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Abstract

laboratory tests of sound transmisclon ioss, thermel transmittance, and rate of
alr leakage were conducted on full scale (9 feet high x 1k feet wide; 2.7 x 4.3 marers)
specimens of typleal reaidentisl exterior wall constructions, either unbroken or penetrated
by & door or window. The walls were of wood frame construction with gypsum boerd drywall
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. 4 total of 109
acoustical tests and 48 thermal tests are peporied, The resultent dztic ars comparsd with
literature deta on simllar constructions. Correlations developed among the several
quentities messured will assist move rational design where both energy conservation and

noise isolation must be conpsidered.

Key Words: Acouseles , nlr infiltration, alr lenkage, architectural accustics, building
acoustics, doars, energy conservation, heast loss from buildings, heat transfer, sound
transmission lese, thermal resistanee, thermal trapsmpittance, windows,
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1. Introduction and Seope

There are mony conslderations which affect the final design of the exterior shell of
e resldenticl building, Esthetics and economice are, of tourae, mujor concerns but two
factors which are incresping in Ilmportance in the design decision are factors emphasized by
the energy "erisis" and environmental considerationa,

These two Incrensing concerns are for conserving heating and cooling energy through
improved thermal performance and for achieving o sufficiently guiet interior environment in
vhich to live comfortably by providing isolation from exterior noige.

Quite often £ good accustical design for an exterlor wall is alpe & good thermal
design since some of the same general principles are follewed. The elimination of paths
for exnessive air leakage, for Instance, can improve both the thermsl and acoustical
performance as can the use of wall insulation snd wtorm windsws,

Tie ob)active of the Lests presented in this report waos to obtain design information
conslating of meaningful, representative data on the acoustical, thermal, and nir
infiltration performance of typical doors, windows, nnd exterior walls as used in
residential construction.

Heat transmission and air infiltration data are useful for:
Accurately eatimating heat loss or gain for residences.

Providing reference data on conventional constructions with which to compare
performance of new types of construction deslgned to improve thermsl energy

utilization.
Similerly, sound transmisalon dats ere useful for:

Estimating nolse levels within residences due to outaide sources such as
aircraft and traffic,

Providing reference data on conventional constructions and components againat
which to compore specified or measured performance of new types of
construction,

Dealgning ccmbinations of walls with doors or windows to provide o given
overall sound laclatien.

Laboratory teste of scund transmission, heet transmission, air infiltration, and heat
transmission in the presence of air infiltretion were conducted on full-scale (9 x 14 £t)
specimens of typleal residentinl wall constructions, either unbroken or penetrated by doors
or windows. The walls were of wood frame construction with gypsum boord drywall interior
finish, Three exterior finishes were used: wood siding, stucco, and brick veneer.

The teat program on doore and windows was intended only to provide a representative
data base on those types commonly used in vresidentinl construction. He attempt was made to
obtain a statistical sampling of all availnble doors and windews nor to eateblish
definitive averages and ranges of performance. Also, with one or twe exceptions as noted,
no tests were made on experlmental constructicns or varlations designed to improve
performance or to illustrate new departures in bullding proctice. Tn accordance with the
above method of selection, all unlts tested were purchused from the local’ lumber yard or
supplied at no cost by o manufacturer from his standard product line.

The door tests included five exterlor units, plus the addition of & steorm door and a
substitution of weather stripping in cne of the exterior unite.

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

1
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This report is organized oo follows. BGectlon 2 containa descriptions of the test
specimens, In Sections 3, I, and 5, which have parallel atructures to facilitnte
crosa~comparisons, the nound transmission lose, thermal transmittance, and air infiltration
tests, respectively, are discussed. In each of these three sectionn, an introductory
sub-gection provides beckground information and references to related literature. Chapter 6
presents correlations among the sound trenemlissionh, thermal transmittence, and nir leankage
test resulta.

In order to moke the test results more immediately useful to American erehitects and
deaigners, custemary engineering units sre used rether than the {metric) Internationnl
Syatem of Units (8I) normally used in NBS publi¢ationa. A table of conversion factors is
glven in Appendix A.
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2. Description of Test Specimens

The progrom coveyed teats on three types of speecimens:

{a) Continuous unbroken exterior walle
{p) Individual doors or windows
(c) Combinations of doora or windows set in exterior walls

The teste on continuous walls were ¢onducted by building the wall constructien 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 combiinations of doors or windows et into exterlor walls, field practice
was ageln followed. The doors and windews were installed, with their frames, as complete
units into rough oponings framed 49 the riquired nominel Aimeneions, The anter parimateras
of all door apnd window frames were thorcughly sealed to the exterlor side of the wall
orening in accordance with good field practice.

For sound transmission tests on individun) doorsp or windows, the same installation
procedure was folloved except that a "filler woll" construetion surrounding the unit under
test was gspecially bullt to eliminate errcrs due to flanking tranamission, Detalls of this
congtruction are dlscussed in Section 3 and ipn Appendix B. In some capes, auxiliary
congtruction was added to an exlsting exterlor well construction, and in other cuses a

complete filler wall was built,

In all cagea, the exterior aside of the test censtruction faced the sound source rcom or
the therma) cold chamber (which was also the pressurized side for infiltration teats).

2,1, Walls

The scund transmission test program lnecluded all of the walls, doors, and windows
listed below, To eveid duplication, a complete tabulation of the teat apecimena is not
given in this chapter but rather ias ineluded {n Appendix C, where nll of the pound 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 exterior walls were tested having outside facings of painted
wood slding, unpainted stucco, and briek veneer, reapectively. The interior surfacea veri/
unpainted 1/2 in, gypsum board drywall. The framing throughout wes 2 x 4 in. woed studs,

16 in, on centers (c.e.),

The bagie constructionsgj are described ae followa:

Weod Biding (Figure 1)

Framing = 2 x b in, wood ptuds, 16 in. o.c.

Sheathing = 1/2 in. wood fiberboard insulation nailed te atuds

5iding - 5/8 by 10 in. redwood nailed through sheathing into studs

Interior - 1/2 in. gypsun board sereved to studs orto metal resilient channels

which were aotteched to the studs.

Y2 x 4 in, vood 8tud dimensions vere 1 5/8 by 3 5/8 in.

2/ The purchass of specific brands of building materials used in the fabrication of test
specimena was bosed on availability, Brand names and compény names which appear in
the text or phatographs of this publication do not imply endoracment bylthe Naticnal

Bureau of Standards,
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Figure 1, Applicuticn of wood slding to frame wull Instnlled in sound trangsmisalan
faneility.
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Meure 2, Application of building felt snd wire meeh prior to stueco applicotion,



Stuceo (Figure 2}

Framing - 2 x4 in, weod studs, 16 in. o.c.

Sheathing - none

Stuceo - Ho. 15 felt building paper and 1 in. wire mesh nniled to studs. Stucco
applied in 3 costs to 7/8 in. total thickness. Dry weight of stucco T.9
lb/aq ft. :

Interior - 1/2 in. gypsum bonrd screwed to gtuds or resilient channel

Brick Veneer (Figure 3)

Framing - 2 x L in. wood mtude, 16 in, o.c.” _
Sheathing = 3/b in. wood fiberboard insulation

Brick ~ standard face brick 3 1/2 in. wide, spaced 1/2 in, out from sheathing
with metal ties nailed through sheathing into studs. Dry velght of
brick ond mortar Wl 1n/zg ft.

Interior - 1/2 in, gypsum board serewed to studa or resillent chamiel <

For each wall, veriations Anvoelving cavity insulation and resilient drywell channels
were tested.

The constructions without resilient channel would be more typieal of residential
exterior walls, and the tests with chunnel were included to show the improvement in pound
isolation which might be expected.

The cavity insulation used Iin all of the walls vas Fi‘berglnsy 3 1/2 in. R11 Kraft
Feced Puilding Insuletion. In addition, the wood siding wall with the gypsum board
fastened directly to the atuds wps elge tented with Fiberglas 3 1/2 in Friction Fit
Bullding Insulation, with Alfol i/'1‘.\.r1:na 2P R1lh (inset stapled) reflective~type insulation
and with 3 in R1l 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 essentiqlly equivalent for sound lsolation. The channel
was nalled horizontally to the studs on 2 ft spacing, and the gypsum board woa screwed
into the channels {see Figure 4}, At the bottom, the mypsum board was screwved into the
studs through a gypsum board base atrip in accordance with standard field practice; this,
however, reduces the potential amound isolating value of the resilient channel apprecisbly,
as shown by earlier tests.

2. 2, Doors

Five types of residentlal, exterior doors were oktained locally and tested. These
ineiuded three wood doors of dAlffering conastruction, a steel door, and a meolded glans
fiber reinforced plastic (FRP}, foam filled panel door. The wood docrs and the FRP doop
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 deors wes furnished
with a spring brags weather strip on three sides and an aluminum threshold with & helf-
round plegtic closure ptrip. The weather strip 'was later replaced with an extruded
plastic atrip for the test on the FRP door and a repest test on one of the wood doora.

The frame for the steel door was fitted with o mognetic weather strip similar to that
on a refrigerator door. The bottom of the door carried three moft plastic fingers which
closed sgaingt a flat aluminum threshold. All doors were nominully 3 x 7 ft and 1 3/k in,
thick with an actual area of 20.0 sq ft,

yﬁegistered Trodemark, Bullding meterial brand names are included in thig publication
in order to adequately specify the materiels uped. Use of such nemes deces not iznply
endorsement of these materials by the Natlonal Bureau of Standards. The "R-values' given
in this paragraph are os siated by the ranufacturer and mey not egree with the data
obtained under the conditions of the present investigstion.
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Flgure 3. Brick veneer wnll with opening cut for pleture window,

Figure 4, Detull of brieck vencer wall constructlon with resillient chuannel and cavity
inswlation,
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Cne of the wood doors was reteated with the additlen of an aluminum eombination sereen
and storm door. The removable storm paneg were clamped ageinst soft plastic gaskets, and
the aluminum frame for the door was Tltted with thin plaetic wenther stripping on three
sidea. The bottom ¢f the door ecarried a single plastic strip which wiped ngainst the wood’

5111 of the main door frame.
The doors are Turther described oo follows:

Flush Solid Core Wood heor (Figure 5)

3 x 7t by 1 3/h in,
Wedight - 78 1b, 3.9 1b/ag ft

Fluaﬁ Hollow Core Wood Door

3 x7 e by 1 3/k in.
Weight - 25 1b, 1.25 lb/sq ft

Mood French Deor (Figure 6)

3xT ftbyl3/hin,

12 lights glazed single strength
Class ares 8.0 mq ft

Weight - 57 1b, 2.85 lb/eg £t

Flush Steel Door

3% 7 Tt by ) 3/hin.
Faces - 0,028 in. steel, separated by plastic perimeter atrip
Core = rigid polyurethane, 2 to 2 1/2 lh/cubie ft, foamed in ploce

Weight - 6k 1b, 3.2 1b/sq £t
FRP Panel Door

3x 7T £t by 2 3/ in
Faceo and edges — fiberglass-reinforced plastic

Core = rigid polyurethane, 3 1lh/evbiec ft, foamed in place
Welght ~ 47 1b, 2,35 1b/aq ft

Aluninum Storm Deor

3xT7ftbylina
Glazed single strength, glass aren 12 aq Tt

2, 3. Windows

Three sets of typleal reaidential windows were purchased locally or supplied at no coat
by the manufecturer, as follows;

All wood
Wood with plastic coating
Al umd pem

Yarious types of windows were included in each of the above material categories, In the
following descriptions, the dimensionm are giver as width by height and are approximate.

Double Hung (Figure ¥)
3 x5 ft. Vertically sliding upper and lower sashes, interchangeable in & single frame unit
supplied ap part of the complete window assembly,




Figure 5.

Plgure 6, Wocd french deor mounted in wood siding wall for sound transmission and
alr infiltration test. Auxiliary construction on opposite side eliminntes
significant flanking cound iransmission.
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Hood double-lhung window installed In filler wall,

Figure 7.




Bingle Hung (Figure 8)
3 x 4 ft. Lower ogah vertically nliding, upper sash fixed.
Picture Window (Figure 9)

6 x 5 ft. Fixed large single saah, normnlly sealed when installed into frame unit.
For tests, varlous sashea were gealed directly into rough opening.

