek additional material concerning 
the concepts Qf thermal insulation of buildings. 

The general concepts and procedures for estimating heat transmission through building 
elements are covered in the ASHRAE Handbook of Fundamentals[85];' additional information is 
given in the ASHRAE Handbook and Product Directory -- Systems[86]. Other useful references 
include[87-97]. The National Bureau of Standards has published a number of technical 
papers and reports[98-112] and consumer-oriented publications[113-114] relative to heat 
gain or loss from buildings. 

The following discussion is intended to briefly define those terms used in this 
section of the report. For additional definitions, see [115]. 

The total heat flow through a wall from an air space on one side of the wall to the 
air space on the other side of the wall is usually computed from 

where S is the total area (ft2 = sq ft)2I of the wail, Th and T are the average air 
temperatures (OF) on the hot and cold sides, respectively, and U is the thermal 

transmittance or over-all coefficient'of heat transfer (Btu hr-l ft-2 °F-l = Btu/(hr sq ft 
OF). Note that for a non-homogeneous wall, U is an average value (per unit area) for that 
particular wall. The thermal transmittance can, in principle, be computed from the thermal 

conductance, C, (Btu/(hr sq' ft OF)) or the thermal resistance, R, (Btu-l hr ft2 OF = hr sq 

ft °F/Btu))lO/ of the wall and the surface coefficients (fh , fc) on either side of the 
wall: 

R + 1. + 1. 
f f' 
h c 

(10) 

The total t.emperature difference between the air spaces on either side of the wall is . 
the sum of three components: 

2/The units given in p~renthesis are customary U. S. Engineering units. 
equivalents are given in Appendix A. 

Metric 

lO/"T di· If" • • • -- erms en ng ~n -ance generally des~gnate propert~es of a part~cular object 
and thus may depend not only on its component elements, but also on its size, 
shape, or surface conditions. Strictly speaking, the terms "conductance", 
Itt . tt "d"· t " 1 t b· t h . . rans~ ance, an res~s ance app y 0 an 0 Jec av~ng a part~cular and 
individual total or whole area of cross section through which the heat flows. 
However, in general practice and usage, it is convenient to refer to unit area 
conductance or resistance where the unit area is considered to be representative 
of the whole area of cross section'. "Conductance (or Resistance) per Unit Area" 
could be used, but in ordinary usage, this is shortened to "Conductance" or 
"Resistance" with the unit area concept understood." [115]. 
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T - Th ' = ~ 
1 (11a) h 8 fh 

Th 
, 

- T ' =~ 1 = ~'R (llb) c 8 C 8 

T , 
T S 1 (11c) = c c S f c 

where Th' and Tc' are the average temperatures of the hot and cold sides of the wall, 

respectively. These three equations m~ be thought of as the defining equations for R, C~ 
fh , and f. As defined above, R is the "surface-to-surface resistance" in that it does 
not incluae the resistance of the "air films" on either side of the wall. The "air-to-air 
resistance", which does include these "films", is simply the reciprocal of the thermal • 
transmittance, U. -

When a wall is penetrated by windows, doors, or other parallel heat paths, the 
effective thermal transmittance of the composite wall is related to the transmittances of 
the several components by 

(12) 

where Ul is the transmittance for the element of area 8
1

, etc., and the summation is over 

all areas of the partition. III Equation (12) may be written in terms of resistances as 

(l~) 

where 8 = 81 + 82 + 8
3 

+ .•. is the total wall area corresponding to R. Equations (12) and 

(13) assume independent parallel heat flow along the several paths and ign~re exchanges of 
heat among the several paths. Furthermore, it is important to note that 
equations (12 and (13) correspond to heat flow between isothermal surfaces. Since 
"U-values" typically correspond to heat transfer from one essentially·isothermai body of 
air to another essentially isothermal body of air, equation (12) usually may be used with 
some confidence. However, caution must be used in aPElying equation (13). When a 
well-insulated wall is penetrated by a door or window whose thermal resistance is much less 
than that of the wall. the surface-to-surface temperature difference through the 
penetration can be mucn less than that \hrough the wall so that use of equation (12) t'o 
calculate surface-to-surface resistances can lead to very large errors. 

Pressure differences between the inside and outside of a building can result in a flow 
of air through cracks and openings. The heat flow associated with this air flow is equal 
to the product of the mass flow rate of air, the specific heat of air, and the temperature 
difference through which the air must be heated or cooled. In the customary engineering 
units being used in this report, this heat flow is given by 

. 1 
Q = 1.08 V (T

h 
- T ) Btu hr- , 

a c (14) 

where V is the volumetric flow rate at standard conditions (standard ft3 min-l = sefm); see 
8ection 6.2 for further discussion. The apparent thermal transmittance of a wall either 
can be computed from the total heat flow or from the difference between the total heat flow 
and that associated with the mass flow of air through leaks. Care must be taken to avoid 
confusion between these alternative approaches. 

ll/ef. equation (4). 
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4. 2. Experimental Procedure 

The thermal resistance of walls and other structure's may be calculated with some 
success from values of the thermal conductivity at the component materials as measured 
according to standard methods [116,117]. However, for non-homogeneous walls, 'it is 
preferable to make direct measurements. on the construction of interest, using, for 'example, 
a guarded hot box [118]. Earlier NBS publications releva~t to this ,type of measurement 
include [98-100]. " . 

ASTM C236-66 (1971) covers the measurement of the thermal, transmittance and thermal 
resistance of non-~omogeneous panels representative of such constructions as the walls, 
roofs, and floors of buildings. The essential principles ,and the general arrangement are 
given but the final details of the apparatus and test procedures are the responsibility 01 
the tester so as not to restrict the configuration of the 'specimen to be tested. The 
method determines the total flow of peat from the warmer to the cooler side through the 
test area demarcated by the metering box and may be applied to any construction for which 
it is possible to build a reasonably representative pan~l. 

Th~rmal transmission testing was performed using a facility,12/ previously described 
by Mumaw [119], wl;1ich was designed especially for evaluation of heat transmission, air " 
infiltration, and heat transmission in the presence of air infiltration through full-size 
building wall sections. The equipment was patterned after the ASTM C236 Guarded Hot Box 
but modified to operate on a calibratea box principle. It was operated within a controlled 
environment maintained at 75,oF, 50% relative humidity, and consisted of two massively 
insulated chambers, one controlled at reduced temperatures down to -30 of and the other 
normally controlled at room temperature (75 OF) in which metered power consumption was 
measured. The 9 x 14 ft specimen, constructed on a movable test frame, was positioned and 
clamped between the two chambers for a test. See Figure 63. 

With the specimen in this position, conditioned, temperature-controlled air was 
~irculated past' the exposed wall surfaces using small blowers and an air handling system 
designed to provide even flow across the specimen. The air, circulated in the direction of 
natural convection, moved at a rate of 40 to 50 ft/min. 

The rate of heat flow through the wall is equal to the net energy input to the hot 
side, after correcting for wall losses of the hot box. Electrical input energy was 
m?asured using a precision watt-hour-meter. The heat losses by conduction through the box 
~ide walls were determined using a heat meter technique. Subtracting the wall correction 
from the electrical energy yielded the net heat flow through the test wall. Temperature 
measurements for the various surfaces were obtained using copper-constantan thermocouples 
referenced through a constant temperature reference system. 

Auxiliary equipment (see Section 5.2) was used to provide a constant air flow (from 
cold side to hot side) rate through the specimen during some of the thermal tests. 

After completion of selected thermal tests, the heated metering side of the thermal test 
apparatus (normally maintained at 75 OF for testing) was removed, exposing the test wall 
to the ambient room conditions which were controlled at 75 OF, 50% relative humidity. The 
test wall was then observi§/with a Barnes/Bofors Model T-IOI (modified by supplier to T-I02) 
real-time infrared camera~ to obtain additional information regarding principal heat flow 
paths. 

12/The facility was designed and built by Owens-Corning Fiberglas Corporation prior 
to performance of the contract work described in this publication. 

13/The equipment used is commercially available. The techniques used, however, were 
developed by Owens-Corning Fiberglas Corporation prior to per£or~ce of the 
contract work described in this publication. 
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The infrared'camera normally operates with 12.5° vertical by 25° horizontal field of 
view. This particular high resolution camera has a scanning rate of two frames per· second, 
with each frame presenting 225 bits of information on each of 160 lines. The data are 
presented on the cathode ray tube of an oscillos~ope as a gray scale picture with higher· 
intensities representing higher temperatures and lower intensities representing lower 
temperatures. In addition, the camera is equipped with ~ single line scan option. This 
permits selecting one scan line and presenting a temperature profile on the y-axis with 
temperature proportional to ptlLse'height. . ' 

To provide more accurate temperature measurement with the single line scan, a 
comp?-rator ~s' used. It has two 8 x 8 rin. by 1/2-in. thick aluminum plates which are 
painted to match the emittance of the test wall. They are equipped with thermocouples so 
that their surface temperatures can be measured. The plates are thermoelectrically cooled 
and controlled to maintain a selectable temperature of approximately 2 of between them. 
The comparator can be placed in the field of view of the infrared camera and used as a 
calibration. The camera is capable of a resolution of approximately 0.2 OF. 

4. 3. Calculation Procedures and Uncertainties 
The thermal transmittance between the hot box and the cold box and the thermal 

resistance (surface-to-surface) of the wall were computed using equations (9) and (lIb), 
respectively. 

Mumaw [119] has reported on the estimated measurement uncertainties associated with 
this appa~atus.He estimates that the overall uncertainty is typically less than 1 
percent. As in the case of sound transmission, additional uncertainties arise in 
computing the performance of a window or door from data obtained in two tests, one on the 
composite structure with the penetration in place and one on the basic wall. No estimate 
has been made of the additional uncertainties that may be introduced due to a large air 
flow through the test specimen. 

4. 4. Results 

The thermal transmission tests were limited to wall constructions with the wood 
siding and brick veneer exterior finishes. The thermal tests included wooden frame 
windows in two sizes and three of the five doors. The doors and windows were tested only 
as normally installed without special sealing. In all cases, te,sts were run both with and 
~thout an imposed pressure difference (either 0;25 or 0.50 in. water, corresponding to a wind 

"speed of approximately 20-25 or 30-35 mph, respectively) across the test specimen. 

Selected data in condensed form listink nomipal test conditions and thermal 
transmittance values are given in Section 4.4.2 below. Complete test data are given in 
Table D-l, Appendix D. Section 4.4.1, below gives a very brief summary of the test data 
along with certai? of the more important conclusions. 

4. 4. 1. Summary and Conclusions 

The summarized test data given below are those obtained only for the specific tests 
in this program and do not necess~rily apply to general types or classes of construction 
or products. 

I.' Installation of 3-1/2 in. Rll insulation between the studs of a wood-siding wood-stud 
exterior wall raised the thermal resistance of the wall by approximately a factor of 
three. 

2. Attaching the in~erior drywall to resilient channel raised the thermal resistance of 
the wall by about five percent above that obtained with the drywall attached directly 
to the studs (cavity insulation in both cases). 

3. Installation of a nominal 3 x '7 ft door in a 9 x 14 ft insulated wall decreased the 
effective (average) air-to-air thermal resistance by 2.1 to 4.4 hr sq ft OF/Btu in the 
absence of an imposed air flow and by 5.4 to 9.1 hr sq ft OF/Btu with an imposed 
pressure differential of 0.25 in. water. A normally install~d (i.e., leaky) storm 
door did not provide much improvement. 
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4. Installation of a window in a 9 x "14 ft insulated wall decreased the effective (average) 
air-to-air thermal resistance of the combination by the following amounts: 

- " Nominal Decrease in Effective Air-to-Air Descriptio~ of ~indow 
Window Thermal Resistance, hr sq ft of/Btu 
Axea, % 

without imposed with imposed 
pressure differ- pressure differ-
ential ential of 0.25 in. 

water 

3 x 5 ft wood double-hung 12 5.5 9.2 

single glazed window, locked 

same window as above, locked, 12 3.9 9.7 

plus single glazed wood storm 
windows 

3 x 5 ft wood double-hung 12 4.4 10.2 

window, glazed 7/16 in. 
insulating glass, locked 

6 x 5 ft wood picture window, 24 7.5 7.6 
single glazed, di vi ded light 

6 x 5 ft wood picture window, 24 5.6 6.6 

glazed 1 in. insulating glass, 
single light 

5. In the presence of an imposed pressure difference corresponding to a 20-25 mph wind 
speed, heat transfer through walls with normally installed openable doors and windows 
was due chiefly to air leakage. 

4. 4. 2. Discussion 

a. Walls 

The results of the nine pairs (i.e., with and without imposed air flow) of tests 
conducted" on two basic exterior wall constructions are given in Table 1. Seven of the test 
pairs correspond to. wood siding walls with differences in"sheathing, cavity insulation, and 
use of resilient channel. The other two test pairs were on brick veneer walls with and 
without cavity insulation. For two of the constructions, the test at 0.0 in. water' 
pressure difference was repeated. ~. . 

Table 1 includes values for both the air-to-air thermal transmittance and the 
surface-to-surface thermal resistance. Both quantities correspond to the total.heatflow 
through the wall, i.e., no correction has been made for the heat transferred by the mass 
flow of air. The thermal transmittance values include the surface film coefficients given 
in Table D-l (1.2 to 1.8 Btu/(hr sq ft OF) on the hot side and 1.4 to 3.1 Btu/(hr sq ft OF) 
on the cold side). 

Inspection of Table 1 clearly shows the importance of cavity insulation. In the 
absence of cavity insulation, the use of 3/4 in. foamed polystyrene sheathing resulted in 
significantly.higher thermal resistance than did the use of 1/2 in. wood fiber sheathing 
(the improvement would have been proportionately much less if the foamed polystyrene 
sheathing had been used in combination with cavity insulation). The use of resilient 
channel on the interior side resulted in a small improvement (this would have been larger 
for reflective faced insulation). Brick veneer increased the the~ resistance slightly 
in the absence of an imposed air pressure difference across the wall but did not lead to as 
good performance as wood siding when an air pressure difference was pres~nt (note, in 
Appendix D, the difference in air .1eakage) • 
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Table 1. Thermal transmittance and thermal resistance of various 2 x 4 in. wood stud walls 
with 1/2 in. gypsum board on the interior surface. The nominal mean temperature 
was 27.5 of. 75 of hotside, -20 of col~ side. 

Effective* 
Description of Description of Pressure Effective* Thermal 
Exterior Surface Cavity Insulation Test No. Differential Thermal Resistance 

Transmittance (surface to-
( air-to-air) surface) 

in. water -1 -1 
Bt~2hr_l Bt~ hr 
ft of ft of 

Redwood siding None TT-OOl-71 o. 0.195 3.75 
over 1/2 inch TT-018-71 o. 0.194 3.77 
wood fiber TT-019-71 0.50 0.196 3.76 
sheathing 

Same as above Alfol Type 2B TT-014-71 o. 0.125 6.58 
inset stapled TT-015-7 0.50 0.126 6.49 

Same as above Premium Brand TT-030-72 o. 0.091 9.62 
3 in. Paper· TT-031-72 0.25 0.093 9.43 
Enclosed Rock '" 
Wool Bldg. Insul. 

Same as above 3 1/2 in. Fiberglas TT-002-71 o. 0.076 11".76 
Friction Fit Bldg TT-022-71 o. 0.078 11.49 
Insul. polyethylene TT-023-71 0.50 0.080 11.11 
vapor barrier 

Same as above 3 1/2 in. Fiberglas TT-038-72 o. 0.074 12.05 
Kr~ft Faced Bldg. TT-039-72 0.25 0.07 6 11.90 
Insul. 