Avning (Figure 10)

3 x b ft. Upper and lower sashes swing outward from upper hinge on each. Inter-
changenble snshes were tested in frame unit supplied,

Fixed Capemenf
3 x 5 ft. Senled integrally into frame unit as received.

Operable Casement {Figure 11)

b x5 ft wood and 3 x 4 £t aluminum, Right and left half of window swing outward from
binges on ‘outer edges, operated by cranks, .

Bliding (Figure 12)
3 x4 ft. Half of window slides horivontally, other holf fixed.
Jalousie

3 x U ft, Horizontal glegs louvers operable togethey, Louvers b 1/2 in. wide with 1/2
in. overlap,

Sliding Glass Door {Figure 13)
6'x T ft. Helf of doer rolls on track, other half fixed.
Storm Sash

A separate window unit added to the correspending main window unit for test,

Variations in glazing for the sbove window types included single atrength, double
strength, safety glasa, and insulating glnas. The safety glass tesied connisted of o
double leyer lamineted to a tranoparent inner septum. Inoulating glass. conolats of two
layers separated by en air apace, usually with o mastic perimeter seal, Inpuleting
glass varlea in overall thicknoss and weight depending on the type and size of window
in which it is used. The types of glezing included in the test program sre sa follows:

Bingle Strength

Nominal thickness 3/32 in,
Nominal weight 1.30 1b/sq f't

Double Btrength

Reminal thickness 1/8 in. .
Nominal weight 1.63 1b/sq It

3/16 in. Safety Glasa

3/32 in, leyers lamincted
Nominal weight 2.60 1b/aq £t

10




Figure 8,  Aluminum single hung window.
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Figure G, 6 x 5 £t pleture window instnlled in wood niding wall.
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Figure 10, Auxilliary construction erected on Intericr side of wood siding wall Tor
gound trangmission testing of window.

Flgure 11. Plaostlie coated wood operable casement window.
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Figure 12. Aluminum Sliding window,

Figure 13, Plastlc conted woed sllding glass door.
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3/8 in, Insulating Glasg

3/32 in. layers, 3/16 in. oir space
Nominal weight 2.60 lb/sq ft

7/16 in. Insulating Glass

1/8 in. layers, 3/16 in. air opace
Nominal weight 3.3 lb/sq ft

1 in. Insulating Glass

3/16 in. layers, 5/8 in. air space
Nominal weight 5.2 lb/sq Tt

1/b in. Youvers {in Jaluusie window)

Nominel welght 3,3 lb/oq It
Por additional informstien, a test was run on & single 3 x k It sheet of 1/4 in.
laminated gless. This 13 a special product designed for high tranomismion loss coneisting
of two sheets of 1/8 in, glass laminated to a transparent inner damping layer. The measured
areal density was 3.0 lb/sg ft.

The windowa are further characterized as to whether each sash, or the entire unit in
the case of a pieture 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 sesh
2. 4. Combinations

Sound transmission tests were rum on tour combinations of a wall penetrated by a window
as followa:

Wood siding well with 6 x 5 ft picture window, glazed single atrength
Same, except pleture window glazed insulating gloass
Brick \'reneer wall wlth each of the ebove windows

The two walls repregent the extremes of transmission loss to be expected in weod frame

exterior congtructions, Except for the sllding glass patio door, the picture window had the

largest aren of any window tested and would be expected to cause the largest change In over-
all transmission loss on the basis of relative esreas of' window and vall. The twe glazings
in the picture window represented extremes in transmission loas as & function of glazing.

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

Doprs
Flush solid core wood door, brass weather strip
Same, plus sluminum storm door

Flush steel doecr, magnetic weather atrip
Molded plastic panel door, extruded plastic weather strip

14



Windows

Wood double-hufiE”3'x-5 It glazed single atrength, single light
Same, rlus wood storm sash, glazed single strength, single light
Wood double-hung 3 x 5 ft glazed insulnting glass, eingle light
Wood pleture window 6 x 5 £t glezed single strength, divided lights
Same, except insulating glass, single light

2, 5. Cracks and Openings

. Bound transmisaion tests of the deors and windows were made under varying conditions of
sound leakage. In every cage, o test was made with the door or window completely gealed
wilth tape or caulking. This established the maximum tranamission loss of which the unit
under test is capable, A speclal perles was run on the 6 x 5 £t pictura window in which
Ancurataely measured cracks of varying wildth 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 condltion., Further iests were made on some of the windows to compare the
Llocked with the unlecked eondition and to show. the effects of 8light amounts of epening.

Thermhl transmission tests end the accompanying air infiltration tepts on the doors and
windows were made only on the normally closed conditlon. All tests on the double-hung window
were mede with the window locked and unlocked.

Alr infiltration teats in the two-rcom sound transmissicn facllity were run for the

same leakage and erack conditions ap stated above for the sound transmission testm, except
for complete sealing.
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3. Sound Transmission Loss Tests

3. 1. Background

There ore mony wseful texts and oummary articles for the reader who is not familiar
with acoustics. The books by Herris [1] and Beranek [2] contein chepters by experts in |
different areanm of acousticn, Young [3], Franken [U], ond Beranek [5) discuss the funda- :
mental concepts and the use of deeibels, Rudnick [6] and Kurze and Beranek [7] describe
outdoor sound propagation. Beranek [8] and Embleton [§¢] summarize the theory of sound
propagation in small and levge rooms, respectively. Ingerslev end Harris [20] and Cock and
Chrzanowski [11] discuss solid-borne and air-borne noise reapectively, while Vér and Holmer
(12] summarize related analytienl i‘é?dinzs. The chapter by Subine [13] provides &
digeunsion of acoustical materials,

Beranek [1h)] deseribes different criteria for human response to noise in buildings.
Three recent publieatlons [15-17] of the U. 5, Environmental Protection Agency provide an
overview of human reapconcc te nsoise.

In the following brief disecuasion, only those concepts needed for understunding and
uge of sound transmission lose dnta are addressed, For additional definitlons of
acousticel terms, see [18,19].

The spatislly-averaged mean-squore sound pressure in a room is, within the limitoations
of certain simplifying essumptions, proportienal to the total sound power entering the room
and inversely proportional to the total sound absorption in the reom. In a typical
building this sound power can enter a room frem sources within the room, from sources
elpevhere in the bullding, or from sources exterior to thg,building. In the present
report, only scund due to extericor sources is of concern, Furthermore, attentlen is
eonfined to scunde transmitted through the extericr facade, an opposed to roofs, chimneys,
crawl spaces, ate.

Sound transmission through a partition can be described Iin terms of the sound
tranemisasion eceffieient, T, of the partition. The scund transmission coefficient in a
specified frequency band is the fraction of the airborne sound incldent on the partition
that 18 transmitted by the partition and radiated on the other side.

For an infinitely large penel in free apace with a plane wave incident on cne side,

T = ! (1)

where p 2 is the mean-square sound pressure characterizing the incident wave and p22 ig the
mean-sqiiare sound pressure characterizing the transmitted wave, The mesn-square sdound
pressure is related to the normally-measured sound level, L, by the expression, L =

10 10510 (pE/poe) s Where P, = 20 micropascals ia the reference presaure.

yFie;uren in sguere brackets refer to the literature references at the end of
thlas report.

E/Of‘ course scund can leave & building and then re-enter 1t elsewhere (e.g., open
windows scrose a courtyard), This cap be treated as noise of exterior origin.
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1
Usually the effectivenesa of a pertition in described in terms of the sound trans-
mission less, .

.
TL = 10 log (];). (2)

vhere the logarithm is to the base ten. Combining eguationa (1) "and {2), it 1s seen that,

in free space,

TL = Ly = Ly, (3)

vhere L. and L, are the pound pressure levels of the incident and tranemitted waves,
reapect}vel:{-

The tranamigsion eoefficlent and the transmissjon loss are frupeticns ol the girection
from which the incident weve impinges upen the partition. At sufficiently low freguencies,
vhere a simple pertition behaves approximately as a limp mongs which 18 vibrated by the
sound field and the partition is thin compared to the wavelength of ascund, the limp-wall
mags law [12,20] is approximately velid. As shown in Figure 14, for a given angle of
incidence, the sound transmissicn logs Inereases as o functlon of the product of frequency
(of the gound wave) and the areal denpity {mnss per unit area) of the partition. The
tranamiasion loss is a maximum for & normally incldent mound wave and decreeses ss the

sound epproaches grazing incidence.

The exterior facade of a building needs to provide adequate attenuation of sound \
arriving from a number of directions. Thus, it seeme appropriate, for design purposes, to
utilize a sound tranamission loos correspending to an average over many angles of
incidence, Fovr some altuations, such as the upper floors of a high-rise building near a
highway, the sound will typically arrive ot near-grazing incidence and the design value for
sound transmission logs should be Belected accordingly. . However, for residentlal con-
structions such ea are considered in the present report, sound could be expected to srrive
from essentizlly all anglea, Thua for this report, "random incidence" pound transmipsion
loss wag measured by placing the partition under teat in an opening between two rever-
beration chambera == mcoustically hard rcoms that cause the sound to he reflected many
times 8o there is essentially equnl probability of sound striking the test partition from
any directlon. The dashed eurve in Figure 14 shows the theoretical "field-incident masn
law", which is derived from the dig rete-angle mans law by averaging over all angles of
incidence from normal (0°} to 78°. It 15 peen that the use of "random-incidence detn”
for design purposen would be conservative for sound striking the partition at ungles from
0° (normal) to beyond 45°. Unless it is known that sound will ususlly impinge at
neur~grazing inecidence, the use of data cbtained under random-incildence conditions should

be sultable for exterior walla.

Since resal walls do not behnve as ideal limp masses, the rather simplistic curves
shown in Figure 14 cannot be taken too seriously. However, they show two features which
ere importent to remember == gcund transmission loss generally increagses sag the maass of the
partitlon Lnereases and also incresses as the frequency of sound ineremsss. The actual
frequency dependence of the scund transmission loss can be complicated by resonance
phenomena and "eoincidence effects" [12,20] which depend upon, among other things, the
bending atiffness and internal damping of the partition. For constructions which are more
complex, ouch as o double partition separated by structural elements, the transmission loss
alesc depends upon how well the several cemponents are vibration isoleted from cne another,

y‘l‘he integration is only taken up to T8% rather than $0° so as to obtain better
rgreament with expezrimentnl data, The finite size of the partiticn, the effect
of the teat fracilizy, and pespible Aamping effects in the wall Cor near-grazing
incidence are probably reaponsible for the chserved deviatlons between experi-

ment and the aimple mass-law thecry [12, 20-21].
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Figure 14, Limp-wall muss law tranamission loss. The solid curves correspond to a plane

wave arriving at a diacrete angle of incidence, The dashed curve corresponds
to "field-inoidence mass law", a sum over nll angles of incidence up to 789,
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the thickness of any air spaces, and the amount 4f coustically absorptive materlel in
thege alr spuces [12,21]. For mony partitions, {t {s possible to calculate approximately
the sound tranamission loss as a functicn of freduedey but, in general, empiriecal data are

required.

When a partition is componed of neveral elements (i,e., wall, -door, windew, eracks)
which provide parallel paths through which the sound can be transmitted, the oversll sound

tranemissien coefficient is obteined frem [11, 12]

. - 7151 + 1282 + 1'233 + o "
o i
Sl+52+83+

where 7. 1s the tranamission coefficient for the element of aren S, ete. , and the sum-
mation %5 over all areas of the partition, As an exomple of the uSe of equution (4},
oisider a 1% T4 by 5 Ib well having o transmission losa of 46 42 and being penetrated by
a 3 £t by £t window hnving & transmission losz of 32 dB. Solving eguation (2) for T in

terma ef TL ylelds

-1, /10 . '
T, = 10 Y e 10k B e 16 % 2070
L

-TL,/10
2 o173 R 2 6,3 x 2070,

and T, = 10

Substituting these values inta eq. (4),

105 h
x = {l:6x107) x (12618) > (6,300 ) x (38) _ g 4 1075

so that, again using eq. (2}, the effective trensmission loas of the componilte wall is

3
TL, = 10 log (10) = 41 4B,
A chart derived from equation (4} for estimating the overall transmisasion loss of

any eombination of & wall end s plngle penetraticn such as n door or window, knowing the
area and transmission loss of ench component, is shown in Figure 15. The linear portions
of the curves in Figure 15 correspond to oituations where nearly all of the sound energy
comee through the portion of the wall heving the lower transmission loss so that TL :::TLe *
10 log (100/%), where k is the percent of the total wall area occupled by the door,owindnw,
ernck or other path of low sound transmisaoion loss. Consideration of eq. (2) and Figure
15 reveals that even a small area having a lovw transmission loas cmn greatly reduce the
overall transmission loss below that of the basic wall atructure. Since cracks may have

e trensmission losa that ip near zerc, "leaky" doors, windows, and louverg een vitlate an
otherwise good construction. The effeet of cracks is discuased in some detnil in Sections

3.6 and 6,1.