Same as above 3 1/2 in. Fiberglas TT-042-72 o. 0.073 12.66 
Kraft Faced Bldg. TT-043-72 0.25 0.074 12.20 
Insul. Gypsum Board 
mounted on D0-8 
resilient channel 

Redwood siding None TT-036-72 o. 0.124 6.62 
over 3/4 in. TT-037-72 0.25 0.131 6.25 
Styrofoam TG 
sheathing 

Four-inch brick None TT-065-72 o. 0.153 5.10 
veneer over 1/2 TT-066-72 0.25 0.160 4.88 
in. wood fiber 
sheathing 

Same 3 1/2 in. Fiberglas TT-069-72 o. 0.075 11.90 
Friction Fit Bldg. TT-070-72 0.25 0.085 10.53 
Insul., polyethylene 
vapor barri er 

* Effective thermal transmittance and resistance are the values calculated from measured 
heat flow. In pressure tests, this value includes energy consumed in heating the leak­
age air from cold side to warm side temperature. See Table D-l for complete data in­
cluding air leakage. 
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The 'Wood siding 'Wall ""itlq'Fibergl~s 3-1/2 in. Rll Friction Fit Building Insulation 
'Was te~ted at three mean temperatures; the results are plotted in Figure 64. In the 
ab~enc~ ~~ an imposed air pressure differential across the 'Wall, the therm8l resistaace, 

,~P1ch 1~.controlled by the resist~ce of the cavity insulation, decreases smoothly with 
1ncreas1ng temperature as 'Would be expected. With an air pressure differential of 0.5 in. 
'Wate:-, the the:mal resistance dropped much faster 'With temperature. Inspection of the 
deta11ed data 1n Table D-l, Appendix D, reveals that this decrease in thermal resistance 
is primarily due to increased air leakage at higher mean temperatures probably due to 
'Warping of the 'Wall. ' 

Figure 65 sho'Ws an infrared thermograph of the inside surface of' a 'Wood sidlng 'Wall 
'Wi th cavity insulation. In these thermographs, light areas ar'e 'Warmer than dark areas. 
The comparator plates described at the'end of Section 4.2 can be seen in the 10'Wer center 
of the figure. The superimposed graph of temperature corresponds to the scan position 
indicated by the 'White bar across the entire 10'Wer portion of the figure. The irregurar 
dark vertical bars correspond to cold regions caused by heat flo'W through the studs. 

b. Doors 

The results of the tests on three doors and on a door plus storm door are given in 
Table 2. ,In all cases, the 'Wall in 'Which the door 'Was installed 'Was a 2 x,4 in. stud 'Wall 
'With 1/2 in. gypsum board on the interior surface, 10 in. 'Wide red'Wood lap siding over 1/2 
in. thick 'Wood fiber sheathing on the exterior surface, and Fiberglas 3-1/2 in. Friction 
Fit Building Insulation and polyethylene vapor barrier in the cavity. 

The next-to-last column in Table 2 gives the effective thermal transmittance of the 
'Wall/door combination -- i.e., comput~d from the total heat flo'W, including that associated 
'With air leakage. The last column gives the effective thermal transmittance of the door 
computed using equation (12) rearranged as follo'Ws 

U = p 
US - U S 'W'W, 

'Where Sand U correspond to the combination 'Wall plus door, S and U correspond to the 
'W 'W 

basic 'Wall construction and Sand U correspond to the penetration (door) above. The . . p p . 
thermal transmittance of the basic 'Wall construction 'Was assumed to be 0.077 Btu/(hr sq ft 
OF) at 0.0 in. 'Water (average of Tests TT-002-71 and TT-022-71) and 0.079 Btu/(hr sq ft 
OF) at 0.25 in. 'Water (interpolation bet'Ween Test TT-023-71 and TT-022-71). The area of 
each door 'Was taken as 20.0 ~q ft (this corresponds to the door only, not the door plus 
frame). ' 

, Looking at the effective thermal transmittance (i.e., including effects of air 
leakage) qf the doors only, it is seen that in the absence of an imposed air pressur~ 
difference, the addition of a storm door to a solid 'Wood flush door decreases the thermal 
transmitt,ance by about thirty percent. The doors 'With urethane foam cores have about 
one-half the thermal transmittance of the solid 'Wood door. With an air pressure 
differential of 0.25 in. 'Water, the FRP door 'With a foam core 'Was much better than the 
other doors, in large part due to the smaller air leakage. 

c. Windo'Ws 

The results of the tests on 'Windo'Ws are given in Table 3. The 'Wall in 'Which the 
'Windo'Ws 'Were installed 'Was of the same construction as that in 'Which the doors 'Were 
'installed. The thermal transmittance of the 'Windo'Ws 'Was computed using equation (15) and 
the same values for the thermal transmittance of the basic 'Wall construction as 'Were used 
in the calculations for doors. The sash area of the 'Windo'Ws 'Was used in computing their 
effective thermal resistance -- 12.7 sq ft for the nominal 3 x 5 ft 'Windo'Ws and 25.6 sq ft 
for the nominal 6 x 5 ft 'Windo'Ws. ' 

There 'Were no large differences bet'Ween the performance of locked and unlocked 
windo'Ws. In the absence of an imposed air pressure difference, the addition of a storm 
sash or the use of insulating glass offered about the same improvement over conventional 
single glazing. The imposed air pressure drastically increased the effective thermal 
transmittance of the openable 'Windo'Ws. . 
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Figure 64. Thermal resistance vs mean temperature data for a 2 x 4 in. stud wall with 1/2 in. 
gypsum board on the interior surface, redwood lap siding over 1/2 in. wood fiber 
sheathing on the exterior surface, and 3 1/2 in. Fiberglas Friction Fit Building 
Insulation plus a polyethylene vapor barrier in the cavity. 
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Figure 65. 

Figure 66. 

Infrared thermograph of warm side of wall insulated with 3 1/2 in. Fiberglas 
Friction Fit Insulation. Comparator temperature difference: 2.1 of. 

Infrared thermograph of warm side of wall insulated with 3 1/2 in. Fiberglas 
Friction Fit Insulation, penetrated by a double-hung' wood window, 3 x 5 ft, 
single-glazed, locked. Comparator temperature difference: 2.0 of. 
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Table 2. Thermal transmittance of doors and wall/door combinations. The wall was a 2 x 4 in. 
stud wall with 1/2 in.' gypsum~oard'on the interior surfac~, redwopd siding over 1/2 
i~. wood fiber sheathing on the exterior surface, and Fiberglas 3 1/2 in. Friction 
Fit Building Insulation and polyethylene vapor barrier in the cavity. The doors 
were not sealed. All doors were 1 3/4 in. thick, 3 ft wide, and 6 ft, 8 in. 
high. The nominal mean temperature was 27.5 of. 

Effective* Thermal Transmittance 
(air-to-air) 

Pressure Wall/Door 
Description of Door Test No. Differential Combination Door Only 

in. water Btu hr-l ft-2 of-l -1 -2 Btu hr .ft °F-l 

Solid wood flush door, TT-049-72 o. 0.117 0.33· 
brass weatherstrip TT-050-72 0.25 0.279 1.33 

Same as above plus TT-055-72 o. 0.100 0.22 
aluminum storm door TT-056-72 0.25 0.236 1.06 

Steel flush door with TT-059-72 O •. 0.092 0.17 
urethane foam core, TT-060-72 0.25 . 0.202 0.85 
magnetic gasket 

Fiberglas Reinforced TT-063-72 o. 0.093 .18 
Plastic panel door with TT-064-72 0.25 0.138 .45 
urethane' foam core, 
plastic extended 
weatherstrip 

*Effective thermal 'transmittance is the value calculated from measured heat flow. In pressure 
tests, this value includes energy consumed in heating the leakage air from cold side to 
warm side temperature. See Table D-l for complete data including air leakage. 

Care should be taken in using these experimentally-determined values for desIgn pur­
poses since the film coefficients were significantly different than for most tabulated 
design data. 
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'.l'aoJ.e j. Thermal transmittance of windows and wall/window combinations. The wall was a 
2 x 4 in. stud wall with 1/2 in. gyps~ board on the interior surface, redwood 
siding over 1/2 in. wood fiber sheathing on the exterior surface, and Fiberglas 
3 1/2 in. Friction Fit Building Insulation and polyethylene vapor barrier in the 
cavity. The windows were not sealed. The nominal mean temperature was 27.5 of. 

Effective* Thermal Transmittance 
(air-to-air) 

Pressure Wall/Window 
Window Description Test No. Differential Combination Window Only 

in. water Btu hr-l ft-2 °F-l Btu hr-l ft-2 °F-

3 x5 ft wood double- TT-020-71 O. 0.133 0.64 
hung single glazed TT-021-71 0.25 0.293 2.22 
'Window, locked 

Same as above, but TT-024-71 o. 0.136 0.67 
unlocked TT-025-71 0.25 0.340 2.69 

Same window as above, TT-026-72 O. 0.110 0.41 
locked, plus single TT-027-72 0.25 0.343 2.72 
glazed wood storm 
window 

Same as above, but TT-028-72 o. 0.114 0.45 
unlocked TT-029-72 0.25 0.401 3.30 

3 x 5 ft wood double- TT-032-72 O. 0.116 0.45 
hung window, glazed TT-033-72 0.25 0.405 3.34 
7/16 in. insulating , 
glass, locked , 

Same as above, but TT-034-72 o. 0.117 0.48 
unlocked TT-035-72 0.25 0.501 4.30 

6 x 5 ft wood picture TT-040-72 O. 0.183 0.61 
'Window, single glazed, TT-046-72 0.25 0.198 0.67 
divided light 

6 x 5 ft wood picture TT-044-72 "0. , 0.135 0.37 
window, glazed 1 in. TT-045-72 0.25 0.165 0.51 
insulating glass, single 
light 

* Effective thermal transmittance is the value calculated from measured heat flow. In 
pressure tests, this value includes energy consumed in hearing the leakage air from 
cold side to warm side temperature. See Table D-l for complete data including air 
leakage. 

~ Care should be taken in using these experimentally-determined values for design pur­
poses since the film coefficients were significantly different than for most tabula­
ted design data. 
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Figure 66 shows an infrared thermograph of the inside surface of a wood siding wall 
penetTated by a single-glazed 3 x 5 ft double-hung window. 

4. 5 .. Comparison of Results ~th Those of Other Investigations 

Rather than attempt to compare the above data with Literature data, as was done in the 
case of sound transmission loss, selected data will be compared with values calculated 
using the tables and procedures in the 1972 ASHRAE'Handbook of Fundamentals [85]. These 
design heat transfer coefficients and procedures represent a consensus of many experts and 
thus implicitly include carefully evaluated experimental data, both published and 
unpublished. For the walls without penetrations, the comparison will be done on the basis 
of surface-to-surface thermal resistance. For doors and windows, the comparison will be 
done o~ the basi~ of air-to-air thermal transmittance with an adjustment for surface film 
coefficients. 

4. 5. 1. Walls 

The ASHRAE calculation procedure involves adding up the series thermal resistances 
along two parallel heat flow paths (through the studs and through the cavity) and then 
combining these parallel resistances using equation (13). 

For the uninsulated stud wall, this calculation proceeds ~s follows: 

Path through Stud Path through Cavity 

Thermal Thermal 
Material Resistance Material Resistance 

Btu-l hr ft2 OF Btu-l hr ft2 OF 

1/2 in. gypsum board 0.45 1/2 in. gypsum board 0.45 

2 x 4 in. stud 4.35 3 1/2 in. air space 1. 0 (approx.) 

*- in. sheathing 1.32 1/2 j.n. sheathing 1.32 

5/8 in. wood siding 0.93 5/8 in. wood siaing 0·93 

Total 7.05 Total 3.7 

Assuming the studs occupy 10 percent of the total wall area, equation (13) yields 

1 

R 

0.10 
7.05 

+ Q.:2Q. 
3.7 

so that R = 3.9 hr sq ft OF/Btu. The average measured value (see Table 1) was 3.77 hr sq ft 
OF/Btu The agreement is better than might have been expected since the values for the 
resistance of the air space [85,99],are not well known for temperature differences as large 
as were used in the present investigation. 

In order to predict the thermal resistance when the cavity is filled with "R-ll 
insulation", the thermal resistance of the air space is replaced with a value of 11;0 hr'sq 
ft OF/Btu and the above calc~ation repeated, yielding an overall thermal resistance of 12.5 
hr sq ft OF/Btu which is in good agreement with the range of values (11.46 - 11.94 hr sq ft 
OF/Btu) measured for 3-1/2 in. Fiberglas insulation in the absence of an imposed air 
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pressure difference. (Still better agreement was obtained when measured valu~s 
[116,117] were used for the thermal resistance of the. cavity insulation.) 

'4. 5. 2. Doors 

Table 9 in Chapter 20 of the ASHRAE Handbook of Fundamentals [85] tabulates overall 
air-to-air thermal transmittances for several kinds of doors. These design values 
correspond to "still air" inside· but a 15 mph wind outside while the experimental values in 
the present investigation had slowly moving air on both sides. Accordingly, for 

comparison, the data from Table 2 have been adjusted14/ to corr~spond to the ASHRAE 
conditions. Table:4 shows the comparison. It is seen that the agreement is quite good for 
a wooden door, with and without a storm door. The steel door with a urethane foam core in 
the present investigation is seen to be much better than the ASHRAE design value. 

4. 5. 3. Windows 

Table 8 in Chapter 20 of [85] tabulates overall air-to-air thermal transmittances for 
several kinds of windows. These values are compared with adjusted (see Section 4.5.2) 
values from the present investigation in Table 5. The agreement is seen to be quite good. 

14/By using equation (10), subtracting a film resistance corresponding to a still­
air film coefficient of 1.46 Btu/(hr sq ft OF) and adding a film resistance 
corresponding to a surface film coefficient of 6.00 Btu/(hr sq ft OF). 



Table 4. Comparison of ASHRAE design values [85] for thermal transmittances 
of doors with the res~ts of the present investigation (without an 
imposed air pressure difference'). 

Description of Door 

Solid wood, 1 3/4 in. 

Solid wood, 1 3/4 in. 
plus metal storm door 

Steel, 1 3/4 in. with 
urethane foam core 

a Interpolated 

Effective Thermal Transmittance 

ASHRAE 
[85] 

0.46 a 

0.31 a 

0.40 

Present Investigation 
[adjusted from Table 2] 

Btu hr-l ft-2 of-l 

b 0.40 

0.25 b 

0.19 b 

b Adjusted (see text) to an outdoor surface~film coefficient of 6.00 

Btu hr-l ft- 2 °F-l . 



Table 5. Comparison of ASHRAE design values (85] for thermal transmittance 
of windows with results of present investigation (for·locked,windows 
without an imposed air pressure difference). The designation "80% 
glass" or· "100% glass" corresponds to ASHRAE adjustments based on 
portion of sash area which is glazed. 

Description of Window 

Single glazing, 80% glass 

1/16 in. insulating glazing, 
80% glass 

1 in. insulating glazing, 
100% glass 

Single glazing plus wood storm 
window, 80% glass 

Effective Thermal Transmittance 

ASHRAE Present Investigation 
[89] [adjusted from Table 3] 

Btu hr-l ft-2 °F-l Btu hr -1 ft- 2 °F-l 

1.02 0.96 a,b 
1.02 0.89 a,c 

0.66 0.62 a 

0.56 0.46a 

0.50 0.52a 

a Adjusted (see text) to an outdoor surface film coefficient of 6.00 

Btu hr-l ft-2 °F-l . 

b 3 x 5 ft doub: .. e-hilllg window 

c 6 x 5 ft picture window 
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5. Air Leakage Tests 

5. 1. Background 

Air leakage into (infiltration) and out of (exfiltration) buildings is of concern 
because it increases the cost of winter heating and summer cooling, creates drafts, and 
makes difficult the maintainance of a controlled relative humidity. Condensation within 
walls and between panes of double windows, resulting from exfiltration during cold weather, 
can damage the building. Air leakage also determines ,the entrance and exit of~moke and 
odors and is important with respect to rain leakage and dust penetration. The sound 
insulation provided by exterior walls is greatly influenced by the existence of-paths large 
enough to allow significant air leakage. 

Chapter 19 of the ASHRAE Handbook of Fundamentals [85] discusses air infiltration and 
gives numerous references to the literature. Other references of interest include [103, 
120-124] . 

Air infiltration and exfiltration result from air pressure differences between the 
inside and outside of a building. Such pressure differences result from air flow around and 
over buildings and from air density differences caused by temperature differences between 
the inside and outside air. For air at standard density, the stagnatiori pressure is related 
to wind speed by 

p = 0.000482 v
2 

v 

where y is the wind velocity and p is the stagnation pressure, or velocity head (in. 
water). Values of the stagnation pressure for winds from 5 to 25 mph are given below: 

Wind Speed 

mph 

5 
10 
15 
20 
25 

Stagnati~n Pressure 

in. water 

0.012 
0.048 
0.104 
0.193 
0.301 

(16) 

According to [85], pressure may vary from +0.5 p to +0.9 p on the windward side and from v v 
-0.3 p to -0.6 p on the leeward side for simple square or rectangular buildings, depending v v 
on the angle of the wind. Pressures on the other sides, parallel to, or at' slight angles to 
the wind direction, may range from -0.1 p to -0.9 p . 

v v 

The "stack effect", or air flow due to indoor-to-outdoor temperature differences, can 
be very important in tall, buildings but, compared to wind effects, is of little consequence 
for air flow through walls and windows in residences which are only a few stories high. 

The air leakage due to a given pressure difference may be expressed as 

V = C(lIp)n, 

where V is the volumetric flow rate (e.g., cfm), C is a proportionality constant, lip is the 
indoor-to-outdoor pressure difference and n is an exponent between 1/2 and 1. In the United 
States and Canada, air leakage cnaracteristics of windows are usually expressed as flow rate 
per foot of sash crack. 
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5. 2. Experimental Procedure 

ASTM E283-73, Standard Method of Test for Rate of Air Leakage Through Exterior 
Windows, Curtain Walls, and Doors [125], covers 'the determination of the resistance of 
exterior windows, curtain walls, and doors to air infiltration resulting from air pressure 
differences. This test is applicable to any curtain wall area, or to windows or doors 
alone, and consists of sealing a test specimen into or against one face of an air chamber, 
supplying air to or exhausting air from the chamber at the rate required to maintain the 
specified test pressure difference across the apecimen, and measuring the resultant air 
flow through the specimen. 

The following describes the procedure used in carrying out air leakage tests in the 
sound transmission facility. An essentially similar setup was used in the thermal test 
facility. 

The facility for air infiltration measurement is patterned after ASTM E-283. The 
pressurized airtight chamber specified in the Method consisted of the entire source room 
used normally for sound transmission tests as described in Section 3.2. This room is 
normally well sealed for sound leakage and was made more airtight by caulking and taping 
all openings and installing new gasketing on the double doors. 

Air was fed into the test chamber as illustrated in Figure 67. A Dayton 2-C- 820, 9 
in. wheel blower, with a rated delivery at 3450 rpm of 160 cfm at 5 in. water static 
pressure, driven by a Dayton 6-K-Oll.l/2 HP variable speed motor with speed continuously 
variable from 500 to 5000 rpm was used. Air flow into the room was measured by a 
'calibrated orifice plate and a pair of flanges with pressure taps, manufactured by Foxboro 
Company. The pressure difference across the orifice plate was measured by a Dwyer Model 
424-10 inclined manometer, having a slant range of 0-2 in. water gauge in a scale length of 
20 in., plus a vertical range of 2.1 to 10 in; The air flow metering section was based on 

,£tandard 3 in. pipe (3.068 in. ID) and was designed strictly ~s specified in [126]. 

The air was delivered to the room through a 3 in. elbow which was imbedded in the 
'concrete wall during building construction. This elbow was connected to the metering 
section by the intermediate pipe connections and duct work.' The interior side of the elbow 
was fitted with a threaded plug which could be used to test for any leakage between the 
,metering section and the room. For air delivery, the plug was removed. 

Static 'pressure in the roo~ was measured with a Dwyer Model 200.5 slant manometer 
having a range of 0-1 in. and a scale length of,8 in. The manometer was connected to the 
~oom interior through a small pipe opening previously existing in the concrete wall. This 
opening was about 30 in. away from the air delivery point. 

In conducting a test, the fan speed was set to pressurize the'room over a range of 0.1 
to 0.7 in. water above atmospheric pressure in steps of approximately 0.1 in. water. 
Points of air flow in cfm versus pressure were plotted and a smooth curve drawn through the 
points. The intersections of this curve with the exact pressure points of 0.1, 0.3 and 0.7 
in. water were then tabulated and presented as the final data. 

In the course of the program, three different wall constructions surrounded the test 
specimen; namely, the gypsum board filler wall used for the early tests and later two 
separate constructions of the wood siding exterior wall. In all cases, the walls were 
thoroughly sealed with two coats of shellac or paint. When windows of various sizes were 
tested in a given wall, an opening was cut for the largest, and the excess area for the 
smaller units was filled in with gypsum board which was shellacked. Care was taken to seal 
the joints at all surface discontinuities as thoroughly as possible. Measurements of 
residual leakage for the entire room, over the press~e range from 0.1 to 0.7 in. water for 
the three unbroken walls showed the following: 
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SEALED ,!"OOD SIDING WALL -~ 
126 ft2 

WINDOW SPECIMEN 

PRESSURIZED ROOM 
4400 ft3 

GASKETED'DOORS 

FLOW METER. ----..I 

VARIABLE AIR SUPPLY -...-.I t 
PRESSURE 
MEASUREMENT 

Figure 67, Experimental setup for measuring air filtration of dQors and windows in the 
sound transmission facility. 



Wall Air Flow 

ft 3 min -1 
.. 16.1 in .. water 0.3 in. water 0.7 in. water 

Gypsum board~,shellacked and 
painted r 2.4 4.7 7·9 

Wood siding wall No. 1, painted 2.4 5·1 9·0 

Wood siding wall No. 2, painted 2.1 3.4 5.3 

For each test of a window, interpolated values of residual leakage were subtracted from the 
overall measured air flow, it being assumed that the residual leakage was n?t changed by 
the use of gypsum board filler areas or by any 9f the resulting joints. 

5. 3. Calculation Procedures and Uncertainties 

Air. ·.flow rates were deterniined from the calibration of the orifice plate (see below); 
pressure differences across the orifice plate and between the source and receive rooms were 
read directly from the manometers. Thus no special calculation procedures were required. 

The Foxboro orifice plate was 'supplied wi~h a c~lculated calibration point of 50 cfm 

at standard c~nditions15/ at a pressure drop of 2.0 in. water. A calibration curve was 
drawn from this point with a logarit·hmic slope (cfm versus in. water) of 0.5. This curve 
was then compared with readings of a Meriam Laminar Flow Element, Model 50MW20, which was 
placed upstream of the orifice plate, having a nomiqal range of 20 cfm at standard 
conditions. .These readings agreed with the Foxboro calibration curve within plus or minus 
2 percent between 7 and 20 cfm. Below this range, .the logarithmic slope of the orifice 
curve became nonlinear, and the Meriam readings were used to extend the caliqration curve 
down to 2 cfm. Above 20 cfm, the calibration curve of. the orifice plate was used as 
supplied. The accuracy of the overall calibration curve of cfm at standard conditions 
versus pressure drop across the orifice plate was taken as plus or minus 2 percent. 

The laboratory environment during the test progr8Ill was maintained at 74 +2 OF and 50 
+5 percent relative humidity. At standard"barometric pressure (29.92 in. Hg): these 
conditions, if not corrected to standard conditions, correspond to an error of -0.7 percent 
in air flow ~easurement. Extremes of barometric pressure from 29.0 to 31.0 in. Hg 
superimposed on the above change·would cause a total error of from -2.2 to +1.2 percent. 
In view of considerably larger uncertainties in the tes·t measurements, no corrections were 
made in the actual tests from room air to standard air. 

Inaccuracies in the test procedure arose from several causes and were observed chiefly 
at low flow rates and low pressure drops across the specimen. Contributing causes were: 

(1) Fluctuation of pressure difference across the specimen due to gusts of wind outdoors, 
causing poor readability of both air flow and room pressure. 

(2) Uncertainties in th~ exact value of residual air flow. At low overall flows not much 
larger than the net flow being measured, the net flow would be subject to considerable 
error due to an unknown change in the residual leakage. 

As a rough estimate, the accuracy of the method can be placed at about 0.5 cfm, or 5 
percent, whichever is larger. In view of wide variability of test specimens themselves, 
this accuracy appeared acceptable for the purposes of the program. 

15/Denotes dry air at standard conditions: pressure -- 29.92 in. Hg.; Temperature 
-- 69.4 OF; Density -- 0.075 Ib/cubic ft. 
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5. 4. Results 

S t t t f .. f 'It t' 16/ . th d t .. epara e es s or alr ln 1 ra lOn-- were run ln e soun ransmlSSlon and thermal 
transmission facilities, respectively. For the former, one of the two rooms comprising the 
facility was pressurized over a range of 0.1 to Q.7 in. water,'and air flow measured at 
normal room temperatures, 75 of. These tests were run only on the doors and windows. 

Early air infiltration tests in the thermal transmission facility were run at a 
pressure of 0.5 in. water. They were run at the same hot and cold side temperatures used 
for heat transmission measurements, 75 of and -20 of, except for two tests at higher mean 
temperatures. Air pressure was lowered to 0.25 in. water when it was discovered that some 
of the window units required greater volumes of dry air than the ~quipment could supply. 
Infiltration tests were run both on unbroken walls and on combinations of a wall with door 
or window. The doors and windows were normally mounted without special sealing. 

Air infiltration data measured in the sound transmission facility are g~ven in 
Appendix E in the form of tables of air flow versus pressure drop. The air flows at 0.1, 
0.3, and 0.7 in. water pressure are listed ~n Table E-l for doors and Tables E-2 and E-3 
for windows. 

Air infiltrations measured in conjunction with thermal transmission at pressures of 
0.25 and 0.5 in. water are listed with the thermal data for each test construction in 
Appendix D. 

5. 4. 1. Summary and Conclusions 

The following observations relate to data taken in the sound transmission facility: 

a. Air flow measured through accurately gauged cracks around a window was found to be 
closely proportional to crack width and length and to a power of the room pressure 
ranging from 0.54 to 0.72. 

In the following, the single-number ratings for air infiltration through doors and windows 
tested in the sOllild transmission facility are given as net air flow in cfm for a room 
pressure of 0.3'in. water on the exterior side. 

b. A 3 x 7 ft wood door unit with spring brass weather strip supplied with the frame, and 
half-round plastic threshold strip, showed an average of 10 cfm. This was the lowest 
value obtained for a normally fitting door. A lower value was obtained for a slightly 
oversize door which made a forcing fit with the frame. 

c. A steel-faced door with magnetic weather strip supplied with the frame and three soft 
plastic threshold wiping strips, t~sted at 15.4 cfm. 

d. Addition of an aluminum storm door with minimal weather stripping lowered the air flow 
by only about 2.5 cfm. 

e. All of the operable windows, including the sliding glass door but not the jalousie 
window, covered a range of approximately 5 to 25 cfm locked and 5 to 70 cfm un~ocked. 
The jalousie window tested at 83 cfm. 

f. Addi tioD . of storm sash made only a negligible reduction in air flow for the windows 
tested. 

g. In some cases, locking the window increased the air flow, due t·o twisting or 
displacement of the sash. 

16/Measurements were made only with air flow in the direction corresponding to 
infiltration as opposed to exfiltration (see [124,125]). 
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5. 4. 2. Discussion 

a. Doors 

All of the air infiltration tests on doors were made with the doors normally closed. 
The tests involved three types of weather strip and two threshold seals. The data for 
pressure differences of 0.1, 0.3, and 0.7 in. water are given in Table E-l in Appendix E. 

For 'three wood doors in the same frame and against the same spring brass weather strip 
and half-round plastic threshold seal, the air flow at 0.3 in. water ranged from 8.9 to 
11.4 cfm. This amounted to a test for repeatability of interchanged doors and normal 
closings. 

Replacing the brass weather strip with the extruded plastic strip in the same frame 
and with the same wood door raised the air flow to 19.8 cfm. The plastic strip, however, 
could not be installed exactly in accordance with its design, and this may account for the 
higher air flow. On the other hand, replacing the wood door with an FRP panel door in the 
same frame and against the plastic weather strip lowered the air flow to 4.0 cfm. As noted 
in Table E-l, the FRP door was somewhat oversize and made a very tight fit against the 
weather strip. 

The steel door in its own frame with magnetic weather strip and soft plastic fingers 
closing the threshold showed somewhat higher air flow (15.4 cfm) than the wood door in its 
own frame with brass weather strip and half-round threshold seal. 

The addition of the aluminum storm door to the wood door with plastic weather strip 
lowered the air flow only from 19.8 to 17.2 cfm. The storm door had only minimal weather 
stripping, consisting of a thin plastic strip on three sides and a single soft plastic 
finger at the threshold. 

b. Windows 

Airflow tests were run on the same set of perimeter cracks around the pi,cture window 
on which sound transmission was measured. The results are plotted in Figure 68, showing 
airflow in cfm per foot length of crack as a function of room pressure for each crack width 
and length. The data were corrected for residual flow. For each crack width, the airflow 
,was very closely proportional to a power of the pressure which ranged from approximately 
0.72 for a 1/32 in. crack to 0.54 for the 1/8 in. and 1/4 in. ~racks. Where data ~orres­
ponding to two crack lengths are shown for the same crack width, there is good agreement 
between the corresponding airflows per unit length. 

The same data are shown in Figure 69 f~r a constant room pressure of 0.3 in. water, 
as a function of crack width. The airflow was roughly proportional to crack width over the 
range measured, the deviation from strict proportionality being indicated by the departures 
from the straight line drawn through the data points. Taking the straight line as an 
average, and assuming an average logarithmic slope of airflow versus pressure of 0.56, the 
following empirical equation may be used as an approximation to i;he data; . 

(ft3 l1IJ.·n-.l) per f t 1 th f k 284 w.,pO.56 00 eng 0 crac = 

where: W = crack width, in. 

p = room pressure, in. water 

As shown in Table E-2, the air flow at 0.3 in. water pressure for all of the windows 
tested, as normally closed and/or locked, covered a very large range -- from 1.8 cfm for 
the fixed casement window to 82.6 cfm for the jalousie window. Since the latter had no 
proyisi~n in its design for air sealing, it should probably be considered only as an 
extreme end point in the test series. Omitting this window, the highest airflow for locked 
or latched windows was approximately 25 cfm for the wood double hung wi.ndow locked and 70 
cfm for the same window unlocked. This was a typical low-cost window purchased at the 
local lumberyard. 
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Figure 68. Air infiltration through gauged cracks aruund picture window. Multiple points 
at the same pressure and crack width represent crack lengths varying from 2 
to 20 ft. 
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Figure 69. Air infiltration, as a function of crack· width, through gauged cracks around 
picture window at 0.3 in. water pressure. 
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The wood-plastic windows were much better, showing 5 to 6,cfm both locked and 
unlocked. The awning and operabl~ casement windows of ' the wood-plastic type ranged up to 
10 cfm for the locked or tightly closed condition, and the sliding glass door measured 16 
and 17 cfm, locked and~unlocked, respectively. 

The aluminum'windows covered a wide range from 5.6 cfm for the single hung window, 
locked, to 44.6 for the operable casement window" unlock'ed. Although not enough samples 
were tested to make generalizations, it appeared that a& a group the aluminum windows were 
roughly between the plain wood and the plastic-wood ~indows. 

In some cases, the unlocked windows showed slightly lower air flow than the same 
windows locked. This was apparently due to the fact that the locking tended to twist or 
displace the sashes enough to cause a larger leak around each sash perimeter. 

For awning and casement windows, which open outward on hinges, it was noted that" 
increasing room pressure on the exterior side sometimes tended to close the windows more 
tightly. This is shown clearly in Table E-2 in Appendix E. 

Table E-3 in Appendix E shows data obtained on the effect of opening an awning window 
by gauged amounts. The opening was gauged'by inserting shims at the bottom of each sash. 
The data were not reproducible, however, since a repeat with different sashes in the same 
frame showed much less change in air flow for the same openings. 

In general, all of the air infiltration data,because of, the limited and more or less 
random sampling of windows,should be considered as illustrative rather than definitive. 

Direct comparisons of air flows measured in the sound transmission facility at room 
temperature with those measured in the thermal facility'were made for one window and three 
doors. The results, with the sound-transmission-facility data corrected to a common basis 

, of 0.25 in. water pressure, are as follows: 

Thermal Two-Room' 
Test No. Unit Tested Facility Facility 

ft 3 min 
":1 

ft 3 min -1 

TT-033-72 Wood double-hung window, g~azed 
insulating glass, locked 40 22 

~ 

TT,..035-72 Same, unlocked 50 62 

TT-050-72 Solid core wood door, brass 
weather strip 22 9 

TT-060-72 Steel door, urethane foam core, 
magnetic weather strip 15 14 

TT-064-72 FRP panel door, urethane foam core 
plastic weather strip 7, 3 

There is only very rough agreement, the values for the thermal facility being 
generally higher. The best agreement appears for the steel door. It should be noted that 
close agreement should not necessarily be expected. The 95 OF temperature differential for 
the thermal tests should be expected to cause dimensional distortions which could greatly 
alter perimeter leakage characteristics [122]. 
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5. 5. Comparison of Results with Those of Other Investigations . 

Because of the large variation dn leakage rates among windows, depending upon design, 
fabrication and installation, there is little point in a detailed comparison of the present 
data with that of previous investigations. ' 

The ASHRAE Handbook of Fundamentals [85] gives the design values, for double- hung 
wood windows, shown in Figure 70. The ·ranges of values shown correspond to "average fit" 
to "loose fit". ASHRAE also gives rough equivalences between other types of windows ·and 
the wood double-hung windows. Figure 70 also shows, for comparison, data from the present 
investigation for locked wood and wood-plastic double-hung windows as measured in the sound 
transmisRion facility. The reader intere?ted in more detailed comparisons should consult 
[120-124] and the references therein and in [85]. In addition, comparisons can be made 
with industry specifications put ·out by the Architectural Aluminum Manufacturers AsSOCiation, 
the National Woodwork Manufacturers Association, and the Mobile Homes Manufacturers Associa­
tion. 
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Figure 70. Air infiltration, per foot of crack, for locked wood (Test w-24-7l) and wood­
plastic (Test W-74-7l) double-hung windows compared with ASHRAE design values. 