Neglecting interlor sources of nolse, the sverage sound pressure level in & room
having an exteprior wall on which sound is incident from m large range of directions is

given approximately by

Ly =L, -~ TL, + 10 log 8/A, (5)
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Chart for determining the overall sound trensmisasion loss, TL , of a wall with
& penetration {e.g., door or window} hoving & transmission lo8s, TL., less than

the transmission loas, tl., of the basic wall construction.
The transmissicn loss of the

oceuplies "k percent" of the total wall area.

combinution is shown'in relation to that of the wall as TL

The penetration

- TL . Example; &

‘window with TL2 a 30 4B aceupies 5 percent of the area of £ wnll°w1't.h TLl = 50 dB.

Then,
TLJ. - 'I‘LE = 20 dB
TLy, - TL, = 8 dB |
TL°=50—B= Lo dB
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where L, is the exterior sound pressure levell,. TL_ 1is the effective sound transmipsion
loas of the wnll, 5.1p the ares of the wnll, and A s the total sound absorption (equiv-
alent aren of a perfect absorber, in the seme units as 8) in the room. Rguation (5) may
be used in applications of the experimental sound transmissgion loss dato presented in
this report. -
’

Ag discunsed previously, acund tranamission loss varies morkedly with the sound
Trequengy., The room absorption, A, is alsc a function, albeit o much weaker one, of
frequency. Thus the sound sttenustion in a particulsr application will deperd on the fra-
quency spectrum of the nolse. The need to provide a "single-figure rating that can be used
for compering partitiona ror general bullding deslgn purposes” has led to the development,
by the American Soclety for Testing end Materimls {ASTM), of the Sound Transmission Clacs
[22] and, by the International Organizetlon for Standardizaticn, of a quite similar rating
scheme [23]. The Sound Transminaion Cloas "is designed to correlate with pubjective
impressicns of the sound insulation provided ngainant the acunds of apeeeh, radio, tele-
vision, music, and aimllar sources of noise in offices snd dwellings." [22]

"Excluded from the scope of this elassification pystem are appliecations invelving
noise opectra that dirrfer markedly from those described abave....A partieular exclusion
would be the exterlior walla of buildings, for which nolse problems are most likely to
involve moter vehieles or sireraft, In all such problems it is best to use the detailed
sound tr:[mmiiiauion logg values, in conjunction with actual spectra of intrusive and ambient
nolme, [23

Since there are, at present, no generally accepted single-figure ratings for exterior
walls, the Sound Transmission Class has been included in this report to provide a quisck way
ol easlly comparing different partitions. The above-quoted cauticn should be cbaerved in
applying these dato.

Flgure 16 illustrates the concept of the Sound Transmipsion Qlass. The solid data
points represent the measured 1/3-cctave band sound transmissicn less over the frequency
range 125 to 4000 Hz. "The STC contour is shifted vertically relstive to the test curve
until some of the measured TL values for the test agpecimen fall below those of the STC
contour and the following conditiens are fulfilled: The aum of the.deficiencies (that is,
the deviations below the contour) ghall not be grenter than 12 dB and the maximum
deficlency ot a single test point shell not exceed 8 4B, When the contour 13 ndjusted to
the highest value (in integral decibels) that meets the ahove requirements, the sound
transmisslon elass for the specimen is the TL value covreaponding to the interaectlon of
the contour and the 500-Hz ordinete..."[22), The crosa~hatehed region in Figure 16
indicates the Trequencies at which deficieneles oceur. Fopr the example shown, the sum of
the deflleiencies i1s 29 dB and the iargest single deficiencies ocecurring are 5 dB, so the
-8 4B rule" need not be applied.

NBS has 1n the past prepared several compilations of pound transmission loas, chlefly
for interior walls, deors, and floor-celling nssemblies [24-26]. The most comprehensive of
these is the large report of Berendt, Winzer, and Burrougha [26] which has recently heen
reprinted, In 1960, the British Building Research Staetion published a laerge compilation of
1ie1d data [27]. This iz now being updated and expanded. The Experimentel Bullding
Station of Australim has recently published a compilation of laboratory transmission lass
data [28]. Jain and Mulhollond [29] end Gillem [30] have doscribed a databank of sound
insulaotion mengurements which is being developed at the University of Liverpool (Great
Britain)., A recent study [31} for the U, 5, Department of liousing and Urban Development
includes datn on a number of constructions having fairly high sound transmission lcases,

I/Specii‘ically. L, i5 the gound pressure level corresponding to the sound energy
ineident on the wall. Unless the sound source is very close, L, is nearly
equal to the sound pressure level messured, say, 5 to 10 ft froi the exterior
gurfece of the well, Levels mecsured very close to the wall need to be adlusted
to carrect for the effect of sound reflected back from the wall, '
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An example of a Sound Transmission Class contour fitted to a sound transmlssion

loBs curve.
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The ficting procedure 18 described in the text.
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Although the above-referenced compilations contain o few date on exterior walla,
doora, or windows, the vast majority of the data sre for Interior partitions, There have
been some studies [32-36] of the overall attenustion of extericr noise that is provided by
o typical complete building. HNBS has published a transletion [37] of a French study on the
sound tranamiseion loss of exterior walls., Section 3,5 includes some references to pre-
vioua work on the sound trensmission leoss of windowa.

3. 2. BExperimental Procedare

Current standard procedures Tfor measuring the airborne sound transmission loss of o
partition between two reverberant speces’ are based on the theory developed at NBS many
years ago by Duckingham [38]. Early experimentel work ot NBS [39,40] contributed to the
development of the ASTM Standerd Recommended Practice for Laboratory Measurement of
Alrborne Sound Transmission Loss of Bullding Partitions [41] and to the later ASTM standard
for field measurementz [42], The current international test method, IS0 R1k0-60 [U3], is
glmilar to these but the procedures are not so completely degeribed. ASTM EG0-70 and IS0
R140-60 describe the laborntory procedure for determining the airborne sound transmission
loss of walla of all kinds, floor-celling nasemblies, doors, and other space-dividing
elements., The procedure 1s to mount the test apecimen as o partition between two
reverberation rooms arranged end conatructed so that the only signifieant sound tranc-
misaicn between them 48 through the teat specimen. A random incidence scund field 1s uged
for the test and, as discussed previously, the results are moat directly applicable to
similar sound fields, but provide o useful general measure of performance for the variety
of sound flelds to whieh an exterior partition may typically be exposed,

Sound transmiaeion teats were run in essentinl conformity with ASTM E90-T0. The
facility used for the tests is comprised of a h%00 cubie foot source room and a 10,000
cublc foot recelving room, both reverberant. The room volumes are large enough to gqualify
the facility under E90~TO recommendations for tests down to a lower frequency limit of 110
Hz. Both dimensions of the 9 x 1l Tt test cpening exceed the minimum dimenslons gpeclfied

in E90-T0.

The wall in which the test opening was located was of poured concrete 13 in, thick,
and commen to both rooms, with an aren of 13 x 22 £t on the 'source rocm side. This wall

" vas mechanically isclated by separate footings and by mastie joints from the side walls and

floor and ceiling of both the source and the receiving rooms, BSince many of the test
specimens had areas which were quite small compared to the common wall between the source
and the receiving rooms, special provisiono, deperibed in Appendix B, were made to minimize

flenking sound transmission.

The acurce room was rectangular and conteined no fixed or moving diffusing elements.
Previous tests had shown thut the introduction of these elements produced no significant
change in the measurement of room=-average sound pressure levels or of transminmsion loss

values.

The recelving room was slso rectangular but conteined an 8 x 16 ft roteting vane and a
number of rixed diffusing panela. These had been permanently installed for other typea of
test, so that their effect on transmission loss measurements was not directly established.

Bpace-time averagen of sound pressure level were obtained by a continuously moving
mierophone in each room. In the source room the microphone traversed an B ft long are
slong & room diagonal, and in the receiving rocm the microphone was attached to the moving
vene and traversed a 16 ft dlameter cirsle. The time intervel for each complete traverse
and for the corresponding period of measurement st each 1/3-octave frequency wes sbout 15

geconds.

The test sigpal was o broad band noise generated by a Brilel & XKjeer Type 1402 Handom
Nolse Generator. The signal wua shoped for maximum utilization of sBound power and was

g/Inat:ru.mentmﬂ.:m brand names and model numbers are included In thim publication
in order to edequately epecify the equipment used, Uge of guch names does not
imply endorasement of this equipment by the National Bureauw of Standards,
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divided ipto & high and low frequency ehannel, each of which was fed into a 60~wntt power
emplifier, The high frequency channel drove a horn loudapesker and the low frequency
channel a 15 in. cone spesker in an enclosure, The ldudcpeakera were placed in a roem
corner copposite to the test wall.

The maximum sound pressure level developed in the souwrce rcom was about 115 dB {re 20
ricropascals). This level was high enoygh that no corrections for acnustical or electrical
background noise were needed for the highest valuea of 'transmission loss measured
throughout the program.

Sound preasure levelg in each room were measured with sepnrote Brllel & Kjaer Type 4132
condeénser microphones, fed alternately into a Brilel & Kjaer Type 2112 Audlo-Frequency

Spectrometer, The two microphone channels had equal ‘overall sensfitivity within 0.1 dB at

the input to the spectrometer, ns measured by a plstonphone at 250 Hz on each mierophone.
The difference was less thon 1/2 4B ot all frequencies up to €300 !z, oc mensured wiyh both
mierophones exposed to 1/3-octeve noise bands in a reverberant fleld, The source yoom
microphone was mpproximately 1/2 4P more gensitive at 6300 Hiz end 1 dB at 8000 Hu.

The 1/3-octave band frequency levels mensured by the spectrometer were recorded on a
Briiel & Kjaer Tyne 2305 Level Recorder. Sound presgure levels were read to the nearest 1
dB from the average af the fluctuating recorder trace st eoch frequency. Measurements were
made over & frequency rangs of 80 to 6300 ¥z, although the range only from 125 to 4000 Hz
is commonly reperted in standard transmisgion teasts in the United States.

The caleulation of transmission loss from measurements of sound pressure level
differences involved the measurement of 10 log AQ, where A2 is the obsorption of the
recelving room in sabing. This measurement was made for edch test by means of & calihrated
aound power source. The source used was an IIG fen, which is widely used for this purpose.
To calibrate the power of the source, the room nverage pound pressure leval was messured
with the source operating in a room of known room abserption, which wos memspured by the

decay method.
3. 8. Calibration Procedures and Uneertainties
The overall gound transmisaion loss of each specimen was computed from the expression

TL = Ll - 1‘2 + 10 log BME' (6)
where L, 18 the averuge sound pressure level in the source room, I..2 ia the average pound
prespure level in the recelving room, 5 is the projected ares of séund troansmitting surface
of the test specimen, end A, 1s the total sbsorption of the receiving room, expressed in
unites ceneistent with S. T?aia equation generally is considered to be valid provided the
totel flow of acoustic energy Letween the source and raceiving room is not too large

[4h 451,

A number of papers [W=60] in recent years have nddreased the guestion of how well
sound transmission loss measurements made in different laboratery or field situstions can
be expected to agree with one another or with theoretical predictionn, It is known that
the silze of the source end receive rooms, the nature of the opening in which the specimen
is placed, and the size apd method of mounting of the specimen all cen influence the test
resulta. At the present time there are no genernlly anccepted procedures for quantitative
evaluation of the effect of these factors in a given testing fecility. Comparative tests
have shown that measurements of sound transmission loas in the faeility used for the teats
in this report are in good agreement with tests on nominally identical specimens in other
good faeilitiea in North Americe.