6. Correlations among Sound Transmission Lo'ss, Thermal Transmittance, 

and Air Leakage Test Results 

6. 1. Sound Transmission Loss and Air Leakage 

Section 3.5.4 includes a brief discussion of sound transmission through cracks of 
known geometry. In general, however, cracks around doors and windows and leaks in walls 
will be of unknown geometry and some means is needed to estimate the e'ffective size of the 
cracks. This need was a prime motivating factor in conducting the air le,akage tests in the 
sound transmiss'ion loss facility. 

The following rather simplistic approach was found to lead to an aaequate correlation 
between sound transmission loss data and air leakage data. 

Assumption 1 Design calculations on the effects of cracks and openings on the 
effective 'sound transmission loss can be based on a single-figure rating, e.g., Sound 
Transmission r-lass, and detailed effects at different frequencies can be ignored. 

From equation (4), one can write 

(18 ) 

where ~* is the effective sound transmission coefficient of the leaky window of area S, ~ * 
is the effective transmission coefficient of the s~aled window, also of area S, and ~2* i~ 
the effective transmission coefficient of. the crack of area S. The asterisk on each ~ 
indicates that the transmission coefficient is that correspon~ing to the sound transmission 
class, i.e., STC = 10 log (l/~*). 

Taking logarithms, 

[ 
-STC/IO -STCI/IO] 

STC2 - 10 log S2/So = -10 log 10 - 10 -10 log S/So (19 ) 

2 where the reference area is S = 1 ft and where STC, STCl , and STC2 are the Sound 
~ransmission Classes of the 19aky window, the sealed window, and the leak, respectively. 
Since S2' the leak area, is not known, one cannot compute STC2 but one can obtain, using 
equation (19) the quantity (STC2 - 10 log S2/So)' 

. Assumption 2 The Sound Transmission Class of an opening is approximately 
independent of the size of the opening; thus the sound power (in an "STC-s ense") 
transmi tted through an opening is proportional to the area of the opening. 

Assumption 3 Typical leaks are sufficiently alike (e.g., in terms of depth) that, at 
a given pressure difference, the air leakage rate is proportional to the area of the 
opening. 

Assumptions 2 and 3 lead to 

~2* S2 = KV, (20)' 

where V is the air leakage rate at.some particular pressure difference and K is a constant 
relating the leakage .rate to the (unknown) crack size. Again taking logarithms 

where V = 1 cfm. 
o 

STC2 - 10 log 82/So = -10 log K - 10 log VIVo' 
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Figure' 71 sho~s.t~e quant~ty (STC2 - 10 log S2)' as computed from equation (19), 

plotted vs -10 log vjv , where V is the air leakage rate (cfm) at a pressure difference of 
0.3 in. water. The da~a points plotted include all tests on doors or windows without storm 
sashes where the effect of the leak was sufficiently severe as to lower the Sound 

Transmission Class11l by at least 3 (it was felt that the experimental precision did not 
allow reliable determinations of STC2 - 10 ~og S2 for smaller differences). As Mill be 

seen below, some of the data with a storm window or door in place did not lie close to the 
line in Figure 71 so no data corresponding to storm windows or doors were included. (These 
data are shown in Figure 72, below.) The solid data points represent "normal" leaks which 
occurred for closed (locked or unlocked) windows. The open data points correspond to the 
artificial cracks around the 6 x 5 ft picture window and the 3 x 4ft wood-plastic awning 
window. 

The solid line in Figure 71, which was fitted to the solid data points, corresponds 
to (cf. equation (?l)) 

(22) 

The dashed lines are 3 dB above and below the solid line. Substituting equation ~2) into 
(19) and rearranging, 

STC
l 

- STC = 10 log [1 + .00229 vjs 
10-STCljlO l 

where, as before, V is expressed in cfm at 0.3 in. water and S in sq ft. 

(23) 

Figure 72 shows the predicted change in Sound Transmission Class, as computed from 
equation ~3) plotted vs the actual observed change. The agreement for experimental 
changes greater than 3 is to be expected, of course, at least in the absence of storm 
windows or doors, since these are the same data as were used in deriving equations (22) and 
(23). As stated previously, experimental values less than about 3 are subject to 
considerable uncertainty. Ignoring these small values, which are of little practical 
concern anyway, almost 'all of the experimental data lie within + 3 of the prediction~ The 

'most notable departure from agreement corresponds to the solid ~ore wood door plus aluminum 
storm door (Tests w-40-72 (~nse~led) and W-41-72 (sealed)) where the experimental value was 
about 7 less than that predicted ~i.e., the prediction erred on the conservative side). 

The data in Figure 72 indicate that e~uation (23) may be used with some confidence in 
predicting the effect of cracks on the Sound Transmission Class of doors and windows from a 
simple measure of the air leakage rate. A family of curves, generated using equation (2~), 
is shown in Figure 73. These curves clearly show the large influence of air leakage on 
elements, which otherwise have a high sound transmission loss. 

As an example of the use of Figure 73, consider a window of area 15 ft2 having an 
inherent (i.e., when sealed) Sound Transmission Class of 30. If the measured air leakage 

rate was 30 cfm at 0.3 in. water, vjs would be 2.0 ftjmin. Entering Figure 73, this is 
seen to correspond to a decrease of 7.5 in STC so the predicted value would be 22.5 (or, 
r~unded down, 22). 

Seifert [127] has published a nomogram for estimating,the effect of air leakage of 
the sound transmission loss~of windows. Since his procedure is based on a pressure 
difference of 1 mID water (lower than was examined in the present investigation) and he is 
interested in the average sound transmission loss from 100 to 3150 Hz (rather than the 
Sound Transmission Class) a direct. comparison is not easy to make. 

1IIThe Sound Transmission Class was computed "exactlY" rather than to the nearest 
1 dB and the "-8 dB rule" was ignored in o?der to avoid introducing spurious 
scatter into the' data. 

98 



30r------,-------.------~------,---~--~----~ 

25 

2Q 

15 

10 

5 

O~--~~--~--~------~----~------~----~ 
-30 -25 -20 -15 -10 -5. o 

v 

-10 LOG (VIVo) 

Figure 71. Experimentally determined values for 8TC2 - 10 log (82/80) plotted vs experi­
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Figure 73. 
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Parenthetically, there might be an advantage to using, as Seifert did, a much smaller 
pressure difference in the air leakage tests since there would then be less'chance'of the 
pressure difference opening or closing cracks so as to. change the effective crack size from 
what would· be present during sound transmission loss tests. However, air leakage at a 
pressure difference of 0.3 in. water is a commonly cited value in the United States and. 
Canada so it was used in the present correlation. 

6. 2. Thermal Transmittance and Air Leakage 

Table D-l, in Appendix D, includes values of the apparent amount of net heat flow due 
to air leakage, as computed from equation (14). It is seen that for many of the tests on 
walls with penetrating doors and windows, the heat flow associated with leakage is much 
larger than that due to thermal conduction. Thus it is important to accurately assess the 
influence of air leakage on the effective thermal transmittance. 

Let U and U' designate the effective thermal transmittance of a wall (including any 
penetrations) in the absence and presence, respectively, of air flow through the wall. 
Then, from equations (9) and (14) it follows that 

(24) 

where vis is the volumetric flow rate (scfm) per unit area (sq ft) of wall. Figure 74 shows 
the experimentally-determined increase in thermal transmittance, for all the pairs of tests 
(with and without an imposed pressure difference) in Table D-l, plotted vs the increase 
predicted by equation (24). Log-log paper was us~d so as to make the fractional error in 
the prediction more evident. It is seen that the experimental values fall well below the 
predicted values for very low flow rates but that the agreement becomes asymptotically 
better (as regards fractional, not absolute, error) for large flow rates. It is not 
apparent whether the behavior exhibited in Figure 74 is correct or is due to experimental 
error (e.g., undetected air leaks or systematic errors in air flow measurement). Bursey and 
Green [122] have observed rather similar behavior in their measurements on double- glazed 
windows. They attribute it to partial heating of the air as it passes through the space 
between the windows but their arguments are not very convincing. 

The following equation was modified empirically from equation (24) to account for the 
observed behavior in Figure 74: 

The value, 0.7 cfm, which is subtracted from V in equation 25 is consistent with a measured 
value of cold box air leakage of 0.6 cfm for the one test setup for which this measurement 
was made. This leakage probably varies from test to test but is believed to have always 
been less than 1 cfm. Although, as shown in Figure 75, equation (25) more'accurately 
conforms to the results of the present investigation than does equation (24), it should not 
be used for predictive purposes pending a better understanding as to why the proportionality 
constant (0.93) is less than would be expected (1.08). 

6. 3. Sound Transmission Loss and Thermal Transmittance 

Acoustical and thermal energy transfer through walls, doors, and windows obey very 
different physical principles so one should not expect very good correlation between sound 
transmission loss and thermal transmittance. However, in considering alternative 
constructions, it is useful to compare these two properties. 

Table 6 lists Sound Transmission Class and thermal transmittance at 25 OF for those 
basic walls, doors, and windows (no combinations) for which comparab~e data were obtained. 
These same data are plotted in Figure 76. Although, as expected, there is considerable 
scatter, the overall trend of the data is important to remember -- good acoustical 
performance (high STC) usually implies good thermal performance (low thermal transmittance). 
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Table 6. Comparison of sound transmission loss data and thermal translni ttance 
data for walls, doors, and windows. The sound transmission loss tests 
correspond to the sealed condition. The thermal transmittance tests 
correspond to the locked conditi9n, with no imposed air pressure 
difference, ata no~nal mean temperature of 27.5° F 

Sound Transmission Loss Thermal Transmittance 

Specimen Test No. STC Test No. U-Value 
(air-to-air) 

Btu hr-l ft-2 °F-l 
Walls 

Wood siding with no w-4-72 37 TT-OOl-71 .195 
cavity insulation TT-018-71 .194 

Wood siding with 3 1/2 W-7-72 37 TT-002-71 .076 
in. Fiberglas Friction TT-022-71 .078 
Fit Bldg. Insul. 

Wood si~ing with Alfol w-6-72 37 TT-014-71 .125 
Type 2B insulation 

Wood siding with W-5-72 38 TT-030-72 .091 
Premium Rock Wool 

Wood siding with 3 1/2 W-54-71 39 TT-038-72 .074 
in. Fiberglas Kraft 
Faced Bldg. Insul. " 

Same as above but W-55-71 47 TT-042-72 .072 
gypsum board on 

, 

resilient channel 

Brick veneer with no w-46-71 54 TT-065-72 .153 
cavi:t;y insulation ('res-
ilient channel for 
acoustic test only) 

Brick veneer with 3 1/2 W-44-71 56 TT-069-72 0.075 
in. Fiberglas Friction ~ 

Fit Bldg. Insul. 

Doors 

·Solid wood flush door W-91-71 30 TT-049-72 0.33 

Same as above plus W-41-71 42 TT-055-72 0.22 
aluminum storm door 

Steel flush door with W-3-72 28 TT-059-72 0.17 
urethane foam cOre 

Fiberglas Reinforced w-44-72 26 TT-063-72 0.18 
Plastic panel door with 
urethane foam core 
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Table 6 (Conld) 

. , 
Sound Transmission Loss Thermal Transmittance 

Specimen Test No. STC Test No. U-Value 
(air-to-air) 

Windows 

3 x 5 ft wood double W-41-71 29 TT-020-71 0.64 
hung window single 
strength glazing 

oame as above plus W-37-71 34 TT-026-71 0.41 
single glazed wood 
storm window 

3 x 5 ft wood double W-32-71 29 TT-032-71 0.41 
hung window, 7/16 in. 
insulating glass 

6 x·5 ft wood picture W-8-71 28 . TT-040-72 0.61 
window, single glazed 

'" 

6 x 5 ft wood picture W-7-71 29 TT-044-72 0.37 
window, 1 in. insula-
ting glass 
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Appendix A. Metric (SI) Conversion Factors 

In view of the present accepted practice in this country for building technology, 
common u. S. units of measurements have been used throughout this paper. In recognition 
of the position of the United States as a signatory "to the General Conference on Weights 
and Measures, which gave official status to the (metric) International System of Units 
(SI) in 1960, and in accordance with the policy of the National Bureau of Standards to 
promote familiarity with metric units, assistance is given to the reader interest'ed in 
making use of the coherent system of SI units by giving conversion factors applicable to' 
units used in this publication. 

The International System of Units is described i~ NBS Special Publication 330 [128]; 
additional references concerning metrication are given in NBS Special Publication 389 [129]. 
An extensive compilation of factors for converting to SI units has been prepared by Mechtly 
[130] . 

Quantit 

Length 

Area 

Volume 

Volume flow rate 

Speed 

Mass 

Areal Density 

Volumetric Density 

Force 

Pressure 

Temperature 

Heat Flow 

Specific Heat 

Thermal Transmittance 
and ~hermal Conductance 

Thermal Resistance 

*Exactly, by definition. 

To convert from 

inch 
foot 

. h2 
J.nc 2 

.foot 

foot~ 

foot3 min-l 

-1 
.foot mi~l 
mile hr 

pound(avoirdupois) 

pound(mass) foot-2 

pound(mass) foot-3 

, " 

pound force 
(avoirdupois) 

inch of water 
inch of mercury 

Fahrenheit 

Fahrenheit 

Btu lrhermochemical) 
hour 

Btu Ib-l deg F-l 

-1 -2 
Btu h~T' foot 
deg F 

-1 2 Btu ,.hour foot 
deg F 

To 

meter 
meter 

2 
meter2 meter 

... 3 
meter 

3" -1 meter sec 

-1 meter sec_l meter sec 

kilogram 

-2 kilogram meter 

-3 kilogram meter 

newton 

pascal 
pascal 

kelvin 

Celsius 

watt 

" -1 -1 joule kilogram kelvin 

watt metre-2 kelvin-l 

-1 2 watt metre kelvin 
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0.0254* 
0.3048* 

6.4516 x 10-4* 
0.09290 

0.02832 

4 -4 .719 x 10 

5.08 x 10-3* 
0.44704* 

0.4536 

4.881 

16.02 

4.448 

249 
3.38 x 103 

tK = t (tF + 459.67) 

tc = 2. (i - 32) 9 F 

0.2929 

1.000 

5.68 

0.176 



Appendix B. Auxiliary and Filler Walls in Sound Transmission Loss Test 
The sound pressure level measured in the receiving room,: from which the transmission 

loss of the test wall is derived, is determined by the combined transmission of the test 
wall and the concrete "surround," consisting of the concre'te partition in which the test 
wall is installed. Due to the isolation of the concrete surround, however, transmission 
due to flanking into the side walls, floor and ceiling of the receiving room is eliminated. 
If it is known or assumed that the amount 'of sound energytransmi tted by the s'urround is 
negligible compared, to that transmitted by the test wall, the t'ransmission loss (TL) of thE 
test wall is determined by eq. (6). 

If the transmission by the surround is not negligible in relation to that by the test 
wall, the apparent transmission loss of the test wall as determined by the above formula 
will be lower than its true value. The smaller the difference between the TL of the 
surround and that of the test wall, and the larger the area of the surround in relation to 
the test wall, the larger will be the error in measurement of the TL of the test wall. 

Since mucho~ the sound transmission test program involved the relatively small ar~as 
of windows in relation to the tota~ transmitting (wall) area from the source room to the 
receiving room, it was necessary to provide as high a transmission loss as feasible for the 
wall area (between the two rooms) not occupied by the test item. This was done in two 
steps. The first step was to build a "filler wall" occupying the entire 9 x 14 ft opening. 
The construction of this wall is shown in Figure B-1, B-2, and B-3. One part of the 
construction, which happened to be already in place, Was a conventional 2 x 4 in. wood stud 
drywall with Donn Products resilient channel and 5/8 in. gypsum board on one side and 5/8 
in. gypsum board secured directly to the studs on the other side .. The space between the 
studs was filled with 3 1/2,in. of Fiberglas building insulation. This wall nad been 
previously tested and found to have an STC of 52. The curve of TL versus frequency is 
shown in Figure B-2. The side of the wall with the resilient channel was flush with the 
surround on the source room side. / 

To complete the filler wall, additional 2 x 4 in. studp were erected in the opening on 
separate plates spaced as far as possible from the original wall, The new studs were sur­
faced on the outer faces with two layers of gypsum board of 5/8 in. and'l/2 in, thickness 
respectively, and the entire cavity space between the two walls was filled with Fiberglas 
building insulation. The dissimilar thicknesses were used to reduce the depth of the 
coincidence dip characteristic of gypsum board. 