The precision of reading of spoce-time average sound pressure levels in the two rooms,
ineluding levels for the celibrated power source, ranged from sbout 2 dB at 80 Hz to 1/2 4B
at 6300 Hz, All meceured levelo were recorded only to the nearest 1 dB. Caleulated vnlues
of transmission loss were nlso stated to the nearest 1 dB. The calibration of the power
source was checked periodically and found to be constant within the messurement precision
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of the sound pressure levela. The measurement of 10 log A way therefore of the aame order
of precinien ne the meagurement of ldvel difference between the rooma.

The overall accuracy of o transmigsion loss test can be stated in various ways. The
immediate repeatability of o test without removing the test gpecimen or knewingly chenging
the receiving room absorption typically is within 1 d8 from 00 to 6300 Hz.

The repeatahility of a test on two different installations of the same nominal
construction in the Owens~Corning Fiberglas Sound Laberatory, using different lots of
materials, is ohown in Flgure 17. The tests were made four months apart on a stendard wood
atud exterior wall with wood sifding and insulating sheathing on the outside and gypsum
Yeard drywall on the inside, The maximum difference between the curves at ony Trequency
from 80 to 6300 YNz is b 4B, and the difference between the averages for the twe curves is
1.2 aB.

The mesuracy of & transmission loss teat can he affected by flanking fronsmireion
through the well surrounding the test specimen. This can be of specisl importante when the
teat specimen hae a very high, transmission loss or has a comparatively small area, such as
a door or windew, in relation to that of'the surrounding wall., Significant errors due to
flanking were minimized by the suxiliary constructions detpniled in Appendix 3.

3. 4. Results

Sound transmission loss date were obtained on all of the sgpecimens desecribed Iin
Section 2. Dota were ohtained, in many cases, on both individusl elements and on
combinationy, To determine the effeet of sound leakege through eracka, tests of doors and
windows were made with the unit senled in place to establish maximum capabillity and with
the unit as normally mounted. In addition, a number of teats were carried out on windows

with large controlled cracks mround them.
'

Complete detn for all specimens tested are 1isted in Table C-6 of Appendix C in the
form of 1/3-vctave band sound transmission loss versus frequepcy for each teat. Each set
of deta is ssaigned n Sound Transmisaion Class {ETC) rating in aceordance with ASTM E413-73
[22]. Tables C-1.through £-5 list the tests which were earricd out on {C~1) wallas, (C=2)
doors, (C-3) windows, (C-4) walls conteining windows, and (C-5) windows with cracks e&nd
upeningaé These Tive tablea are crosp-referenced to the detsiled 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 conclusiens. GSection 3.k.2. contains a more detailed discusaion of the teat

results
3, 4. 1o Summary aud Conclusions

The swmarized test data given below are those obtained only for the specific tests in
this program and do not necesserily apply to generel types or classes of construetion or
producte,

The single number performance ratings for sgund transmission loss are given as Sound
Transmission {less (STC) as defined in ASTM EM13~-70. 1In geperal, & high STC ratin
corresponds tc a high resistance to sound tranamission. .

1. Wood stud exterior walls with the drywall sgecured directly to the studs, with insula=~
tion board sheathing {except for atucco) and glass fiber eavity insulaticn, had BTC

values as follows:

Wocd siding 39
Stucco L&
Brieck veneer 56
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Figure 17, Sound trapamission loss ve frequency data for woed-siding, wood=-stud exterior

wall with cavity insulation.

Repeat tests {W-54-7] and W=3-72} on same nomi-

nal construction using different loes of materials.
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The presence of insulating material in the atyd cavities, with the drywell secured
directly to the atuds, made a negligihle diﬂ“nrencc of leas than nhout 3 dB.

If the drywall war attached to renilient chuﬁnel, the cavity insulation was much more

effective, giving the following STC values:

Wood piding W
Stueeo 57
Brick veneer 58

The mensured transmission less of a woll containing a deoor or window agreed very

closely with the dalculated value baged on the measured tranamissien loss and aren
of each component, The tranomisslon loss of the combinetion of two components will
always have a value between the respective tranmission loss values of each compon-
ent. A chart f'or determining ‘the transmission loss of the combination was given in

Figure 15,

Cracks can greatly reduce the effective ‘sound trnnnmisaion‘losa of wall/window com-
binations (see Sections 3.5.4, and 6.1, for discussions of weans to éntimate the
sound trapsmisaion loss of cracks).

Five exterlor doors sealed into the frame had STC values ranging from 21 to 31,
These values were governed largely by door weight, rather than materials or con-
struection, end corresponded to an areal density range of 1.2 to 3,9 1b/sq It,

The game five doors ag rlnma.lly cloped ugainst B weather otripped frame renged from
20 to 2B 81C. .

A solid core flush wood deoor having an BTC of 30 sealed waa reduced to 5TC 2T when
normally closed agalnat elther & apring brass or & plastic weather strip. A steel=-
taced door had an 8TC of 28 whether seuled or norwally closed against & magnetic
wenther gtrip, The lntter wos congiderably more effective at high frequencies than
the brass or plastic westher atrip. .

The tests on all of the windowa when corﬁ'pletely sealed ghowed en overall range of
26 to 39 BTC, Subdivided ap follows:

8ingle glasas (aingle sotrength,
double strength, 3/16 in. safety) - 28 - 32

Insuloting gless (3/8 to 1 in,) 26 - 34

Windows plus storm sash {win=

dows up to T/16 in. insulating

glasn, storm sash single and |

doubls strength glass) 29 = 39

There wore no algnificant differences due to gingle veraua divided panes or to the
sash and fra.me material.

The inpulating gless up-to T/16 in. thickness was on the whole no better than
single glass in Bingle or doubls strength.

A test on & specisl 1/ in. luminated glass having an inner demping layer designed
for high transmiseion loss showed an STC of 3k, The high frequeney performance of
this glass was better than standard glass, but the higher BTC value was due to iis
greanter welght.

The affectiveneny of double glazing, either with ingulating glasa or with an added
gtorm gesh, depended mainly on the width of meparation between the panes.
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/ 13. 'The use of otandard storm soeh with aingle glazed windows with ns wide o opaelng
ng pasgible io probably the most erfective and economical meana of cbtaining high

sound 1lnsulation,

./114. Windows inatalled with weather stripping as furnished ohowed values averaging
about 4 STC lower than those messured with complete sealing.

Aok 2, Disewssion
a. Wells

The teats conducted on the three exterior wall conatructions are listed in Table C=-1,
Complete data ere shown in Figures 18 to 20, PFor emch wall, the use of cavity insulaotion

1ilicrnal reyuirements. 'This is shown by the left-hand slde of each dimgram. For the wood
siding;wall, an additionsl teat was made on thls standard corstruction, but omitting the
Fiberglas Kroft Faced cavity insulation, This showed a slight reduction in transmission
loss of from #ere to 6 dB over the Trequency ronge with a redugtion in STC from 39 to 7.
The other three types of cavity insulation in the same construction showed simlinr reaults
with STC values of 3T to 39. The relative ineffectiveness of cavity insuletion is commonly
observed in single wood stud construction and in due te the fransmisoilon of sound by
vibration through the rigid coupling cf both sides to the sfuds,

The combination af resilient channel and eavity insulation effects o avhatantinl
improvement in transmission loss over the gtandard wall for most of the frequency range,
For the wood siding wall the increase in 5TC wes B, from 39 to 47, and for the stuccc wall,
11, from 46 to 57. The improvement in the brick veneer wall, however, was only 2, frem 56
tc 58 8TC. This might be explained by the fact thet the brick was already partially
isoleted from the wood stud portion by the eir space and the metal ties,

The tests with resilient chennel but witheut insulation show a lesser improvement over
the standerd well, The teat serlea ag o whole indicated that with the inner surface
decoupled by the resilient channel, trensmission took plaece largely through the alr cavity
rather thon through the studs, thus allowing the sound absorbing metion of the cavity
insulsticn to become fully effective,

b. Doors

—
The tests conducted on extericr doors are liasted in Table C-2. Flgure 21 shows the
envelope of freguency curves for the five doors sealed into -the frame, with an STC range of
21 to 31. Alse shown sre theoretical "masn law" lines corresponding to the range of areal
densities of' 1,2 te 3.9 1b/sq ft. The ranges of messured end theoretleal date agreed quite
well at the lower freguenclies. At the higher frequencies, the lower measured values were
due to stiffness effects which acted oppositely to those of mags.

Freguency curves for the three wood doors sealed in place are shown in Figure 22 and
for the deors with foamed plastic cores in Figure 23. The aforementioned atiffness effecta
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 alao shows & similar dip at 800 Hz, These "wave
coincldence dipa" are further discussed in the following sectien on windows.

A comparison of sealed versus normally cloased doora is shown in Flgure 2h for the
three wood doors mounted in the same frame with the spring brass weather atrip originally
Turnished with the unit. The TL values were significantly lowered only at the higher
frequencies by about & dB, with a corresponding change in STC values. of I to k.

Figure 25 phows a comparisen of three weather strips. Two of these were spring bruass
and extruded plastic, the latter being substituted for the former in the pame door frame
and with the same solid core woecd door, The threcheld was n half-round plastic strip., By
referring to the sealed door in Flgure 22, it is seen that both weather stripa reduced the
IT, by about the same amount; namely 3 to B dB at the higher frequencies and from 30 to 27

sTC.,
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1. 5/8 IN.x 10 REDWOCD SIHING

2, 1/2 ININSULATION BOARD SHEATHING

3, 2 IN.x 4 INWOOD STUDS 16 ING.C .

4. FIBERGLAS BUILDING INSULATION
iW=B4=71 AND ¥ ~Bbi=7) UNLY)

B. NATIONAL QYPSUM RESILIENT CHANNEL
{W=B6-71 AND W=56=71 ONLY)

B, 1/2 INQYPSUM BOARD-SCREWED TO
CHANNEL
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Figure 18, Sound tranamission logs vo frequency data for weod-siding, wood-stud extericr
walls of four different constructions (with or without reailient channels and

with er without cavity insulation).

Symbol Test Ne. Cuvity

Regllient olivs]

Inoulotion
O W-5h-71 ves
[A) H=56-T1 no
[ ] W-55=T1 yes
< W=b-T2 no

O
-®
~@

. 1B IN.STULCO
. NO, 16 FELT BUILDING PAPER AND
1 INWIRE MESH
L. 2IN.x 4INSTUDS 16 INQ.C,
. FIBERGLAS BUILDING INSULATION
{W-50-71 AND W=52-7] ONLY)
NATIONAL GYPSUM RESILIENT CHANNEL
[i¥—B82-71 AND W-53-11 ONLY}
. /2 IN GYPSUM BOARAD SCAEWED TO
CHANNEL

N

[

Channel

ne 39

yes k3

yes L7
no 37

70

TAANSMISSIDN LOSS, d8
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Flgure 19, BSound transmission loss ve frequency date for stucco, woed stud exterior walls
of three different ccenstructions (with or without resilient channel and with

or without cavity insulation).

Bymbel Teat No. Cavity Resilient 8TC
Insulation Channel

0O W-50-T1 yes no L6

fa} We53-T1 no yes it

a W-52-T1 yes yes 57
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TRANSMISSION LOSS, €3

1, FACEBRICK

2. V2-IN. AIR SPACE, WITH METAL TICS

3, 3/4-IN, INSULATION BOARD SHEATHING

4. 21N, x4 IN, STUDS 16 IN. O.C.

5, FIBERGLAS BUILOING INSULATION
{W-44-71) AND W--46-71 ONLY) . ' | ! { L

6, NATIONAL GYPSUM RESILIENT CHANNEL w0 125 260 500 1000 2000 4000

[W~45-71 AND W=46-71 ONLY)
7. 1/2 IN.GYPSUM BOARD SCREWED TO GHANNEL BAND CENTER FREQUENGY, Hz

Sound trensmissiofi lose vs frequency data for brick veneer, wood stud exterior
walls of three different constructions {with or without resilient channel and
with or without cevity insulmtion).

Figure 20.

Syrbal Test No. Cavity Aenilient 570
Insulation Channel
&) Welilh= L yes no 56
a Web6-T1 ne Yes 5k
(m} W=hGuTl yea ‘ves 58
7o | B T T T
6o =]
g
]
9
=
=
. 8
z
=
(o]
10 A t ) o1

128 260 600 1000 2000 4000
BAND CENTER FREGLENCY, He

Figure 21, Envelope of sound tranamission logs vs frequency data for five doors sealed into
the frame, The corresponding Sound TranasmissionClass range is STC 21-31, The
deshed lines correspond to the Tield incidence mass law (see Flgure 1h and
accompanying text) for the renge of areal demsities (1,2 to 3.9 lb/ag ft) of the

five doors,
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Figure 22.
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Sound transmission loss vs freguency data for the three wood doors sealed into
the frame.
Symbal, Test. No. Specimen STC
0 W-93-T1 Wood flush hollow core 2
fAY W-9L~T1 Wood flush solid core 30
&} W-§5-T1 Wood french door i
" T T T T T
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}-‘igure 23, Sound transmission lecse ve frequency data for the two urethane fonm core doors

sealed into the frame.

Bymbol Test MNo. Specimen STC
o] We3-TR Steel faces 28
A w=hli-72 Fiberglas reinforced plestic faces 26
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Figure 2k,

Flgure 25.

Sound trunsminsion loss v frequency datn {STC 21=-31) for three wooden doors
unsenled with vecther stripping, compared with data for the same doors when
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senled (STC 20-2T).

Comparipon of effect of three typea of weather #tripping on sound tranamisaion
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loss vs frequency data for doors.

Eymbol Teat No. Speciman STC
O W=00uT1 Spring brass on 3 sides of solid
core wood door; plastic hall-
round threshold strip 27
Ay W=ha-T2 Same except extruded plastic
3 sides 27
m] W-2~72 Magnetic strip on 3 sides of
steel door, plastic fingers on
‘bottom 28
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For the steel door with magnetic weather atrip, there was no sigdificant difference
between the sealed and the normally closed desor, The Tact thot in both cases the TL was
substantially higher at mont frequencies than that of the wcod gelid core deor, either
gealed or normally elosed, indicated that the magnetie weather strip provides a 5 to 10 dB
better sound eseal than the other two weather atrips in the upper. frequencies. The sharp
dip at 2000 Hz ip due to direct transmission through the steel door &nd therefore could not
be controlled by the perimeter peal. .

The effeect of adding s storm door to the solid core wood door 18 shown in Figure 26.
For both doors normally closed, the STC was raiged from 27 to 3%, and with both nealed
there was a further improvement to 42 87C. Thip indicetes the need for a drastic
improvement in the weather stripping of the storm door in order tc approach its full
capability when added to the wood door.

e. Bealed Windows

Cewled Single dlazing

The tests conducted on windows with complete perimeter seanls are listed in Table C-3,
The data for single glazed windows are suimarized in Flgures 27 to 31, The overall range
of STC values for sealed windows without storm sash was 28 to 34, For aesled windows with
storm gash, the renge woas 29 te 39 STC.

The average charecteristica for single glezed windows ore shown in the curves of
Figure 27. The STC values are as followa:

Single Strength 28 - 29
Double Strength 2g=-32
3/16 in. safety glass 31

1/h in. leminated with

damping layer 34

The envelope of 81l data for Tive windows with single strength gluzing is shown in
Figure 28, This showed & remarkably low spread of 1 tc 3 dB over most of the frequency
range Iin spite of wide variations in window atyle including single and divided 1ighta, wood
and eluminum frames, and o wide range of sash ond pane area. The c¢enclusion is that the
glass rather than the window material end constru¢tion was the governing factor in aound
transmission of sealed windows.

Comparidon of the curves for the four types of glazing in Figure 2T shows that the
tranamipsion Xoas in the middle and lower frequencies was controlled essentially bty the
aurface weight of the gleas. For a given frequency, the mass low for single layer
materinla states that their difference in transmission less 1s equal to 20 times the log of
their areal density ratio. For an overall range of 1:3 to 3.0 1v/sq ft for the four types
of glana, the DPredieted spread in TL value wos T 4B, 8 value which 1s very closely matched
by the data from 160 to 1000 Hz.

The mass law further stotes that for a perfectly limp, single layer material of a
glven welght, the TL ineremses with frequeney ot 6 dB per cectave. The data curves,
however, rhow, due to stiffness effects, a much lower rate of increase. At the high
fraquencles, the oheserved dips are due to wave coincidence and occur at a critical
frequency which depends on the ratio of surface weight to bending atiffness. For a given
meterial, the bending stiffness inereases with thickness at a more rapid rate than does the
surface welght so that the coincidence dip oseurs at lower frequengies with inereasing
thickness., The frequenciea of the observed dips for three of the glazings from 2500 to
6300 Hz ngreed well with the calculated frequencies baged on nomingl aurface weights and
gtiffneas for the various thicknessesa,

The depth of the coincidence dip 1s governed by the damping properities of the glass
and its mounting. The dip for the 1/L in, lominated glass should have occwrred around 2000
Hz, but the large amcunt of damping provided by the inner layer almost completely filled in
the dip, resulting in & lerge improvement above 2000 Hz over the 3/16 in. leminated glass
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Comparison showing the effect of adding a storm door on the sound transmission
loss vs frequency of a selld core wood doar,

Symbal Teat No. Epecimen sTC
O We01-71 Door nlene, sealed into Trame 30
Fal W-lio-T72 Door unsealed, extruded plastic

weather strip, plus aluminum
storm Qoor, unsenled. 34
o W=b1-72 As gbove, both doors sesled L2
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Plgure 27, Comparisen of sound tranamissicn loss vs frequency data for different types of

scaled glazing.

Symbol Test No, Specimen STC
@] W-8-71 single strength
W=33-T1 (average of 5 tests) 28-29
W-U1=T1
W-76=T1
W-26-72
4 HaT=T1 double gtrength
We32-T71 (average of & tests) 29.32
W 3h-T1
HuBheTd
W-66=71
W-21-T2
w] W-18-72 31/16 in. safety glass 31
v W-22-72 /4 in. laminated glass

with inner damping layer 3k
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Envelope of sound transmission loss vs frequency data for rlve sealed windows
with aingle-strength glazing {Tests W=-8-71, W-33-T1l, W=Ll-TL, W=~T6-71, and
W-26-72). Windowa include: weod and aluminum sash, single and divided lighta,
sash areas from 6 te 30 8q ft. The corresponding Sound Transmission Clasn

range is STC 28-29,

A I I ] I I I

TARANSMISSION LODSS, 25

10he—L L
126 250 500 1000 2000 4000

BAND CENTER FREQUENCY, Hz

Figure 29, Sound transmission loss vs Trequency deta for three types of insulating

glass,
Symbal. Papt Ko. fipecimen STC
o] We68-1T1 3/8 in, inswlating glass 26-28
W-82-T1 {average of 2 tests)
O W=31=71 7/16 in. insulating gleas 28-30
W=-29-72 {average of 2. tests)
0 W-10-T1 1 in. insulating glass 3k
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Figure 30. Comparison of sound transmisslan less vs frequency data for ipsulating glass 2
with data for single glazing of che same surface density (nominally 2,6 1b/fc®).

The daghed curve represents field incidence mass law (sec Figure 14 an

accompanying text),

Symbol Test No. Specimen STC
0 WelB-T2 3/16 in. safety glass 31
Fay W-68-T1 3/8 in. insulating glass

W~82-T1 {average of 2 tests}. 26-28
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Figure 31.

70 T

TRANSMISSION LOSS, 3B

1 1 1 1

1]
126

Comparisan of sound transmission loss vs frequency data for scaled single-
strength windows with gtorm sash (at various spacings Erom primary glazing)
with data for sealed windows, glazed single-stvength with storm sash.
the following table the spacing is the average between panes for upper and

lower nashs

260 . 500 1000 2000 4000

BAND CENTER FREQUENCY, Nz

Symbol Test No. Specimen SIc
—— W-8-71 single ptrength 28-29
W=33=T1 (average of 5 tests)

W=hl-T1
We76=T1
We26-72
o] W-25=-72 ctorm sash glazed single 29
strength spaced 1/8 in.
A W=37-T1 storm sesh glazed single 3h
single strength, spaced
2 1/8 in.
‘a W=11=71 storm segh glezed double 38

strength, spaced 3 3/h
in.
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Comparison of sound transmission loss vs frequency data for soaled aingle-

strength windows with storm sash (at varicus spacings from primary glazing)
with data for sealed windows, glazed single-strength with stomm sash.

In

the following table the spacing is the average between panes for upper and

lawer sash.

Symbel Teat No. Bpecimen STC
—— W~8-T1 single strength 28-29
W-33-T1 {average of 5 teats)
HW=h1-72
W=T6-T1
W-26-72
o W-25-~T2 storm gesh glazed single 29
atrength spaced 1/8 in.
fa W-37-T1 storm gash glazed single 3k
single strength, apaced
2 1/8 1in.
‘0 W-11-T1 storm gash glazed double 38

strength, spaced 3 3/}
in.
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which was undamped. JBelow 2000 Hz, however, the small improvement wons due only to ita
8lightly higher weight. ’

Sealed Insulating Olass

Averaged data curves for the three thicknesses of insulating glass are shown in Fikure

29, with STC values as follows:

3/8 in, 26 - 28
T/16.1n, 28 - 30
1 in. k11

. The firat two of these were formed cf double layers of single strength and double
gtriéngth glage, respectively, but for most of the frequency range they hud TL values efqual
to or lower than the single layer alone. The 1 in. insulating glass was formed of 3/16 in.

galaly Alede ou wauh slic,

According to sound transmimslen theory, a double wall génerally has a higher TL than a
single wnll of the same total surface weight. This, howéver, occurs only above a resonance
frequency which is determined by the welght of each layer and their separation. The
greater the weight and the wider the separstion, 'the lower 1s the resonance frequency. At
or near the reaonance frequency, the TL i actuslly lower for the double wall than for the
single woll, Also, the improvement in TL above the resonance frequency for the double well
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 alngle-layer
3/16 in, safety glass is compared with that of the 3/8 in. insulating glass having the same
total arenl density of 2.6 lb/sq ft. Alsc shown 1s the theoretical mass law curve for o
limp, single layer matericl of that weight. The calculated resonance frequency for the
insulating glass is appreximately 500 Hz, ond the datu curves show o wide dip around this
frequency which is 10 dB below the curve for the single layer. In wall~isolated double
woll structures with wide separation, the TL curve generelly rises steeply heyond the meas
law line sbove the resopance frequency, but for the insulating glasa this did not ceeur.
This was due largely to the high compressive stiffness of the shallow alr cavity and to the
influence of colneidence effects at the highest frequenciea. There wao alge rigid
mechanical coupling wround the perimeter of the glasa due to the "welded" atructure which
may have contributed to flanking sound trensmissien.

For the 1 in., insulating glass shown In Figure 29 both the calculated and observed
resonance [requencies ore around 200 Hz, and the risge in TL phove resonance 18 effective
over a larger part of the frequency range. This rise, however, was agaln severely limited
by the colneidence dip at 2500 Hz,

Senled Windows with 8Storm Sash

The data for sealed vindows with added storm sash may be gronped as follows:

Window Glazing Storm Glazing 8T¢
8ingle ‘and double strength Single and double strength 29 - 38

3/8 in. and T7/16 in, insulating BSingle and double strength 35 - 30

The wide spreads in the above groupings were due, not to the variations in glezing,
but to the wide range of opacings between the window and the storm oash. These varied from

"1/8 in, for the aluminum sliding window to 3 3/k in. for the picture windew, The effect of

spacing is shown in Flgure 3%, where curves are plotted for three single or double strength
gtorm sashes added to the nverage of five pingle strength windows.