The entire filler wall was tested for sound transmission by the usual procedure, in 
which the area of the test wall, S = 126 sq ft, was used in eq. (6) to compute transmission 
loss. The results are shown in Figure B-3, indicating an STC of 63: It was suspected that, 
the concrete surround, having an area of 160 sq ft, was providing significant flanking 
transmission which would make the apparent TL of the filler wall too low. 

To check this possibility, auxiliary construction was added to the entire area of the 
concrete surround on the source room side. This consisted of 2 x 4 in. wood studs spaced 
out from the concrete, with one layer each of 5/8 in. and 1/2 in. gypsum board secured to 
the outer faces and the cavity completely filled with Fiberglas building insulation. The 
finished surface of the auxiliary wall was 16 in. from the concrete. The gypsum board was 
continued around the inner perimeter of the auxiliary wall to meet the filler wall, but a 
small gap was left at the joint which, in turn, was caulked and taped. The bottom side of 
the perimeter was faced with plywood instead of gypsum board to provide a step for access 
to the filler wall. The construction is detailed and illustrate,d in Figures B-4 and B-5. 

The combination of the filler wall and the improved surround was again tested for 
sound transmission. Values of transmiss~on loss can be computed and interpreted from the 
measured values of sound pressure level Land L in three different ways. s r, 

In the first case, the foregoing procedure is followed in which transmission by the 
surround is assumed negligible in relation to that by the filler wall, and the area of the 
filler wall, S = 126 sq ft, is used in eq. (6). This yields apparent values of TL for the 
filler wall as shown in Figure B-6, with an STC of 72. These values can be considered as 
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F~gure B-1. Filler wall.after cutting opening for picture·window. 
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Figure B-2. Sound transmission loss vs fre~~ency data for wood stud drywall with resilient 
channel and cavity insulation. 
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Figure B~3. Apparent sound transmission loss vs frequency data for complete filler wall, 
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Figure B-S. Filler wall and auxiliary construction over concrete surround. 
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Figure B-6. Apparent sound transmission loss vs frequency data for complete filler wall 
with auxiliary construction added to concrete surround. 

117 



true values for the filler wall if transmission by the surround is assumed negligible. If 
transmission by the surround is not negligible, then the apparent TL values for the filler 
wall 'must be considered as minimum. 

In the second case, the TL'of th~ surround can be established in the same way by 
inserting the area of the surround, 8 = 160 sq ft, in eq. (6). This will result i'n 
apparent TL values one dB higher at all frequencies than those for the filler wall, with an 
8TC of 73. This difference results directly from. the relative areas and is given by 10 log 
(160/126). The values for the surround can likewise be considered as minimum, or as true 
only if the TL of the filler wall is infinite (~egligible transmission). 

In the third case, the combined area of the filler wall and surround, 8 = 286 sq ft, 
is used to compute TL. This yields TL values 4 dB higher at all frequencies than the 
values computed for the filler wall alone, with an 8TC of 76. The TL values computed in 
this way represent the value which either the filler wall or the surround would have if 
their TL's were equal at all frequencies. In other words, the total sound energy 
transmitted by the entire surface of 286 square feet is' that which would be accounted for 
by a single wall of_this area having the computed TL value at each frequency. The minimum 
TL values of the filler wall and surround, respectively, and the equivalent TL value of the 
filler and surroUnd combi~ed are plotted together in Figure B-7. The latter set of data 
will be used to estimate the degree.of flanking transmission when testing the windows, 
which will be' inserted in the filler wall. The true value of TL for the window is given by 
the formula: . . 

where: 

TL = 10 log [ l' ] 
W 1" + 1" 8 /8 wa 0 s w 

1"wa = transmission coef'fi'Cient of window 

1"0 = equivalent transmission coefficient of 'filler, wall and surround 

8s = total area of filler wall and surround, less window area 

8 = window area 
w 

(B-1) 

If the transmittivity of the filler wall and surround, weighted by their combined area. 
in relation to the window area, is much smaller than the transmittivity of the window, then 
the second term in the denominator of the above equation can be neglected, and the TL true 
value (TLw) is essentially equal to the apparent value TLwa and is given by eq. (6), using 
the window area for 8. 
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Appendix C. Detailed Sound Transmission Loss Test Results 

Table C-1 

Sound Transmission Loss of Exterior Walls 

Resilient 
'Exterior Finish Cavity Insulation Channel Test No. STC 

Wood Siding No No W-4-72 37 

Fiberglas Kraft" Faced No 54-71 39 

Fiberglas Friction Fi t No 7-72 39 

Alfo1 Type 2P No 6-72 37 

Premium Rock Wool No 5-72 38 

No 'Ye"s 56-71 43 

Fiberglas Kraft Faced Yes 55-71 47 

Stucco Fiberglas Kraft Faced No 50-71 46 

No Yes 53-71 49 

Fiberglas Kraft Faced Yes 52-71 57 

Brick Veneer Fiberglas Kraft Faced No 44-71 56 

No Yes 46-71 54 

Fiberglas Kraft Faced Yes 45-71 58 
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Table C-2 

Sound Transmission Loss of Exterior Doors 

Normally Closed Sealed 
Door Weather Strip Test No. STC Test No. STC 

Wood, flush solid core Brass W-90-71 27 W-91-71 30 

Same Plastic 42-72 27 

Same, plus aluminum 
storm door Plastic 40-72 34 41-72 42 

Wood, flush hollow core Brass 92-71 20 93-71 21 

Wood, french door Brass 94-71 26 95-71 31 

FRP panel Plastic 43-72 25 44-72 26 

Steel, flush Magnetic 2-72 28 3-72 28 

Notes: 

1. All doors were tested ~n the same frame except the steel door, which wai 
prehung· in a different frame. 

2. The flush solid core wood door was prehung in frame with brass spring 
weather stripping supplied. Other wood doors were trimmed as needed to 
fit this frame. 

3. Plastic weather stripping was substituted for the brass in ,the same frame. 

4. The FRP panel door was slightly oversize and made a very tight fit against 
the plastic weather stripping. 
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I-' 
I\) 
w 

Material ~ 

Wood Double hung 

Picture 

Wood-plastic Double hung 

Awning 

Table C-3 

Sound Transmission Loss of Windows 

Glazinl 

ss 

ss-d 

ds 

ds-d 

in-7/16 in. 

ss 

ss 

in-7/16 in. 

in-7/16 in. 

ss-d 

ds 

in-l in. 

ss-d 

ss 

in-3/8 in. 

ss 

in-3/8 in. 

ds 

in-3/8 in. 

Storm Sash 2 
Glazing Separation 

ss 

ds 

ss 

ds 

ds 

ss 

ss 

2 1/8 in. 

2 1/8 in. 

2 1/8 in. 

2 1/8 in. 
< 

3 3/4 in. 

2 3/4 in. 

2 3/4 in. 

Sealed 
Test No. STC 

W-41-71 29 

33-71 29 

32-71 29 

34-71 30 

31-71 28 

37-71 34 

36-71 36 

28-71 35 

29-71 39 

8-71 28 

7-71 29 

10-71 34 

11-71 38 

76-71 29 

82-71 26 

79-71 36 

85-71 36 

64-71 30 

68-71 28 

Locked3 

Test No. STC 

24-71 26 

74-71 26 

81-71 26 

78-71 32 

84-71 33 

59-71 27 

67-71 24 

Unlocked 
Test No. STC 

w-40-71 23 

25-71 22 

75-71 26 

80-71· 25 

77-71 30 

83-71 33 



Storm Sash Sealed 3 Unlocked 1 2 Locked 
Material ~ Glazinfj Glazinfj SeEaration -rest No. STC Test No. STC Test No. STC 

Fixed casement ds 66-71 31 

Operable casement ds 88-71 30 89-71 22 

Sliding glass door lam-3/16 in. 18-72 31 , 16-72 26 17-72 26 

Aluminum Sliding ss 26-72 28 23-72 24 

ss ss 1/8 in. 25-72 29 24-72 22 

Operable casement ds 21-72 31 19-72 21 20-72 17 

Single hung in-7/16 in. 2~-72 30 27-72 27 28-72 25 

Aluminum Jalousie 1>/4 in. 32-72 26 30-72 20 

~ Single pane 1/4 in. laminated glass 22-72 34 

~ 

~ 1. ss = single strength; ds. = double strength; d = divided lights; ·in = insulating glass ofindicat~d overa~l 
thic~ness; l~ = laminated safety glass of indicated overall thickness 

2. Separation is between panes of main and storm window, averaged for upper and lower sashes 

3. Applies also to operable windows mechanically tight shut without separate lock 



Table c-4 
Sound Transmission Loss of Walls Containing Windows 

Wall area, 126 ft2 
Window area,. 26 ft2. 

Wall alone Window alone Combination 
Wall Glazing Test No.' STC Test No. STC Test No. STC 

Wood siding Single strength W-54-71 39 w-8-71 28 W-57-71 35 

1 in. insul. glass 39 10-71 34 58-71 38 

Brick veneer Single strength w-44-71 56 
.,.. 
8-71 28 49-71 35 

1 in. insul. glass 56 '10-71 34 48-71 39 

125 



Table C-5 

Sopnd Transmission Loss of Windows with Crac~s and Openings 

A.· 6 x 5 ft Picture Window, glazed double stren·gth 

Gauged crack around full perimeter = 20.3 ft 

Crack Width 

o in. (sealed) 

1/32 in. 
1/16 in. 
1/8 in. 
i/4 in. 

Test No. 

W-7-71 
9-71 
21-71 
17-71 
15-71 
16-71 

\ 
\ 

STC 

29 
27 
25 
21 
18 
15 

B. 6 x 5 ft Picture Window, glazed 1 in. insulating glass 

Gauged crack around half or full perimeter 

Crack Width .Perimeter Test No. STC 

o in. (sealed) W-lO-71 34 
1/32 in. Half 20-71 29 
1/32 in. Full 19-71 26 
1/16 in. Full 18-71 23 
1/8 in. Full 14-71 19 
1/4 in. Half 1~-71 18 
1/4 in. Full 12-71 15 

C. 3 x 5 ft Wood Double-Hung, glaz,d 7/16 in. insulating glass. 

Lower sash raised by gauged amounts 

CO!,ldition Test No. STC 

Sealed W-3l-71 28 
Locked 24-71 26 
Unlocked 25-71 22 
Open 1/32 in. 26-71 20 
Open 1/16 in. 27-71 20 

D. 3 x 4 ft Wood-Plastic ~Wning Window, glazed double strength. 

Both sashes cranked open by gauged amounts 

Condition Test No. STC 

Sealed W-64-71 30 
Cranked tight shut 59-71 27 
Cranked open 1/32 in. 60-71 24 
Cranked open 1/16 in. 61-71 23 
Cranked open 1/8 in. 62-71 19 
Cranked open 1/4 in. 63-71 17 
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Table C-S (continued) 

E. 3 x 4 ft Wood-Plastic Awning Window, glazed 3/8 in. insulating 
glass. 

One or both sashes cranked open by gauged amounts 

Condition Test No. STC 

Sealed W-68-71 28 
Cranked tight shut 67-71 24 
Upper cranked open 1/32 in. 69-71 24 
Both cranked open 1/32 in. 70-71 24 
Upper cranked open 1/16 in. 71-71 24 
Both cranked open 1/16 in. 72-71 23 
Upper cranked open 1/8 in. 73-71 22 
Both cranked open 1/8 in. 73A-71 20 
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TAB L E c-6 SOU N D T RAN S MIS S ION 

T EST NO 

W- 71171 

W- 8-71 

W- 9-71 

W-lO-71 

W-U-71 

W-12-71 

W-13-71 

W-14-71 

W-15-71 

W-16-71 

W-17-71 

. DES C RIP T ION 

6 x 5 ft picture window glazed double strength, 
single light. 

6 x 5 ft picture window glazed single strength, 
divided lights, 16 panes. 

Same as W-7-71 

6 x 5 ft picture window, 1 in glazed insulating 
glass. 

Same as W-8-71 plus storm sash, glazed double 
strength, single light, 3 3/4 in separation 
between panes. 

Same as W-lO-7l with 1/4 in crack around full 
sash perimeter (crack area/sash area = .0165) 
crack depth = 1 13/16 in. 

Same as W-12-71 but 1/4 in crack around half sash 
perimeter (cra~k area/sash area = .00826). 

Same as W-12-7l but 1/8 in crack (crack area/sash 
area = • 00825) • 

Same as W-7-71 and W-9-71 with 1/8 in. crack around 
full sash perimeter (crack area/sash area = .00825); 
crack depth = 1 3/8 in. 

Same as W-15-71 but 1/4 in. crack (crack areal 
sash area = .0165). 

Same as W-15-71 but 1/16 in crack (crack area/sash 
area = .00413) 
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STC 80 

29 24 

28 26 

27 26 

34 28 

38 18 

15 20 

18 21 

19 21 

18 20 

15 17 

21 21 

100 

21 

21 

21 

26 

.c..L 

18 

20 

19 

17 

16 ] 
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LOS S P E'R FOR MAN C , D A T A 

F R E QUE N C Y , 'Hz 

160 200 250 315 400 500 630 800 1000 12S0 1600 2000 2500 3150 4000 5000 6300 

23 23 24 24 27 27 28 28 31 32 34 34 30 25 26 31 

19 18 21 23 22 25 26 26 26 29 30 31 30 33 30 27 20 

21 22 22 24 24 27 27 27 28 30 30 32 32 29 23 26 

, 23 20 ," 24 26 28 33 34 '37 36 3] 38 39 32 35 41 43 46 

21 24 29 28 32 34 36 40 41 46 46 46' 47 48 41 42 46 

15 16 17 17 17 19 19 18 17 13 13 16 11' '14 15' 17 18 

19 17 19 20 20 23 21 21 19 17 17 19 18 16 19 19 20 

18 18 18 20 20 22 22 22 19 16 18 22 21 16 18 19 21 

16 17 19 18 17 20 20 21 18 18 15 18 20 17 17 19 21 

15 15 16 17 15 17 19 18 16 15 13 14 15 15 15 17 18 

18 18 19 20 20 22 23 23 22 21 20 22 22 21 22 24 25 
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TAB L E C-6 SOU N D T RAN S MIS S ION 

l'EST NO. 

W-1S-71 

W-19-71 

W-20-71 

W-21-71 

W-23-71 

W-24-71 

W-25-71 

W-26-71 

W"":27-71 

W-28-71 

W-29-71 

.D.E S C RIP T I ON 

Same as W-12-71 but 1/16 in crack (crack area/sash 
area = .00413). 

Same as'W-12-71 but 1/32 in crack (crack area/sash 
area = .00206). 

Same as W-13-71 but 1/32 in crack. (crack area/sash 
area = .00103). 

Same as W-15-71 but 1/32 in. crack (crack area/sash 
area = .00206). 

3 x 5 it double hung window, 7/16 in. glazed 
insulating glass, single light, partially sealed 
as shown in Fig. C-l. 

Same as W-23-71 but not sealed . . . . . . . . . . 

Same as W-24-7l but unlocked 

Same as W-25-7l but lower sash raised 1/32 in. 

Same as W-25-7l but lower sash raised 1/16 in. 

3 x 5 it double hung window, 7/16 in. glazed 
insulating glass, single light plus storm sash, 
glazed single strength, single sealed separation 
between panes: upper 1 1/2 in, lower 2 13/16 in. 

Same as W-28-71 but storm saso glazed double 
strength. 
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STC so 

23 23 

26 25 

29 24 

25 22 

26 23 

. 26 .22 

22 21 

20 21 

20 20 

35 23 

39 22 

100 1 

22 

22 

24 

21 2 

22 2: 

.20 2: 

19 21 

19 21 

18 20 

19 26 

22 27 



LOS S PER FOR MAN C E D A T A 

F R E QUE N C Y, Hz 

160 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000 6300 

18 19 2023 21 26 24 24 22 21 22 26 . 25 22 23 24 26 

1.9, 19- 21 23 23' 28 27 26 25 24 27 29 28 26 27 27 29 

19 20 20 25 26 29 29 30 28 28 29 32 31 29 30 31 33 

18 20 21 22 21 25 24 26 24 25 24 27 27 26 24 26 28 

20 22 22 20 20 21 22 25 24 28 31 32 33 34 34 32 34 

20 21 21 ·20 20 21 21 23 24 28 29 30 30 29 30 30 32 

18 19 20 18 19 20 21 22 22 25 25 26 24 22 21 24 29 

17 17 18 18 18 19 20 21 20 23 23 22 20 19 18 19 24 

16 18 19 18 17 18 19 21 20 22 22 22 20, 19 19 21 24 

20 19 22 24 28 33 36 38 39 43 43 45 48 50 53 50 47 

23 25 28 3~ 31 35 38 40 40 45 46 47 48 50 , 49 50 45 
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TAB L E C-6 SOU ~N D .. T, RAN S MIS S ION 

T EST NO. 

W-31-71 

W-32-71 

W-33-71 

W-34-71 

W-35-71 

W-36-71 

W-37-71 

W-38-71 

W-39-71 

W-40-71 

-W-4l-71 

DES C RIP T ION 

Same as W-28-71 but no storm sash. 

3 x 5 ft double hung window glazed double strength, 
single light, sealed. 

3 x 5 ft double hung window, glazed single strength 
divided, 8 lights each sash, sealed. 

Same as W-32-7l but divided, 8 lights each sash. 

Same as W-33-7l but single light, unlocked 
partially sealed as shown in Fig. C-l. 

Same as W-33-7l but single light plus storm sash, 
glazed double strength, single light, separation 
between panes: upper 1 7/8 in, lower 3 3/16 in. 

Same as W-36-71 but. storm sash glazed single 
strength. 

Same as W-35-7l but not sealed, lower sash raised 
1/16 in. 

Same as W-38-7l but lower sash raised 1/32 in. 

Same as W-35-7l but normally closed, not sealed. 

Same as W-35-71 but completely sealed. 
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STC 80 

28 23 

29 23 

29 20 

30 21 

25 21 

36 24 

34 23 

21 19 

21 19 

23 21 

29 23 

100' 

22 

21 

20 

20 

18 

20 

19 

17 J 

17 1 

18 2 

20 2( 



LOS S PER FOR MAN C E D A T A 

F R -E QUE: N C Y, Hz 

160 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000 6300 

22 24 24 21 23 21 23 26 27 33 36 37 39 40, 40 35 34 

2'1 21 22 25 25 28 28 28 29 32 31 33 33 30 27 29 33 

18 22 22 23 22 26 27 27 27 30 32 33 33 32 31 30 33 

20 23 24 25 25 29 29 28 29 32 - 32 32 32 31 31 33 35 

17 19 18 18 20 23 23 23 23 27 28 30 30 32 31 29 27 

22 23 25 :28 29 33 37 40 40 46 46 47 48 49 48 48 37 

22 18 20 23 28 31 35 38 40 43 44 45 46 50 51 46 41 

16 16 17 18 19 20 21 22 22 23 23 23 21 17 18 20 22 

17 17 17 19 19 20 22 23 22 23 24 24 21 19 19 20 23 

15 18 18 20 19 22 22 23 22 26 27 27 27 26 25 24 26 

8 21 21 22 23 26 26 27 27 29 31 32 33 34 33 29 28 
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TAB L E C-6 SOU N D T RAN S MIS S ION 

T EST N O. 

W-44-7l 

W-45-71 

W-46-71 

W-48-7l 

w-49-71 

W-50-71 

W-52-71 

W-53-71 

W-S4-71 

W-55-71 

W-56-71 

DE,S C RIP T ION 

Brick veneer wood stud exterior wall, cavity 
insulation. See Fig. C-2. 

Same as W-44-7l plus resilient channel. See 
Fig. C-2. 

Same as W-45-71 but. no insulation. See Fig. C-2. 

Same· as W-44-7l but penetrated by W-IO-71. 

Same as W-44-7l but penetrated by W-8-7l. 

Stucco wood stud exterior wall with cavity 
insulation. See Fig. C-3. 

Same as W-50-7l plus r~silient channel. See 
Fig. C-3. 

Same as W-52-71 but no insulation. See Fig.C-3. 

Wood siding wood stud exterior wall with cavity 
insulation. See Fig.C-4 .. 

Same as W-54-7l plus resilient channel. See 
Fig. C-4. 

Same as W-55-71 but no insulation. See Fig.C-4. 
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56 33 

58 32 

54 31 

39 30 

35 26 

46 

57 29 

49 27 

39 25 

47 22 

43 22 

100 1 

31 

34 

33 3 

29 21 

24 25 

25 25 

35 35 

28 28 

19 18 

24 26 

21 24 



LOS S PER FOR M A.N C 'E D A T A 

F R E Q U ~ N C Y, Hz 

160 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000 6300 

36·42 46 49 51 54 56 58 61 67 67 69 69 70 73 75 69 

39 . 46 47 52 54 57 58 60 61 69 68 71 71 72 74 77 68 

34 41 41 47 50 52 55 59 61 65 66 68 68 69 72 75 67 

26 27 30 33 I 34 38 40 39 38 41 42 45 40 42 49 51 51 

27 27 28 28 30 31 33 35 34 36 37 39· 40 42 39 37 39 

30 42 41 44 43 45 45 46 45 46 48 50 50 . 50 55· 58 62 

41 50 49 53 55 58 58 58 58 59 59 60 58 57 60 64 61 

32 34 37 41 46 50 50 50 51 54 55 57 55 55 58 62 63 

18 28 30 33 34 40 42 45 47 50 50 51 50 50 53 54 53 

27 30 35 41 43 49 52 56 58 59 60 61 60 58 60 62 63 

22 26 32 35 38 43 45 50 51 56 57 58 56 54 57 59 53 
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.~ A B L E C-6 SOU N D T RAN S MIS S I 0 ~ 

T EST NO. 

W-57-71 

W-58-71 

W-59-71 

W-60-71 

W-61-71 

W-62-71 

W-63-71 

W-64-71 

W-65-71 

W-66-71 

W-67-71 

DES C RIP T· ION 

Same as W-54-71 but penetrated by W-8-71. 

Same as W-54-71 but penetrated by W-10-71. 

3 x 4 ft awning window, glazed double strength, 
both sashes cranked shut. 

Same as W-59-71 but both sashes opened 1/32 in. 

Same as W-59-71 but both sashes opened 1/16 in. 

Same as W-59-71 but both sashes opened 1/8 in. 

Same as W-59-7l but both sashes -opened 1/4 in. 

Same as W-59-7l but sealed. 

3 x 5 ft fixed casement window, single light, 
glazed double strength. 

Same as W-65-71 but sealed. 

3 x 4 ft awning window, 3/8 i~ glazed insulating 
glass, both sashes cranked shut.· 

STC 80 

35 25 

38 26 

27 21 

24 21 

22 19 

19 19 

17 17 

30 16 

32 23 

31 23 

24 21 

100 12~ 

21 1~ 

21 18 

19 22 

19 20 

20 20 

16 

15.1 14 

20 21 

21 24 

21 23 

22 21 



LOS . S PER FOR MAN C E D A T A 

F R E Q U: ENe Y, Hz 

160 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000 6300 

20 25 28 29 29 32 33 34 35 38 39 40 41 42 39 37 39 

20 24 27 32 32 37 40 42 44 44 45 45 39 41 47 51 51 

19 23 25 26 26 28 28 27 26 24 23 27 30 32 31 31 34 

18 21 22 ?3 24 25 24 23 22 20 20 23 26 29 29 31 32 

17 20 22 22 23 24 23 23 21 18 19 23 26 27 28 2~ 31 

18 19 19 21 21 22 22 21 18 16 15 22 23 25 25 27 28 

13 16 18 18 18 20 19 18 15 13 13 18 20 23 23 23 25 

21 23 25 26 26 28 28 28 28 31 32 35 36 35 32 31 36 

21 22 25 26 27 29 30 30 32 33 34 36 37 35 30 ·32 35 

20 24 23 26 26 29 29 30 30 33 35 37 36 35 30 31 35 

20 24 24 22 20 19 22 25 24 23 23 25 28 33 33 30 31 .,., 
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TAB L· E C-6 S a ,.0 N ·Il, T RAN S M I· S S' ION 

T EST N a 

W-68-71 

W-69-71 

W-70-71 

W-71-71 

W-72-71 

W-73-71 

W-73A-71 

W-74-71 

W-7S-71 

W-76-71 

W-77-71 

DES C RIP T ION 

STC 

Same as W-67-7l but sealed. 28 

Same as W-67-7l but upper sash opened 1/32 in. 24 

Same as W-67-7l but both sashes opened 1/32 in. 24 

Same as W-67-7l but upper sash opened 1/16 in. 24 

Same as W-67-7l but both sashes opened 1/16 in. 23 

Same as W-67-7l but upper sash opened 1/8 in. 22 

Same as W-67-7l but both sashes opened 1/8 in. 20 

3 x S ft double hung window, glazed single strength, 26 
single light, locked. 

Same as W-74-7l but unlocked. 

Same as W-74-7l but sealed .. ; ....••••.. 

Same as W-7S-7l plus combination storm sash, 
glazed single strength, single light, separation 
between panes: upper 2 1/4, in. , lower 3 3/8 in. 
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29 

30 

80 

22 

20 

22 

22 

21 

20 

20 

21 

22 

18 

100 12~ 

23 2C 

21 20 

22 22 

21 22 

22 20 

21 20 

20 18 

19 19 

20 20 

19 21 

16 IS 



LOS S PER FOR MAN C E D A T A 

F R ·E· Q U. E : N C Y , Hz 

160 200 250 315 400 500 613 SOD 1000 1250 1630 2000 2500 3150 4000 5000 6300 

20 25 25 21 19 20 23 26 30 32 33 34 36 37 34 29 31 

21 23 22 22 19 lS 22 24 23 24 23 25 28 32 34 29 31 

21 24 24 22 19 20 22 25 25 22 23 25 27 31 32 30 31 

21 25 22 21 19 19 22 25 23 22 23 25 2S 32 33 30 31 

20 25 24 22 lS 19 22 23 23 21 22 23 27 31 32 29 30 

18 22 22 '21 19 'lS 21 23 22 18 19 24 26 30 30 29 

20 22 21 20 19 19 21 22 20 16 17 22 26 28 30 28 28 

17 18 lS 22 22 25 25 26 24 27 28. 30 28 28 28 26 28 

20 19 20 23 22 25 25 26 26 29 29 30 25 25 28 28 30 

17 19 21 23 24 25 26 27 27 31 32 33 33 35 36 32 30 

15 16 18 20 21 26 30 32 34 37· 37 37 36 37 38 37 37 
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TAB L E C-6 SOU N D T RAN S MIS S ION 

TEST NO. 

W-78-71 

W-79-71 

W-SO-71 

·W-Sl-71 

W-82-71 

W-83-71 

W-S4-71 

W-85-71 

W-88-7l 

W-89-71 

W-90-71 

DES C R· I P T ION 

Same as W-77-71 but locked. 

Same as W-7S-7l but storm sash sealed. 

3 x 5 ft double hung window, 3/S in. g~azed 
insulating glass, single light, unlocked. 

Same as W-SO-71 but locked. 

Same as W-80-7l but locked and sealed 

Same as W-80-7l plus combination storm sash, 
glazed single strength, single light. 

Same as W-83-7l but locked. 

Same as W-84-7l but storm sash sealed. 

4 x 5 ft casement window, both sashes operable, 
glazed double strength, both sashes locked. 

Same as W-88-71 but both sashes unlocked. 
,. 

3 x 7 ft solid core wood door, mounted in frame, 
brass weather strip. 
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32 19 

36 .20 

25 21 

26 21 

26 21 

.33 21 

33 20 

36 20 

30 24 

22 17 

27 20 

100 

15 

19 

. 22 

23 

21 

19 

17 1 

19 2: 

23 

22 21 

~ . ., 

24 21 



LOS S P E k FO a MAN C E DATA 

F R E Q U ~ N C Y, ~ 

160 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000 6300 

16 19 20 22 23 30 33 36 37 40 40 41 40 40 43 43 40 

19 24 25 25 28 33 37 40 40 41 41 42 44 45 48 46 43' 

21 21 23 18 21 19 42 24 23 29 32 31 28 28 30 29 31 

21 21 22 19 20 19 21 24 24 29 30 32 33 34 32 30 30 

21 23 23 20 21 20 21 24 24 29 33 34 37 37 39 33 32 

16 21 24 24 25 30 32 35 37 41 41 42 40 41 45 43 40 

17 21 22 24 25 30 32 ·35 37 41 42 42 42 45 46 44 40 

19 25 25 27 29 33 36 39 37 42 43 42 43 47 49 46 43 

22 24 24 26 26 29 28 29 28 28 28 32 34 34 31 32 34 

19 21 21 23 21 25 23 23 22 21 20 20 23 25 28 28 31 

24 27 27 27 27 30 30 28 26 25 25 25 27 28 29 31 35 
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TAB L E C-6 SOU N D T RAN S MIS S ION 

T EST NO. 

W-9l-71 

W-92-71 

w-93-71 

W-94-71 

w-95-71 

W- 2-72 

W- 3-72 

'W- 4-72 

W- 5-72 

W- 6-72 

W- 7-72 

DES C RIP T ION 

Same as W-90-7l but sealed into frame. 

3 x 7 ft hollow core wood door, mounted in frame, 
brass weather strip. 

Same as W-92-7l but sealed into frame. 

3 x 7 ft wood french door, 12 lights glazed 
single strength, mounted in frame, brass 
weather strip. 

Same as W-94-71 but sealed into frame. 

3 x 7 ft hollow steel door, mounted in frame, . 
magnetic weather strip. 

Same as W-2-72 but sealed into frame. 

Wood siding wood stud exterior wall. See Fig. C-4. 

Same as W-4-72 but with cavity insulation. See 
Fig. C-4. 

Same as W-5-72 but different cavity insulation. 
See Fig. C-4. 

Same as W-5-72 but different cavity insulation. 
See Fig. C-4. 
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30 22 

20 13 

21 15 

26 21 

31 19 

28 18 

28 18 

37 23 

38 23 

37 22 

37 24 

100 12. 

22 2' 

11 

16 

24 20 

22 23 

22 23 

24 22 

19 16 

17 ]6 

17 18 

16 13 



LOS S PER FOR MAN C E D A T A 

F R E QUE N C Y, Hz 

160 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000 6300 

22 

14 

15 

20 

20 

21 

21 

16 

17 

16 

16 

26 25 28 29 30 30 30 29 31 

14 15 15 17 17 17 15 18 22 

15 15 16 17 18 17 15 18 24 

24 . 25 23 24 28 29 28 28 25 

24 

25 

27 

22 

27 

22 

26 

23 24 24 26 29 30 30 32 

26 26 27 28 29 31 31 32 

28 28 29 30 31 32 33 33 

26 33 35 36 39 43 46 50 

31 34 35 38 42 45 46 49 

26 32 34 38 39 43 46 51 

31 36 36 39 41 46 46 49 
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31 

22 

24 

25 

32 

27 

27 

51 

51 

52 

50 

34 32 30 30 31 35 

22 24 27 29 29 30 

27 28 30 32 32 33 

23 25 27 28 30 32 

34 35 36 35 35 36 

24 32 36 39 39 38 

24 34 35 37 38 34 

52 51 48 49 51 53 

53 53 50 52 51 '54 

55 53 52 52 53 54, 

52 51 49 49 50 51 



TAB. L E C-6 SOU N.D T RAN S MIS S ION 

T EST NO. 

W-16-72 

W-17-72 

W-18-72 

W-19-72 

W-20-72 

W-2l-72 

W-22-72 

W-23-72 

W-24-72 

W-25-72 

W-26-=72 

DES C.R I P T ION 

6 x 7 ft sliding glass door, glazed 3/16 in. 
safety glass, locked. 

Same as W-16-72 but unlocked. 

Same as W-16-72 but completely sealed. 

3 x 4 ft aluminum casement window, glazed 
double strength, 'locked. 

Same as W-19-72 but unlocked. 

Same as W-19-72 but sealed. 

3 x 4 ft laminated glass, double sheets 1/8 in. 
glass laminated to inne~ clear damping layer, 
sealed in heavy wood frame. 

3 x 4 ft aluminum sliding window, glazed single 
strength, closed and latched. 

Same as W-23-72 plus storm sash, glazed single 
strength, separation between panes: one side 
1/16 in., other side 3/16 in. 

Same as W-24-72 but storm sash sealed. 