These curves agreed well with the bredictions of double wall theory. The curve for
1/8 in. spocing was gquite similar to those for the insulsting gless in Figure 29 and
showed no improvement over the window alone except above 1000 Hz. The caleulated reponance
frequency for this spacing was 600 Hz, which was too high for effective double wall
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performance. The caleulated 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 ceses, the T curves rose rapidly with frequency above the resonance
frequency, resulting in a 10 to 20 dB improvemeht over the window slene at all frequenciles
above avout 500 Hz, The STC values were 3% and 38, respectively, oe compared to 28 ta 29
for the windew alone,

’/’ The highest STC vnlue obtained in the entire window program was 39 for & combination

of o double hung wood window with 7/16 in, fnsulating glass and a storm egash glazed double
astrength at 2 1/8 in. spacing. Although not tested, a considerably higher value could
probably have been cobiained by adding a storm cash to the ! in. insulating glmss in the
plcture window at 3 3/4 in. spacing. 'The insulating glass alone had an STC of 3k,
However, 1t was assumed that the use of sterm ensh or insulating gless 4s dletated by*
thermal inoulation requirements in common building prectice, rather than sound insulation,
end that it would be pnlikely thot a storm sash would be added to a 1 in. thiek insulating

glaact
d. Ungenled Windows

The feoregoing deta on sealed windows represent their maximum sound insulating
capability, Under normal conditions, of course, thls performunce is more or less
compromised by sound leakage through perimeter cracks and cpenings. In sll 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 reasonebly be expected in field
practice, The measured sound leakage, therefore, was attributable only to that which
oecurred around the perimeters of movable sashes in various conditiens of opening, closing,

and locking.

To provide & reference for interpreting such data, a seriesa was run on aceurately
gauged perimeter ermcks sround the 6 x 5 ft plcture window, as shown in Figure 32. The
series was repeated for two plcture window saghes having double strength glazing end 1 in.
insulating glass, respectively, in order to show more cleerly the relstlve transmission

" through the cracks and the glass,

The tranamission loss data curves Tor gouged perimeter eracks around the picture
window are shown in Figure 33 for double strength glazing and Figure 3k for fnsulsting
glass. Each curve represents the combined transmissien through the parallel sound puths of
open crack and glass, the transmisslon being governed essentially by the weaker of the two
paths., ‘The curves show that over most of the frequency range, the transmission is governed
by the crack crea. At low freguencies, the glass tranomission tended to govern, and there
wog leas difference in transmiesion due to the various crack areas. In accordance with
theory, the transmigaion loss should decrease 3 48 with each doubling of transmitting hrea,
and the curves agreed quite well with this prediction. The curves mlso showed that the
tranamiesion through the erack was almost independent of frequency.

The tranamission loes of a window with a perimeter crack of known dimensions can be
estimated by assuming that: (1) the tranomission loss of the senled window 1s much higher
than the window with the crack, (2) the trmnsmission loss af the crack is zero at all ‘
frequencies, and {(3) the sound energy transmitted by elther the erack or the glass is !
directly proportionel to the corresponding area. On this basias, the theoretical j
tranamission loss of the window with crack is: l

TL = 10 log (1/k} (n f
where: k = ratio of crack area to windew area. i

In general, for each of the gauged cracks in Appendix ¢ (Tect Nos. W-12-T1 to f
W-21.71), the measured values were lower than equation (7} would predict, This point is ;
discussed in Beetion 3.5.

A8 8 further check on the abvove estimating procedure, the transmission loas curves of
the picture window with two cracks of equal ares but different lengths and widths are

Lo
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Sound transmission lous vs frequency data for 6 x 5 £t picture window,
double-strength glazing, with perimeter cracks of contrelled size.

Symbol Teat No. Crack Width ETC
O HaT=T1 None, complete seal 29,
fa W-21-T1 1/32 in. 25
o] W-17-TL 1/16 in. 21
@ W-15-T1 1/8 1in. 18
r'y W-16-T1 /4 in. 15
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Sound tranemiassicn loss va frequency data for 6 x 5 £t plcture window, glazed
with 1 in, insulating glass, with perimeter evacka of controlled size.

Bymbal Test No. Crack Silze STC
o] W=10=T1 None, complete seal al -
Py W~20-T1 1/32 in., helf perimeter -
a W-19-71 1/32 in., full perimeter 26, .
® We18-T1 1/1€ in., full perimeter 23
& W=1h-T1 1/8 in., full perimeter 197,
® Wa12-T1 1/ 1in,, full perimeter 15
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Compariscn of effect of perimeter eracks of the same area, but different widtha,
on the scund transmission loss vs frequency for & 6 x 5 It pilcture window,

glazed with 1 in, insulating glass.

The dashed horizontal line corresponds

to the theoreticnl transmission loss, based on the ratio of crack area to
vwindow aren, sasumming the transmission loss of the erack is Q di,

bz

" Bymbol Test Ho. Crack Size BTC ; K
o Wellatl , 3/8 in,, full perimeter 19
fa W=-13-71 T1/h in. y half perimeter 18




compared in Figure 35. It 18 shown thot there in no aignificant difference between the two
teste and generally good agreement with the theoretical transmissicn loss.

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

TL = 10 leg .1_.5. {8)

St

where: 4 = erack width, in.
A = window arem, sq Tt
L = total erack length, It

This ip plotted in Figure 36 which can be used either to estimate an equivalent erack
width rrom measurements of transmission loss or to estimate the transmission less from a
known crack width, knowing in either cese the window area and sash perimeter. The letter
would be the total crack length for double hung or multiple sash units. It muat also be
known that the memsured transmission loss is much lower than that of the senled window. As
noted abeve, thias would generally be true at the higher frequencies.

As an example, compare the 2ata in Appendix C for the 3 x 5 i wood double hung
window, glazed insulating glass, nealed (Test No. W-31-Tl) veraus normally closed and
unlocked (Test-No. W-25=T71)}. Abhove 1000 Hz, the transmission lose of the sealed window
ranged from 27 to 40 dB, and for the normally closed window 21 to 29 @B with an average of
gbout 24 4B, The ratio A/L for total oash area to totel crack length of both seahes
{counting the Joint between sashes only once) was celeculated at about 0.7. Referring to
Figure 36, a transmission logs of 24 dB at A/L = 0.7 would result from an equivalent erack
width ot all sash perimeter jeints of .037 in, or slightly over 1/32 in.

Illustrative date on the effect of sealing conly the horizental jointa of this window
are glven in Test Nog, W-23-T1 and W=-35~T1 in Appendix C. BSummerized test data and test
mugber raferences for gauged openings in the other windowa are listed in Table £-5.

Probably & more typical condition in practice would be a fully clesed window either
locked or unlocked rather then cone partislly open by & slight amount. Accordingly, all
windowa in the program were tested both locked and unlocked as well as fully sealed. In
some types of operable window, closing and locking or latehing were accomplished together
g0 that an unlocked condition could not be tested aeparately.

M overall comparison of all of the test data for fealed versuo unsealed windows is
shown by the envelopes of date in Figure 37, The unsenled windows were all closed tight
and either locked oy unloeked, The lower limit of the envelope for the unsealed windows
corresponded almost entirely to the datn for the aluminum casement window unlaocked, having
an 8TC of 17 (Test No, W-20-72}, This window had no weatherstripping of any kind. The
game vindow locked showed a 21 BTC {Test Ko, W=21-T2), Omitting the'envelope data for the
unlecked window, there wes en average difference of about I BTC between the two envelopes,
with slightly more difference at the high frequencies end less at the low frequencies.

Illustrative data for a fevw windows are shown in Figures 38 and 39. The differences
betweeh sealed and unsealed units were most pronounced at the high frequencies, especially
for the inauteting glsgs which haa hlgher tranamission loss at high frequencies than single
or double strength. There were no conslstently large differences between the locked and
the unlocked condition,-plthough there was gquite an erratic spreand of data in the highest
frequenciea., 'The large dip at 4000 Hz for the unlocked window in Test No. W=25-71 eould be
due to resonance phenconens ag are diseussed in Section 3.5.
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Pigure 36,

Plgure 37.
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EQUIVALENT CRACK WIDTH, d, in.

Theoretical sound transmission loss of surface with ¢racks, aasuming the
sound tranamission loes of the sealed surface is at least 10 dB higher than
that of the surface with cracks {see text).
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Comparison of the envelope {corresponding to STC 26-34) of sound transmisaioen
losa ve Trequency detns for ell sealed windows with the envelepe (STC 17-30) of

data for all unsealed windows, locked and unlocked,
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Figure 38. Comparison of sound transmizsion loss vs frequency data for sealed and
unsealed windows, glazed single-serength.

Symbol ’I‘ea.t' Na.

— same as in
Figure 31

o] Wl

[ H-75-TL

a W-23-72

Specimen STC
v

sealed {average of 5
tenta} 28-~29

wood double-~hung, locked 26
wood double-hung, unlocked 26

aluminum sliding, latched  2h

45

e U R TR ity S P




Figure 39,

Comparison of scund transmission loss vs frequency data

TRANSAMISSION LOSS, dB
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126 A0 60 1000 2000 4000
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"windows, glazed 7/16 in, insulating glass.

for sealed and unsealed

Symbol Test Ho. Bpecimen STC
L — W=31-T1 gealed {average of 2 testa) 28-30
W-29-72
=T
o] W-2h4=T1 wood double-hung, locked / 26
Fal Wa25-T1 wood double-hung, unlocked '\\22
a W-27-72 aluminum single hung, 27
locked
v W-28-T2 aluminuwn aingle hung, 25
unlocked .
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e. Combinationn of Windows in Walla

Complete test data for the four combinations'of the 6 x § ft plcture window in two
walle are ghown in Flgure 40 to 43, For each combination of wall and window, the measured
tronsmission loss date curve for each component is shown on the charts. Also, on each
chart 1s shown the calculated transmission loss of the combination, this caleulntion being
made using equation (4) with only two arees, thet of the wall end 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 heving the minimum tranemission loss was placed In the wall having
maximum transmission lose. Even though the window aren 8, was much less than the remaining
wall ares 9,, the transmlssion coeffieient of the window Was so much greater than thet of
the wall that the ratio ('rlBl)/('r S,) was greater than 10 nt almost all frequencies. As
diacussed in Seetion 3.1., dH sucﬁ i cese the transmission loss of the combination should
exceed the tranamiesion lops of the window by the amount 10 log (S/Sl). For corresponding
areas of 126 and 25.€ aq £4, respeclively, bhe civess {8 T a5, It will be meen in Figure
L2 thet the caleulated curve of the combination lies 7 B above the meagured curve of the
window over nearly &ll of the frequengy range, For the other combinations where there wis
less difference between the transmiesion loss ¢f the window, and that of the wall, the
complete formula in equation {Y4) was used. In every case, the transmission loss of the
combination fell between the transmisaion lose values of each component.

3. 5. Compurison of Resulls with Those of Other Inveatigations

35 1. Walls

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 insulotion with corresponding data on
interior walls, Figure b4 repeats the data showm in Flgure 18 for the wood-slding
wood-gtud, exterior wall, with and without cavity insuwlatien and with and without vesilient
channels. .Figure h5 presents the data of Northwood [6l] on two-lea? walls with 1/2 in.
plasterbeard on either aide of neminal 4 in, studs; curves 1 end 2 correspond *e 2 x b in.
wood studs en 24 in, centers while curves 3 and 4 correspond to 3 5/8 in. steel channel
studs on 24 in. centers {the steel channel atuds should have provided roughly equivalent
vibration inclatlon to that provided by the resilient channels in the cege of the wood
8iding, wood stud exterior wall}., Beveral similarities and differences between Figures bl
end 45 can be pointed out. Since both sides of the plasterboard walls were of identienl
construction, the high frequency coincidence dips for these walls are much more pronounced
than are those for the exterior walls. The improvement due ta resilient channels plus
cavity insulation is about the anme for the interlor and the exterior walls. Since both
sides of the plasterboard walls are identical, they are very effieilently coupled by the
stiffnesa of the air in the cavity so thet resilient channels, without ecavity insulation,
do not preduce as much improvement for the Interior walls as they do for exterior walls.
Since the inner and cuter surfaces of the exterior walls are of different construetion, the
coupling through the air cavity is not very efficient so that nddition of cavity insulation
alone does not provide much improvement for the exterior walls, Vér and Holmer [12] give
procedures for estimating the effectiveness of different procedures for vibration isolation

between the two sides of double walle,

3, 5,2, NDuors

The data presented here mre restricted to sealed or tightly gasketed doore. The
effects of eracks are discussed in Sections 3.5.h. and 6.1,

Figures U6 and 47 present deta on & totel of eight mclld core wood doors having areal
densities ranging between 3.3 and 7.0 1b/sq ft. The data (Tept W-91-T1) from the present

) Anvestigation are shown in both flgures to facilitate compariscns, Although the sound

transmission loss curves from the several investigatlons 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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Pigure 0. Comparison of memsured sound tranamission loss vs frequency data for a 6 x5t
plcture window, glazed single strength, in & woed siding wall with that pre-
dicted from the transmission lopees and aress of the wall and window {window area
#w 25.6 8g £'t, wall plus window nrea = 126 sq ft}.