Same as W-23-72 but sealed. 
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STC ·80 

26 20 

26 25 

31 24 

21 21 

17 16 

31 17 

34 22 

24 17 

22 19 

29 19 

28 17 

100 125 

24 25 

25 25 

25 23 

19 20 

15 15 

19 24 

26 27 

19 21 

20 22 

22 26 

20 23 



LOS S PER FOR MAN C E D A T A 

F R E QUE N C Y, ~ 

160 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000 6300 

24 23 25 25 24 26 28 29 29 29 28 26. 23 24 ·26 29 33 

23 21 24 25 26 27 27 27 28 29 28 25 23 23 25 29 33 

-24 25 26 27 28 30 30. 31 32 34 34 31 27 30 34 37 39 

17. 16. 16 17 16 18 18 19 20 22 22 23 25 28 28 29 31 

14 14 13 15 14 15 17 18 18 17 16 15 18 21 25 26 27 

.20 24 26' 26 28 29 29 31 31 34 34 35 35 33 31 32 36 

25 26 28 30 30 33 33 33 33 34 35 36 36 38 41 42 44 

17 17 17 20 19 22 22 24 22 23 25 29 28 30 31 30 29 

17 19 18 19 18 20 19 19 19 22 21 25 26 29 31 30 31 

22 23 22 22 22 24 25 26 28 32 33 35 36 38 38 39 37 

21 . 20 20 21 22 24 25 27 27 31 31 34 35 38 38 35 31 
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TAB L E C--6 SOU N D T RAN S MIS S ION 

T EST N 0 

W-27-72 

W-28-72 

W-29-72 

W-30-72 

W-32-72 

W-40-72 

W-4l-72 

w-42-72 

W-43-72 

W-44-72 

DES C R I poT ION 

3 x 4 ft aluminum single hung window, 7/16 i~ 
glazed insulating glass, locked. 

Same as W-27-72 but unlocked. 

Same as W-27-72 but se~led. 

3 x 4 ft jalousie window, glazed 1/4 in glass, 
4 1/2 in wide louvers with 1/2 in overlap, 
cranked tight shut. 

Same as W:-30-72 but all horizontal and vertical 
joints sealed. 

3 x 7 ft solid core wood door plus ~luminum storm 
door, glazed single strength, main door normally 
closed in frame against extruded plastic weather 
str.ip. 

Same as W-40-72 but both-doors sealed. 

Same as W-40-72 but without storm door. 

3 x 7'ft fiberglass reinforced plastic panel 
door, mounted in frame, extruded plastic weather 
strip. 

Same as W-43-72 but sealed. . . . . . . . . . 
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27 14 

25 16 

30 15 

20 21 

26 20 

34 20 

42 19 

27 20 

25 21 

. . 26- 19 

100 125 

21 25 

22 23 

24 25 

13 14 

17 26 

19 20 
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24 28 

23 25 
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LOS S PER F ,0 R .ij,A NeE D A T A 

F R E Q u: ENe Y, Hz 

160 2QO 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000 6300 

19 21 22 21 18 22 25 26 26 29 31 32 31 34 38 35 

20 22 21 21 18 22 24 25 25 26 28 26 27 29 33 34 33 

24 23 23 23 21 24 26 30 30 34 35 37 38 40 42 39 37 

13 14 13 16 17 20 18 19 17. 19 20 20 21 24 23 25 25 

26 26 26 29 29 28 27 26 26 25 25 25 25 27 29 30 33 

22 22 24' 26 27 33 33 35 35 41 40 36 35 36 37 40 

28 29 30 37 37 39 39 43 43 49 48 48 52 54 54 55 54 

26 24 28 27 28 29. 29 28 26 28 27 25 26 27 27 28 34 

23 24 23 25 27 28 27 28 27 27 21 24 28 33 37 40 41 

23 25 25 24 24 29 26 27 27 27 22 24 28 33 38 42 42 

147 



Figure C-l. Regions which were sealed for Test W-23-71. 

1. FACE BRICK 
2. 1/2 IN. AIR SPACE, WITH METAL TIES 
3. 3/4 IN. INSULATION BOARD SHEATHING 
4. 2 IN. x 4 IN. STUDS 16 IN. O.C. 
5. FIBERGLAS BUILDING INSULATION 

CW-44-71 AND W-45-71 ONLY) 
6. NATIONAL GYPSUM RESILIENT CHANNEL 

CW-45-71 AND W-46-71 ONLY) 

SEALED 

7. 1/2 IN. GYPSUM BOARD SCREWED TO CHANNEL 

Figure C-2. Detail of brick-veneer, wood-stud exterior walls. 

148 



1. 7/8 IN. STUCCO 
2. NO. 15 FELT BUILDING PAPER AND 

1 IN. WIRE MESH 
3. 2 IN. x 4 IN. STUDS 16 IN. O.G. 
4. FIBERGLAS BUILDING INSULATION 

(W-50-71 AND W-52-71 ONLY) 
5. NATIONAL GYPSUM RESILIENT CHANNEL 

(W"':'S2-71 AND W-53-71 ONLY) 
6. 1/2 IN. GYPSUM BOARD SCREWED TO 

CHANNEL 

Figure C-3. Detail of stucco, wood-stud 
exterior walls. 

1. 5/8 IN. x 10 IN. REDWOOD SIDING 
2. 1/2 IN. INSULATION BOARD SHEATHING 
3. 2 IN. x 41N. WOOD STUDS 16 IN. O.C. 
4. FIBERGLAS BUILDING INSULATION 

(W-54-71 AND W-55-71 ONLY) 

3 IN. PREMIUM BRAND PAPER ENC'LOSED 
BUILDING INSULATION 
(W-5-72 ONLY) 

ALFOL TYPE 2P REFLECTIVE-TYPE 
INSULATION 
(W-6-71 ONLY) 

31/2 IN. FIBERGLAS FRICTION FIT 
INSULATION 
(W-7-72 ONLY) 

5. NATIONAL GYPSUM RESILIENT CHANNEL 
(W-55-71 AND W-56-71 ONLY) 

6. 1/2 IN. GYPSUM BOARD SCREWED TO 
CHANNEL 

Figure c-4. Detail of wood-siding, wood­
stud exterior walls. 



Appendix D. ,Detailed Thermal Test Results 
Table D-1. Thermal test data for walls, doors and windows 

Pressure Air Mean not Cold }lean Mean' 
Test No. Wall Description Differ- Leak- Wall Sur- Sur- Hot Cold 

entia1 age •. Temp. face face Air Air 
Temp. Temp., Temp. Temp. 

in. water ft3min-l of of of of of 

TT-OOl-71 2 x 4 in. studs on 16 in. centers, 0 '24.4 58.3 -9.4 71.2 -21.7 
1/2 in. gypsum board interior sur-
face 1/2· in. wood fiber sheathing 
plus 10 in. wid~ redwood lap siding 
exterior surface. No insulation in 
cavities. 

TT-018-71 Same as TT-OOl-71 0 ·27.6 63.2 -7.9 77 .1 -20.1 

TT-019-71 Same as TT-OOl-71 0.50 0.8 27.2 63.0 -8.4 76.3 -20.5 

TT-002-71 Same construction as above but 0 24.1 67.6 -19.2 ·73.7 -23.6 
with Fiberglas 3-1~2 in. Friction 
Fit Building Insulation in cavi-
ties, polyethylene vapor barrier. 

TT-022-71 Same as TT-002-71 0 26.6 72.2 -18.9 78.9 -23.8 

TT-023-71 Same as TT-002-71 0.50 2.1 26.2 72.0 -19.4 78.8 -23.8 

TT-003-71 Same as TT-002-71 0 61.0 105.0 17.0 111.4 1£0 

TT-004-71 Same as TT-002-71 0.50 5.2 60.3 103.8 16.7 110.5 12.0 

TT-005-71 Same as TT-002-71 0 99.5 138.9 60.0 144.7 55.7 

TT-006-71 Same as TT-002-71 0.50 6.7 98.5 137.4 59.6 146.8 55.6 

TT-014-71 Same construction as above but with 0 27.9 66.9 -10.9 76.5 -18.3 
A1fo1 Type 2P Insulation inset 
stapled in cavities. 

TT-015-71 Same as TT-014-71 0.50 0.1 27.9 66.8 -11.0 76.5 -18.3 

TT-030-72 Same as above but with Premium Brand 0 26.0 67.9 -15.9 74.9 -20.0 
3 in. Paper Enclosed Rock Wool Bldg. 
Insu1. in cavities. 

TT-031-72 Same as TT-030-72 0.25 1.2 24.6 67.6 -18.2 74.7 -22.9 

TT-038-72 Same as above but with Fiberglas 0 25.7 68.5 -17.0 74.5 -21.1 
3-1/2 in. Kraft Faced Building 
Insulation in cavities. 

TT-039-72 Same as TT-038-72 0.25 0.7 25.4 67 .. 9 -16.9 73.9 -21.1 

TT-042-72 Same as TT-038-72 bJt with gypsum 0 25.1 69.3 -19.1 74.4 -22.0 
board on Donn Products DG-8 
resilient channel. 

TT-043-72 Same as TT-042-72 0.25 0.8 24.8 68.7 -19.0 73.9 -22.4 
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~able D-l (continued) 

Net Apparent Effective* Effective* Effective* Effective* Effect:t.ve* 
Test No. Heat .Amount of Thermal ThermaJ,. Hot Air Cold Air Thermal 

Flow Net Heat Conduct- Transmit- Film Film Resistance 
Flow due to ance tance Conduct- Conduct- (surface-to-
Air Leakage (surface-to- (air-to- ance ance surface) 

surface) air) 

Btu hr-1 Btu hr-1 Btuhr-1 Btu n.r-1 Btu-1 hr 
Btu hr- l Btu hr -1 ft-2 °F-1 ft -2 °F-1 ft -2 °F-1 ft -2 °F-1 ft 2 of 

TT-OOl-71 2280 0.267 0.195 1.4 1.5 3.75 

TT-018-71 2370 0.265 0.194 1.3 1.5 3.77 

TT-019-71 2390 85 0.266 0.196 1.4 1.6 3.76 

TT-002-71 930 0.085 0.076 1.2 1.7 11. 76 

TT-022-71 1005 0.087 0.0(8 1.2 1.7 11.49 

TT-023-71 1040 235 0.090 0.080 1.2 1.9 11.11 

TT-003-71 1020 0.092 0.~81 1.3 1.6 10.87 

TT-004-71 1545 550 0.141 0.125 1.8 2.6- 7.09 

TT-005-71 1020 0.102 0.091 1.4 1.9 9.80 

TT-006-71 1540 660 0.157 0.134 1.3 3.1 6.37 

TT-014-71 1495 0.152 0.125 1.2 1.6 6.58 

TT-015-71 1510 10 0.154 0.126 1.2 L6 6.49 

TT-030-72 1090 0.104 0.091 1.3 2.1 9.62 

TT-031-72 1150 ' 125 0.106 0.093 1.3 1.9 9.43 

TT-038-72 900 0.083 0.074 1.2 1.7 12.05 

TT-039-72 915 70 0.084 0.076 1.2 1.8 11.90 

TT-042-72 880 0.079 0.072 1.4 2.4 12.66 

TT-043-72 900 85 0.082 0.074 1.4 2.1 12.20 

*Effective refers to the value calculated from measured heat flow. In tests with an imposed pressure 
difference, this value includes energy consumed in heating the leakage air from cold side to warm' 
side temperature. 
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Table D-l. (continued) 

Test No. Wall Description 

TT-020-7l Same as above but with Fiberglas 
3-1/2 in. Friction Fit Building 
Insulation in cavities, poly­
ethylene vapor barrier, and wood 
doublehung window, 3 x 5 ft., 
single glazed sashes, locked. 

TT-02l-71 Same as TT-020-7l 

TT-024-7l Same as TT-020-7l but with window 
unlocked. 

TT-025-71 

TT-026-72 

TT-027-72 

Same as TT-024-7l 

Same as TT-020-7l plus single 
glazed wood storm window. 

Same as TT-026-72 

TT-02S-72 Same as TT-026-72 but with window 
unlocked. 

TT-029-72 Same as TT-02S-72 

TT-032-72 Same as TT-020-7l except double 
glazed sashes. 

TT-033-72 Same as TT-032-72 

TT-034-72 

TT-035-72 

Same as TT-032-72 but with 
window unlocked. 

Same as TT-034-72 

TT-040-72 Same construction as above but 

TT-046-72 

with wood picture window, 6 x 5 ft., 
single glazed, divided light. 

Same as TT-040-72 

TT-044-72 Same construction as above but 

TT-045-72 

with wood picture window, 6 x 5 ft., 
double glazed, single light. 

Same as TT-044-72 

Pressure 
Differ­
ential 

in. water 

o 

0.25 

o 

0.25 

o 

0.25 

o 

0.25 

o 

0.25 

o 

0.25 

o 

0.25 

o 

0.25 

TT-049-72 Same construction as above but 0 
with pre-hung, 1-3/4 in. thick solid 
wood flush door, 3 ft. ,x 6 ft.-S in. 
Spring brass weatherstrip on top and 
sides, half-round plastic closure strip 
at bottom. Fiberglas 3-1/2 in. Friction 
Fit Building Insulation in cavities. 
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Air Mean 
Leak- Wall 
age Temp. 
3 -1 ft min 

22.5 

30.2 

32.6 

.. 39.7 

39.7 

50.1 

3.2 

4.9 

27.7 

2S.6 

29.3 

27.6 

27.6 

2S.7 

2S.2 

26.0 

2S.4 

27.2 

32.4 

24.5 

26.2 

24.8 

24.7 

26.0 

Hot 
Sur­
face 
Temp. 

Cold Mean 
Sur- Hot 
face Air 
Temp. Temp. 

70.3 -14.8 7S.l 

6S.7 -14.4 75.9 

71.1 -13.S 7S.0 

69.0 -10.3 75.S 

71. 7 -16.4 7S.3 

69.1 -13.9 75.3 

71.S -14.3 77.3 

6S.7 -12.3 73.3 

68.1 -16.0 74.5 

6S.2 '-11.3 74.2 

70.·3 -15.9 76.S 

69.7 -4.9 74.4 

57.1 -S.l 72.1 

5S.l -5.6 73.1 

Mean 
Cold 
Air 
Temp. 

-21.4 

-20.5 

-23.0 

-16.1 

-23.1 

-19.S 

-20.S 

-:r8.0 

-22.4 

-17.2 

-22.S 

-10.1 

-20.4 

-17.3 

61.2 -11.6 72.0 . -21.4 

61.5 -12.0 72.S -21.6 

66.6 -14.4 72.7 -20.6 



Table D-1 (continued) 

Apparent Effective* Effective* Effective* Effective* Effective* 
.Amount of Thermal Thermal Hot Air Cold Air Thermal 

Test No. Net Net Heat Conduct- Transmit- Film Film Resistance 
Heat Flow due to ance tance Conduct- Conduct- (surface-to-
Flow Air Leakage (surface-to-(air-to- ance ance surface) 

surface) air) 

-1 -1 -1 -1 -1 -1 -1 Btu hr Btu hr Btu hr Bt~2hr -1 Bt~' hr Btu hr Btu hr ft-2 °F-1 ft-2 °F-1 ft-2 °p-1 ft of ft of 
TT-020-71 1670 0.156 0.l33 1.7 2.0 6.41 

TT-021-71 3560 2345 0.340 0.293 3.9 4.6 2.94 

TT-024-71 1730 0.162 0.136 2.0 '1.5 6.17 

TT-025-71 3935 2995 0.394 0.340 4.6 5.4 2.54 

TT-026-72 1410 0.127 0.110 1.7 1.7 7.87 

TT-027-72 4110 3350 0.393 0.343 5.3 5.5 2.54 

TT-028-72 14lO 0.130 0.114 2.0 1.7 7.69 

TT-029-72 4610 3915 0.452 0.401 8.0 6.4 2.21 

TT-032-72 1420 " 0.134 0.116 1.8 1.8 7.46 

TT-033-72 4665 3920 0.466 0.405 6.2 6.3 2.15 
( 

TT-034-72 1465 0.l35 0.117 1.8 1.8 7.41 

TT-035-72 5335 4570 0.568 0.501 9.1 8.1 1. 76 

TT-040-72 2135 0.260 0.183 1.1 1.4 3.85 

TT-046-72 2260 310 0.282 0.198 1.2 1.5 3.55 

TT-044-72 1585 0.173 0.135 1.2 1.3 5.78 

TT-045-72 1960 500 0.212 0.165 1.4 1.6 4.72 

TT-049-72 1380 0.135 0.117 1.8 1.8 7.41 

*Effective refers to the value calculated from measured heat flow. In tests with an imposed pressure 
difference, this value includes energy consumed in heating the leakage air from cold side to warm 
side temperature. 

153 



Test No. 

TT-050-72 

TT-055-72 

TT-056-72 

TT-059-72 

TT-060-72 

TT-063-72 

TT-064-72 

TT-065-72 

TT-066-72 

TT-069-72 

TT-070-72 

TT-036-72 

TT-037-72 

Table D-l. (continued) 

Wall Description 

Same as TT-049-72 

Same as TT-049-72 but with 
aluminum st~rm door. 

Same as TT-055-72 

Pressure 
Differ­
ential 

in. water 

0.25 

o 

0.25 

Same as TT-049-72 but wi.th pre- 0 
hung, 1-3/4 in. thick steel flush 
door with urethane foam core, 3 ft. 
x 6 ft.-S in. Magnetic weatherstrip 
on top and sides, plastic flaps on 
bottom. 

Same as TT-059-72 0.25 

Same as TT-049-72 but with 1-3/4 in. 0 
thick, foam filled Fiberglas rein­
forced plastic panel door, 3 ft. x 
6' ft.-S in. Extruded plastic weather­
strip on top and sides, half-round 
rubber closure strip at bottom. 

Same as TT-063-72 0.25 

2 x 4 in. studs on 16 in. centers, 0 
1/2 in. gypsum board interior sur­
face, 1/2 in. wood fiber sheathing 
plus 4 in. brick veneer exterior sur­
face. No insulation. 

Same as TT-065-72 0.25 

Same construction as TT-065-72 'but 0 
with Fiberglas 3-1/2 in. building 
insulation in cavities, polyethylene 
vapor barrier. 

Same as TT-069-72 0.25 

2 x 4 in. studs on 16 in. centers, 0 
1/2 in. gypsum board interior sur­
face, 3/4 in. styrofoam TG sheath-
ing and 10 in. wide redwood lap siding 
exterior surface. 

Same as TT-036-72 0.25 
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Air Mean 
Leak- Wall 

Hot Cold 
Sur- Sur­
face face 
Temp. Temp. 

Mean 
Hot 
Air 
Temp. 

Mean 
Cold 
Air 
Temp. 

age Temp. 

3 .-1 ft m1n 

21. 7 

19.9 

14.9 

7.1 

loS 

1.9 

1.7 

25.1 64.6 -14.2 70.S -20.2 

27.2 67.7 -13.1 74.S -20.0 

25.5 65.3 -14.2 73.3 -19.7 

26.0 67.7 -15.6 74.6 -20.S 

25.2 66.3 -15.S 73.4 -20.7 

25.S 67.3 -15.5 74.2 -20.9 

25.1 66.2; -15.S 73.9 

26.2 62.7 -10.1 73.5 

-20.9 

-19.7 

25.9 62.4 -10.5 73.4 -19.9 

26.6 70.5 -17.1 76.1 -21.5 

26.3 69.9 -17.2 75.6 -21.6 

27.S 67.1 -11.5 75.9 -20.1 

27.2 66.4 -12.0 75.4 -20.5 



Apparent 
Amount of 

Test No. Net Net Heat 
Heat Flow due to 
Flow Air Leakage 

-1 Btu h't' Btu hr -1 

TT-050-72 3200 2135 

TT-055-72 1200 

TT-056-72 2770 2000 

TT-059-72 1110 

" 

TT-060-72 2390 1515 

TT-063-72 1115 

TT-064-72 1645 725 

TT-065-72 1795 

TT-066-72 1885 180 

TT-069-72 925 

TT-070-72 1045 200 

TT-036-72 1495 

TT-037-72 1580 175 

Table D-1 (continued) 

Effective* Effective* 
Thermal Thermal 
Conduct- Transmit-
ance tance 
(surface-to- (air-to-
surface) air) 

Btu hr -1 Btu hr-1 
ft-2 °F-1 fC2 °F-1 

0.314 0.279 

0.118 0.100 

0.277 0.237 

0.106 0.092 

0.231 0.202. 

0.107 0.093 

0.159 0.138 

0.196 0.153 

0.205 0.160 

0.084 0.075 

0.095 0.085 

0.151 0.124 

0.160 0.131 

Effective* Effective* 
'Hot Air 
• Film 
Conduct-
ance 

Btu hr-1 
fC2 °F-1 

4.1 

1.3 

2.7 

1.3 

2.7 

1.3 

1.7 

1.3 

1.4 

1.3 

1.5 

1.3. 

1.4 

Cold Air 
Film 
Conduct-
ance 

Btu hr-1 
fe2 °F-1 

4.3 

1.4 

3.9 

1.7 

3.8 

1.7 

2.6 

1.5 

1.6 

1.7 

1.9 

1.4 

1.5 

Effective* 
Thermal 
Resistance 
(surface-to-
surface) 

Btu-1 hr 
ft 2 OF 

" 
3.18 

8.47 

3,61 

9.43 

4.33 

9.35 

6.29 

5.10 

4.88 

11.90 

10.53 

6.62 

6.25 

*Effective refers to the value calculated from measured heat flow. In tests with an imposed pressure 
difference, this value includes energy consumed in heating the leakage air from cold side to warm 
side temperature. 
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AppendIX~. Detailed Air Infiltration Test Results. 

Table E-l 

Air Infiltration of 3 x 7 ft Exterior Doors 

Doors normally closed and latched 

Air Flow ft 3 min-l 

0.1 0.3 0.7 
Door Weather Strip in. water in. water in. wate: 

Wood, flush solid core 

Same, plus aluminum storm 
door 

Wood, flush hollow core 

Wood, . french 

FRP panel 

Steel, flush 

*extrapolation 

Notes: 

Brass 

Plastic 

Plastic 

Brass 

Brass 

Plastic 

Magnetic 

4.6 

9.4 

7.5 

5.3 

5.6 

6.6 

10.2 

19.8 

17.2 

8.9 

11.4 

4.0 

15.4 

18.2 

35.0 

31.0 

13.0 

19.9 

8.5 

28* 

1. All doors were tested in the same frame except the steel door, which was 
prehung in a different frame. 

2. The flush solid core wood door was prehung in frame with brass spring 
weather stripping supplied. Other wood doors were trimmed as needed to 
fi t this frame. 

3. Plastic weather stripping was- substituted for the brass in the same frame. 

4. FRP panel door was slightly oversize and made very tight fit against 
plastic weather stripping. 
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Table E-2 

Air Infiltration of Windows 

Air Flow (ft3 min-I) 
Locked Unlocked 

Storm 0.1 0.3 0.7 0.1 0.3 0.7 
Material ~ Size Gla~ing Sash in. water in. water 

Wood Double hung 3 x 5 ft in-7/16 in. 11.0 24.6 47. (J'!t 31.5 70.3 

Wood-plastic Double hung 3 x 5 ft ss 2.6 5.0 8.8 2.0 4.7 8.8 

in-3/8 in. 3.6 6.0 9.7 2.3 5·1 9.3 

ss ss 1.1 3.9 7.7 1.3 4.4 8.5 

in-3/8 in. ss 2.1 4.9 9.0 1.9 5.0 9·3 

Awning 3 x 4 ft ds 5·2 10.4 17.3 

I-' 
in-3/8 in. 4.9 9.4 15.8 

VI 
-.l 

Fixed casement 3 x 5 ft ds 2.2 4.3 

Operable casementt 4 x 5 ft ds 5.2 9.3 ·14.0 7.0 14.9 17.0 

16.0 27.4 35.5 

Sliding glass door 6 x 7 ft lam-3/16 in. 6.4 15.6 28.5 6.9 17.3 31.5 

Aluminum S+iding 3 x 4 ft ss 8.4 16.3 27.0 

ss ss 9·1 18.6 34.0* 

Operable casement 3 x 4 ft ds 11.0 26.0 50.0 23.0 44.6 71.0* 

Single hung 3 x 4 ft in-7/16 in. 1.3 5.6 11.8 2.9 10.0 20.0 

Jalousie 3 x 4 1/4 in. 40.0 82.6 

tunlocked with locking lever partially and fully open, respectively 

* extrapolation 



Table E-3 

Air Infiltration of Windows with Cracks and Openings 

A. 6 x 5 ft Picture Window 

Gauged crack around partial or full perimeter 

Air Flow'(ft3 min-l 

per foot .crack lengtW 
Crack width 0.1 in. water 0.3 in. water 0.7 in. water 

1/32 in. 1.7 3.65 

1/16 in. 4.7 9.0 
4.8 9·3 

1/8 in. 10.8 19·0-
11.0 20.4 
11.4 

1/4 in. 18.8 33.0 
35.2 
35.7 

*extrapolation 

,B. 3 x 4 ft Wood-Plastic Awning Window, glazed double strength 

Upper and lower sashes opened by gauged amounts at bottom 

Opening 

Cranked tight shut 

1/32 in. 

1/16 in. 

1/8 in. 

0.1 
Air Flow (ft 3 min -1) 

in. water 0.3 in. water 

5.2 10.4 

10.3 19.9 

17.3 32.4 

50.9 94.9' 
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0:1 

6.8* 

14.4* 

31.2 

52.0* 

in. water 

17.3 

29.0 

46.5 
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Time Was 
Was 

... bul Ihal's all Changed now. 
Today, increased energy costs-caused by in­
creasing demand-boost the price of consumer 
goods, fuel inflation, and hurt our balance of 
payments. 

That's why conserving energy is a must today, 
especially for you in the business and industry 
community which uses two thirds of our nation's 
energy •. 

Now ... there's a book to tell you how to do 
it. It's called EPIC-the Energy Conservation 
Program Guide for Industry and Commerce. Pre­
pared for you by the Commerce Department's 
National Bureau of Standards in cooperation 
with the Federal Energy Administration. 

EPIC is a comprehensive handbook that can 

energy in a dozen different areas. 

EPIC's actual case histories of energy saving 
actions help you estimate your potential for 
saving energy-and reducing costs. 

And EPIC contains much more--financial analy­
sis procedures to evaluate projects, sources of 
information on energy conservation, engineering 
data and factors,' an energy conservation bib­
liography. 
Make EPIC part of your plan to control energy 
use and costs. Make EPIC part of your contri· 
bution to using energy resources wisely ... so 
we can keep America working and growing. 

help you establish or improve an energy con- To order your copy of EPIC, send $2.90 per 
servation program in your organization. copy (check, money order or Superintendent of 
Not only industry and commerce but also hos- Documents Coupons) to Super-
pita Is, universities, research institutes, ANY or- intendent of Documents, U.S. 
ganization that uses energy-and has to pay Government Printing Office, 

.the bills-will want a copy of EPIC. Washington, D.C. 20402. 
EPIC outlines in detail ·the steps in setting up Ask for NBS Handbook 
an energy conservation program. I 115, EPIC, C13.11:115. 
It contains a checklist of more than 200 Energy I Discount of 25% on 
Conservation Opportunities-suggestions to save l_______ orders of 100 copies or more. 

U.S. DEPARTMENT OF COMMERCE / National Bureau of Standards 
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NBS TECHNICAL PUBLICATIONS 

PERIODICALS 

JOURNAL OF RESEARCH reports 'National Bureau 
of Standards research and development in physics, 
mathematics, and chemistry. It is published in two sec­
tions, available separately: 

• Physics and Chemistry (Section A) 
Papers of interest primarily to scientists working in 
these fields. This section covers a broad range of physi­
cal and chemical research, with major emphasis on 
standards of physical measurement, fundamental con­
stants, and properties of matter. Issued six times a 
year. Annual subscription: Domestic, $17.00; Foreign, 
$21.25. 

• Mathematical Sciences (Section B) 
Studies and compilations designed mainly for the math­
ematician and theoretical physicist. Topics in mathe­
matical statistics, theory of experiment design, numeri­
cal analysis, theoretical physics and chemistry, logical 
design and programmil?g'. of comput.ers and computer 
systems. 'Short numerical tables. Issued quarterly. An­
nual subscription: Domestic, $9.00; Foreign, $11.25. 

DIMENSIONS/NBS (formerly Technical News Bul­
letin)-This monthly magazine is published to inform 
scientists, engineers, businessmen, industry, teachers, 
students, and consumers of the latest advances in 
science and technology, with primary emphasis on the 
work at NBS. The magazine highlights and reviews such 
issues as energy research, fire protection, building tech­
nology, metric conversion, pollution abatement, health 
and safety, and consumer product performance. In addi­
tion, it reports the results of Bureau programs in 
measurement standards and techniques, properties of 
matter and materials, engineering standards and serv­
ices, instrumentation, and automatic data processing. 

Annual subscription: Domestic, $9.45; Foreign, $11.85. 

NONPERIODICAlS 

Monographs-Major contributions to the technical liter­
ature on various subjects related to the Bureau's scien­
tific and technical activities. 

Handbooks-Recommended codes of engineering and 
industrial practice (including safety codes) developed 
in cooperation with interested industries, professional 
organizations, and regulatory bodies. 

S'pecial Publications-Include proceedings of confer­
ences sponsored by NBS, NBS annual reports, and other 
special publications appropriate to this grouping such 
as wall charts, pocket cards, and bibliographies. 

Applied Mathematics Series-Mathematical tables, 
manuals, and studies of special interest to physicists, 
engineers, chemists, biologists, mathematicians, com­
puter programmers, and others engaged in scientific 
and technical work. 

National Standard Reference Data Series-Provides 
quantitative data on the physical and chemical proper­
ties of materials, compiled from the world's literature 
and critically evaluated. Developed under a world-wide 

program coordinated by NBS. Program under authority 
of National Standard! Data Act (Public Law 90-396). 

NOTE: At present the principal publication outlet .for 
these data is the Journal of Physical and Chemical 
Reference Data (JPCRD) published quarterly for NBS 
by the American Chemical Society (AC~) ~nd the A~er­
ican Institute of Physics (AlP). SubscriptIOns, reprmts, 
and supplements available from ACS, 1155 Sixteenth 
St. N. W., Wash. D. C. 20056. 

Building Science Series-Disseminates. te.chnical in~or­
mati on developed at the Bureau on bUlldmg matenals, 
components, systems, and whole structures. The series 
presents research results, test methods, and perform­
ance criteria related to the stFuctural and environmen­
tal functions and the durability and safety character-' 
istics of building elements and systems. 

Technical Notes-Studies or reports which are complete 
in themselves but restrictive in their treatment of a 
subject. Analogous .. to monographs but not so compre. 
hensive in scope or definitive in treatment of the sub­
ject area. Often serv.e as a vehicle for final reports of 
work performed at NBS under the sponsorship of other 
government agencies. 

VolUntary' Product Standards-Developed under pro­
cedures published by the Department of Commerce in 
Part 10, Title 15, of the Code of Federal Regulations. 
The purpose of the standards is to establish nationally 
recognized requirements for products, and to provide 
all concerned interests with a basis for common under­
standing of the characteristics of the products. NBS 
administers this program as a supplement to the activi­
ties of the private sector standardizing organizations. 

Federal Information Processing Standards Publications 
(FIPS PUBS)-Publications in' this series collectively 
constitute the Federal Information Processing Stand· 
ards Register. Register serves as the official source of 
information in the Federal Government regarding stand­
ards issued by NBS pursuant to the Federal Property 
and Administrative Services Act of 1949 as amended, 
Public Law 89-306 (79 Stat. ll27) "and as implemented 
by Executive Order ll717 (38 FR 12315, dated May ll, 
1973) and Part 6 of Title 15 CFR (Code of Federal 
Regulations) . 

Consumer Information Series-Practical information, 
based on NBS research and experience, covering areas 
of interest to the consumer. Easily understandable 
language and illustrations provide useful background 
knowledge for shopping in today's technological 
marketplace. 

NBS Interagency Reports (NBSIR)-A special series of 
interim or final reports on work performed by NBS for 
outside sponsors (both government and non-govern­
ment). In general, initial distribution is handled by the 
sponsor; public distribution is by the National Technical 
Information Service (Springfield, Va. 22161) in paper 
copy or microfiche form. 

Order NBS publications (except NBSIR's and Biblio­
graphic Subscription Services) from: Superintendent of 
Documents, Government Printing Office, Washington, 
D.C. 20402. 

BIBLIOGRAPHIC SUBSCRIPTION SERVICES 
The following current-awareness and literature-survey 
bibliographies are issued periodically by the Bureau: 
Cryogenic Data Center Current Awareness Service 

A literature survey issued biweekly. Annual sub­
scription: Domestic, $20.00; foreign, $25.00. 

Liquefied Natural Gas. A literature survey issued quar­
terly. Annual subscl"iption: $20.00. 

Superconducting Devices and Materials. A literature 

survey issued qUarterly. Annual subscription: $20.00. 
Send subscription orders and remittances for the pre­
ceding bibliographic, services to National Technical 
Information Service, Springfield, Va. 22161. 

Electromagnetic Metrology Current Awareness Service 
Issued monthly. Annual subscription: $100.00 (Spe­
cial rates for multi-subscriptions). Send subscription 
order and remittance to Electromagnetics Division, 
National Bureau of Standards, Boulder, Colo. 80302. 
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