Bymbol ~ fTest No. Specimen STC
@] Wa5h-T1 vell alone 39
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Figure 4l. Comparigon of measured sound transmission lose va frequency data for a 6 x 5 ft
pleture window, glagzed 1 in. insulating glase, in a wood aiding wall with that
predicted from the tyanamisasion losses and areas of the wall and window {window
aren = 25,6 gq ft, wall plus window aren = 125 eq ft),

Bymbol Test No. . Speeimen BTC
O W=5h=T1, vall alone a9
Fa HelO-T1 window alone 3h
Q W-58-T1 combination, measured 3B

—— —— combination, caleulated 38
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Svmbol Tect No, Specimen STC
O V-bi-T1 wall alone 56
O W-8-7)  window alone 28
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—— _— _combina.tion, cnleulated 39

Comparicon of measured sound tranamission loos vs frequency date for a 6 x 5
ft pletwe window, glazed single strength, in a.brick veneer wall with that
predicted from the tranamisajon loases and areas of the wall and window
(window area = 25.6 aq ft, wall plua window area = 126 sg ft}.
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Bymbel Test No. Specimen STC
O wW-bl~71 wall alene 56
A W-10-T1 window elone 34

0  W-hB-T1 combination, measured 39
combination, calculated h1

Comparison of mensured sound tranamiseion losa va frequency date for 8 6 x 5

ft picture window, glazed 1 in insulating glams, in a brick veneer wall with
that predicted from the transminslion losses and areas of the well and window

{vwindov ares = 25.6 sq ft, wall plus window arem = 126 ng ft).
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Figure 44. Sound tramsmisslon less vs frequdncy data for wood-sidlng, wood-stud, exterior
walla. The data ave from the prosent investigacion and corraspond to walls
with or withour resilient channels and wich or without cavity insulacion.

Cavity Resilient
Curve Test No. Inswation Channel STC
1 Wub-T2 no no 37
2 WeSh=T1 yes no 39
3 H-56-T1 no yes L3
L] W=55-T1 yen yes N
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Sound cransmission loss vs frequency data for plasterbeard interfor walls.
The data are from Northwood [61] and correspond to walls with wood or metal

1000

studs and with or without cavity insulation.

2000

4000

Cavity Metal, aTe
Curve ¥Wall No. Insulation Channel Stud
1 2.03 ne no 35
2 2.13 yes no Lo
3 2.04 no yes 34
N 2.14 ves yes il
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Figura 46.
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Sound cranemisslion loss vs frequency data for sclid core wood doors.

Teut or 8Te Areal
Curve Reference Specimen No. Density
1 2

1 present

investigation W-91-Tl 30 3.51

2 f25] 632 30 b.6

3 [25] 617 28 5.6

4 [25] 616 30 7.0
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Sound tyansmispion loss vs frequency dnta for nolid core wood docrs.
Curve 1 ia the same as in Flgure 46.
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Test or Areal
Curve Reference Specimen No. BTC Dengity
1 1472
'l present
investigation W-0l-T1 30 3.91
2 [62] 27 31 b,52
3 [28] 7031 33 3.28
4 {28) 7111-3 27 3.69
5 [31] p.100 29 7




Figure 48 presents data en four hollow core doors having arenl densities from 1.2 to
2,3 1bfaq Tt. Agein there are aignificont differsnces at low and high frequencles but the
STC values are esgentially identical.

3.5, 3, Windows

Morsh [63] has given a comprehensive review of the literature on the sound trans-
mission loss of glmas, ihcluding a compilation 6f tabulated data. Wherever pessible, data
in this section were token from her review rather then from the original source,

Probably becsuse most measurements of the sound transmission loss of glass presumnbly
have been token in support of engineering solutions for situations where better~than-usual
gound 1solation was required, most of the data reported by Marsh are for gloos much thieler
than the gpingle- and double-gtrength gleoss used for moat of the windows examined in the
present investigation.

Figure 49 sluwd o comparison of the envelope of aound transmisgion loss data, from the
present fnveatigation, for senled windows having double-strength glezing (nominally 1/8
in.} with the envelope of dats for sealed windows having 3 mm glezing as reported in Table
Al of Marsh [63]. The ngreement is not good at low frequenclea, where it is difficult te
make accurate sound transmission loss mecsurements, Insofar as overall performance is
concerned, the present data fnll in the upper end (STC 29-31) of the range of dnta eited by
Marsh {8TC 26-31).

Figure 50 shows & comparison of the envelope of sound transmission loss data, from the
present investigetion, 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 datn correspond to STC 28-20 while the literature data
correspond to STC 26-28.

Marsh [63] found that the aclid line shown in Flgure 51 repregsented the mean sound
tronsmission loss (pat the Scund Trensmission Class) Tor healed windows over the frequency
range from 100 to 3150 Hz as a function of glass thickness. The daghed lines 3 @B above
and below the gplid line encompass about 95 percent of the literature data which she uamed.
The solid gireles indicate the aversge and renge of the data from the presgent
Investigation.

Patil [64] reported a number of recent STC determinaticns made at Riverbank Acouatical
Laboratories on glass of various thicknesses. These renults are compared, in Figure 52,
with the average and range of daota on single- and double-strength glass from the vresent
investigetion. The present data lie from 1 to 3 STC-unita ahove o mean curve through the

Riverbank data,

In the present investigation it was found that the Bound Transmipsion Class for a
given glecs thickness was essentially independent of the size of the individusl panes and
of the type of window, Eince glass hag very low internsl damping, one would expect that
resilient mounting of the glass, which was not exmmined in the present investigatlion, would
improve the sound transmisaion loss, especially near the coincidence reglon. Marsh [63]
discusnes this point briefly. The work of Utley and Fleteher [65-66] and Cops, Myncke, and
Lembert [67] provides considerable useful information on the influence of edge damping.

Figure 53 compares-the vesults from the present investigntiom on 1/4 in. laminated
glass, having an internal damping layer, with data on nominally identical glazing as
reported by March [63]. The data are seen to be very similar. In the present investiga-
tion an STC of 3% was found while the data reported by Marsh correspond to approximately
8TC 32-33. Patil [64) reporte a velue for similer glazing of STC 3h,

Of the pre-fabricated inswlating glegs unita 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 spece). In Figure 5k, the solid curves represent the
envelope for the two units tested (STC 28 and 30Q) while the dotted curveg represent the
envelope of three windows reported by Marsh [63].
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Figure 8. Sound transmission lose va frequency data for hollow core wood corea,

Teat or Arapl
Curve Reference Bpecimen Ko, STC Deneity
w 172
1 present
investigetion W-93-71 21 1.23
2 {o5] 63k 20 1.9
3 [62] 26 20 1.h3
I [28) 70831 20 2.25
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Figure 49,
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Sound trensmission leas vs frequency data for seeled windows, of various types
and sizes, with double-strength (3 mm) glazing. The solld curves represent

the envelope of data cbtained in the present investigation {Teats W-T=Tl, W=32-T1,
W-34-T1, W-64=T1, W-66=T1, and W-21-72), The dotted curves represent the envelope
of data, on senled windows only, from Table A5 of Marah [63] (the sets of data
ircluded are the 2nd and 3rd of Aston, the lst of Woocley, and the 1st, 2nd and
4th of Saint-Gobain}.
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Figure 50, Sound transmisaion loss vs frequency data for sealed windows, of various types

and aizes, with single-ptrength glazing., The solid curves represent the envelope
of datp obtoined in the present investigation (Tests W-B-Tl, W=33-T1l, W=hl=T1,
W-T76-T1, and W=26=72). The dotted curves represent the envelope of the follow-
ing data: 3Brandt (2 mm glesa) and Libbey-Owena=-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 51.

Figure 52,
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100 to 3150 Hz) of aealed windows vs gless thickneas., The solid line iy that whieh
was Titted to litersture data by Marsh [63). , The dashed lines enclose sll but

two of the data points she used %o derive the polid i1ine. The molid circles
represent the average and range of data on single- and double-strength glazing
from the present investigation.
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Gound Tranamission Cless of semled windowe ve glass thickness. The triangles
and the Line fitted through them represent the data reported by Patil [6L],
The solid circles represent the average and range of deta on single- and
double~gtrength glazing from the present investigation,
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Figure 53.
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Bound transmisaion loss vs frequency data for 1/h in. laminated glnas with an
internal damping layer. The solid curve reprements the date from the pregent
investigation (Test No. W-22-72) while the dotted curves represent the envelope
of data from Table AB of Marsh [63] (the two sets of data are that of Pilkington
Bres. and the lst of Libbey-Owens-Ford).
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Flgure 514.
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Sound transmisaion loss vs frequency data for 7/16 in. insulnting glass units
consisting, nominally, of two 1/8 in. pones of glaso separated by & 3/16 in,
air gpoce. 'The soldid curves represent the envelope of data cbtained En the
present inveatigation (Tests W=31-T1 and W=29-72). The dotted curves represent
the envelope of deta from Table Bl of Marsh [63]. (the sets of data included
are the 2nd of Wooley and the two of Saint-Gohain).
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The aolid curve in Figure 55 represents the data for the single-~strength plcture
window with & double-strength storm sesh gpaced .3 3/h in. awny. The dotted curves
represent the envelope of data for three windows reperted by Marsh [63}. A1l four windows
hed en ST¢'of 38,

Curve No, 1 in Pigure 56 represents the aversge sound tronsmission less for three
double-hung windows with storm sashes an aversge distance of elther 2 1/8 or 2 3/h in. (5k
or 70 mm) away. Since the upper and lower window sashes were not the same distance from
the storm sash, comparisons with literature dnte are not very meaningiul. Curves 2 and 3
correspond to literature data with spacings of 32 and 75 mm, respectively. Curve k
correaponds to literature detn with a spacing of 51 mm, Curve 5 is for a double=hung
window with the upper and lower sashes spuced different dintonces from the storm scsh,
These spacings were very almilar to those in the present investigation. However, the poor
high frequency performence indicates that this window moy not have been tightly sealed,

Marsh [A3] tahnlates dete on & lorgs number o=f double-glasing wllusilons and discusees
these data in some detnil, Delenge [68) gives date (mesoured under conditions wherein the
sound impinged on the windows from diserete directions) on & variety of conatructions and
discunsses the use of such data. Sharp [31] gives data on a few windows rinv:lrls high sound

transmiseion loss,
3. 5. 4 Cracks aml Openings

Data yeported by Marsh [63]), Biehop and Hirtle {62], and others are in qualitetive
sgreement with the reaults of the present investigation os regards the influence of cracks
and openings onr the effective sound transmission loss of doors end windows. These data all
indicate that such lenks can gerioualy reduce the scund isolation at medium to high
frequencies. In the absence of quantitative information on the size of such leaks, there
is little or ne point in quentitative comparisons of acund transmission loss data since
different windows or doors of nominally the same construction may differ considerably in
the size of cracks snd openingo. For this reason, further diacusaion of the effect of
normally occurring eracka is deferred until Section 6.1, where correlaticns are made with
the results of air leakege testp. The remainder of the discussion in the present mection
is limlte& to those teats where controlled-width cracks were intentfonnlly introduced.

There are many papera in the literature which address the problem of wave propagation
through openings in very thin walls. Papers which are directly relevant to sound transs
misgion through finite thieckness walls include [69-B2]. The work of Gomperts [76,77)] and
Gomperts mnd Kihlmen [78] is most directly applicable to the tests, in the present
investigation, on windows with cracks of known aize.

Figure 57 displays the sound transmission loss, computed from equation (69) of

Gomperta [7G], for slita in the middle of & wall aeparating two reverberation chambers.

The lower figure shows the results for 1/32-in, end 1/4 in. slits in o 2 in. thick wall
while the upper figure corresponds to slits of the same widths in a L in. thick wall. {The
abeigen in this flgure represents continuous frequency rather than discrete 1/3-octave
frequency bands as wied in previoua figures). For a given slit, the bound transmission
loss increases monotenleally with frequency until the wavelength of sound decrenses to a
valuz approaching twlce Lhe wall thickness. The resonances occur when the frequency is
such that the wall thickness 1s approximately equal to an odd number of half-wavelengths of

the sound. '

For measurements mede in 1/3-octave frequency bands, as was done in the present
investigation, the sharp resonances shown in Figure 57 could not be observed. Flgure 58 .
cempnres the curve (from Figure 57) for a 1/32 in. wide, 2 in. deep alit with the corres-
ponding curve averaged over a 1/3-cctave frequency bLand by numerical integretion of :
Gomperts' equation (A9}, It is seen that the resonance dips are neither so sharp ner 8o
deep ap in the pure tone case.

Gomperts' equation (69) does not include the effecta of energy loss due to viscous
flow in the slit. As shown in his later paper [7T7], this will further increase the
measured sound transmission loss at frequencles near to the resonances,
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Figure 55,
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Sound trenemission loss vs frequency data for double giazing with a nominal b in,
separation between the two panes. The solld curve represents o 6 x 5 Tt picture
window glazed single strength (2.4 mm) with a double strength {3mm) storm window
spaged 95 mm {3 3/4 in,} awsy (Test W=11-Tl), The dotted curven represent the
envelope of data, from Table C2 of Marsh [63], for 3 mm panes meparated by 1Q0
to 102 mm {the mets of data are the Tirst listed for each of the following:

Aston, Ingemonmson, and Yoolley).
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Figure 56.
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Sound transmiasion loss vs Trequency deta for double glazipg with an average
nominal spacing of about 2 to 3 in, between the two panes,

2000 4000

Curve Reference Comments STC

1 present average of Tests W-36-T1, 36,34,36

inveatigation W=37=T1, and W-79-71 (5h
or T0 mm alr space)

2 [63, Table B2] 3 mm glazing with 32 mm Lo
Fapold air space

3 [63, Table CL] 3 mm glazing with 75 mm Ly
Fagold alr space

4 [63, Table C1} 3 mm glazing with 51 mm 3h
Aston alr space .

5 [62] Test 15, 3/32 in. glass 20

with 51 mn mir space at
top, 95 mm air space at
hottom

63

Lt DA MR RR e e e Ta



Figure 57.
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Figure 58,
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Theoretical sound transmission loss v fregquency data for alits in the middle of
n wall between two reverberant rooms. The lower curve represents pure tone
behavior while the upper ecurve correspondo to values averaged over a frequency
band thet is 1/3 oetave 4n width, The lower curve wea computed from eq. {69}

of Gomperta [76] while the upper curve was derived by numericel integration of
the trananminsion coefficient ecorresponding to the lover curve.
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Figures 59 through 62 compara the experimental duta for the sound tranamission logs of
eracks of known width areund pleture windows with the predictions of eguation {69) of
Gomperta [76]. The experimental data were calculated, uaing equation (4) of the present
report, from two tests -- one with the crack present and one with the window sealed. As
showvn in Figure 32, for cracks smaller then 1/4 in, id ¥idth, the actusl erack consisted of
two eracks in serdies —- a 1/b in. wide crack between the sash end the framing and a 1/8,
1/16, or 1/32 in. crack between strip A and the framing, For caleulation of both the date
pointe and the theoretical curves in Pigurea 59-62, an effective crack width was used,
nomely, the width of o uniform erack that would contsin the same wolume of air as the

actual crack.

Further reference to Flgure 32 indicates that the proper values for the effective
depths of the cracks are not cbvicus. 8Since it was found empirically that effective crack
depths about 25 percent greater than the ¢ombined thickness of the sash and of strip A gave
theoretical resonance frequencles in good agreement with the experimentnl data, those were
the depths used for the two theoratical curves in Figures 59-62, The dotted curves in
thege four flgures were computed in the same manner as the upper curve in Figure SB; they
correspond to the tranamiesion coefficient, averaged over & 1/3-cctave band, for a slit in,
the middle of a wall between two reverberant rooms, BSince the window was lucated in &
recess in an otherwise thick wall, the solld curves were also generated; they correspond to
a olit at the edge of a wnll between two reverberant rooms.

Conaldering the rather complex geometry of the 8lit, framing, and 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 {rregularities
were amall compared to the wavelength of sound so the slit behuved as if it were in the
middle of & smooth wall between the two reverberant roems (corresponding te the dotted
curven). A8 frequency incressed, the wavelength decrecased so thet the recesses on either
gidy became effactive in meking the slit behave aa if it were ot the edge of the wall
{corregponding to the solid eurves), At high frequencies, the irreguler geometry leads to
much less pronounced resonances that are caleulsted for a slit in a smooth wall, As the
glit width decreases, the experimental datae st very low and very high freguencies lie
Turther and Turther above the theoretical curves, Preliminary analysis indicates that this
s st lemst partislly dus to energy lowss by viﬂcuua flow through the narrow glit betwaen

strip A and the framing (see Figure 32),
Discusgion of other experimental date on leaky windows is deferred until Section 6.1.
In general, openings severely reduce the sound isolaption otherwise provided by
windows., However, when ne other means of ventilaticn iz 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 openinga.
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Figure 59.
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Comparisen of experimental results and theoretical predictions for the sound |
trensmission loes of 1/4 in. cracks arcund pleture windowa, The data points in
the upper portion of the figure are from Test W-16-Tl and the avernge of Tests
WeT-T1 and W-9-T1; those in the lower portion are from Tests W=12-T1 and W-10-T1.
Bolid pymbols indicate that the transmission loss of the sealed windovw was ot
least ¢ dB greater than that of the leaky Windew, while half-filled symbols
indicate a 6 to 9 dB differsnce and open symbols a 3 to 6 dB difference. If the
effect of the erack was leas than 3 dB for a given frequency band, the 2nts

_ are not plotted. The dotted curves were calculated from eguation (69) of

Gomperts [76] averaged over & 1/3 octave band, for a slit in the middle of &
wall; the solid curvesn were calculated in a similar manner bhut correspond to a
alit at the edge of & wall between two reverberant rooms. The effeetive depth
of the slit wao teken as k,5 in. for the theoretical calculutions in the lower
figure and ma 4.0 in. for those in the upper figure.
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Figure 60,
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re windows.

of different widths. (Otherwise, as in Figure 59}.
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Figure 61. Comparison of experimental resulis and theoreticel predictions for the sound
transmission losa of 1/16 in. cracks around picture windows. The data points in
the upper portion of the figure are from Test W-1T-T1l and the average of Teots
W=T=T1 and W=-9~T1; those in the lower portion are from Tests W-18-T1 and W-10-T1
(Otherwise, us in Figurs 60).
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Figure 62, Comparison of experimental results and theoretical predictions for the sound
transmgsion loss of 1/32 in, cracks arpund pleture windowa, The data polnts
in the upper portion of the figure are from Test W=21~71 end the average of Tests
W-T7-T1 and W-9-T1; those in the lower portien are from Teata W-10-T1 and W-10-T1.

(Otherwise, as in Figure 60)}.
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4, Thermal Transmittance and Resistance Tests

4. 1. Background

In general, mrenitects, engineers, buildersg and others who might usde the date and
information in this repert have a more thorough background in heat transfer than they do in
ncouptica. Accordingly, less background information ls given here than in the preceding
chapter. References are given, however, for those whe aeek additilonel material concerning
the econcepts of thermal insulotien of buildings,

The general concepta and procedures for esatimating heat transmission through bullding
elementa are covered in the ASHRAE Handbock of Fundamentnls[B85]; additienal infarmation ig
given 1n the ASHRAE Handbook and Product Directory -- Systems[86]. Other useful references
inelude[87-971. The Ketionul Bureau of Standards has published o number of technical
popers and Sipoviel30-il2) eud consumer-orienten puollcationslli-llh) relative to heat

gnin or loass from buildings.

The follewing discussion is iptended to briefly define these termn used in this
gection of the report., For additional definiticns, see [115].

The totul hent flow through a wall from an air space on one side of the woll to the
alr apace on the other aide of the wall is usually ecomputed from

Q= s8u(T, ~T,), (9)

where 5 iz the totul area (ft2 = BQ t‘t)2/ of the wall, and T are the average oir
temperatures (°F) on the hot and cold sides, reapectivelﬁ and § in the thermal

tranamittance or over-all coefficient of hest transfer {Btu hr~ -1 ft“e °F'-1 = Btu/(hr sq Tt
°F), Note that for a non-homogeneaus wall, U 1s an average value {per unit aren) for that

particular wall. The thermsl transmittance can, in prineiple, be computed from the thermnl

conguctence, C, (Btu/(hr ag £t 9F)) or the thermsl resistance, 8, (Btu™r hr rt2 op = ur aq

it °F/Btu) )w of the wall and the surface egafficients (l‘h. I‘c) on either aide of the
wall:

N L,k
+T =R+ F T {10}

The total teppersture difference between the air apuces on elther slde of the wall is
the sum of three components:

E/'I'he unite given in parenthesis are customary U. S, Engix{eering wits., Metrie
equivalents are given in Appendix A,

l'-O-/"E['emms ending in "~nnce" generally designate properties of o particular object
and thus may depend not only on its component elements, but also on its size,
shape, or surface conditions, Strictly spesking, the terms "conduciance",
"transmittence,"” and "resistance" apply to an object having & particular and
individual total or whole area of cross section through which the heat flows.
However, 1n general practice and usage, it is convenient to refer to unit ares
conductance or resistance where the u.nit area 1s conaldered to be representative
of the whole aves of ¢ress section. “Conductance {or Resistance} per Unit Area"
cauld be umed, but in ordinary ussge, this is shortened to "Canductanca" or
"Resistance" with the unit area coneept understood.” [115].
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pr-rt =2 <2 (131

Te‘-Tcasg'% ' (1)
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vhere Th' and 'I'c' are the average temperatures of the hot and cold slidea of the wall,
respactively. These thrae equations may be thought of as the defining equations fer R, £,
£, and f ., As defined wbove, R is the "surfoce-to-surface resistance” in that it does
nit inelude the resistance of the "alr £11ms" on either side of the wull, The "air-to-asr
resistence”, which does include these "films" is simply the reciprocal of the thermal *
trensmittance, U. )

When & wall ip penetrated by windows, doors, or other parsllel heat paths, the
effective thermsl tranamittance of the composite wall 13 related to the transmittances of
the several components by
UJ,Sl + U2$2 + l.l,‘El3 LT

U= :
Sl+524'53+...

{12)

where l.‘l {5 the trapamittance for the element of nren S.‘L‘ ete, , and the gummation is over
all areas of the partition.w Equation (12) may be written in terms of resistances as

Slfﬂl + SE/RQ + 83/R3 + ...
s 1
where § = sl + .5‘.2 + 53 + .., is the total wall Aren correspending to R, FEquetions (12) and

(13) assume independent parallel heat flow along the several paths ond ignore exchanges of
heat among the several paths. Furthermore, It 1s important to note that

equations (12 nnd (13) correspond to hest flow between ipothermal surfaces, Since
TU-values” typically correspond to hent tranafer from one essentinlly lsothermal body of
aly to another essentially iscthermal body of air, equation {12) ususlly may be used with
some confidence. However, ceutien must be used in spplying equation (13). When &
well=-inguleted wall is penetrated by o door or window whoae thermal resistance is much leas
than thet of the wall. the surface~to-surfece temperature differenece through the
penetration ean be much less than that through the wall so that use of equation (12) to
caleulate aurface-to-surface resistances can lemd to very large errors.

{13)

La
R

Pressure differences between the inside and outside of a building ean result in a flow
of alr through eracks and openings, The heat flow anosociated with this air flow is équal
to the product of the mass flow rete of air, the apecific heat of air, and the temperature
difference through which the air must be heated or cooled. In the customury engineering
units being used in this report, this heet flow ia given by

_ Q, = 1.08 V (T, - 7) Btu W™, (14)
where V {5 the volumetric flow rate at ptandard conditions (stendaerd £t mint = nefm); see
Section 6.2 for further discussion, The apparent thermal tronamittance of a wall either
can be computed from the total heat flov or from the difference beiween the total heat flow
and that agsociated with the mass rlow of air through leaks. Care must be taken to nvoid
confuasion between these alternative appronches.

Loy, equation (L),
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4. 2. Experimental Procedure

The thermel resistance of walla and other structurcs may be caleulated with some
success Irom volues of the thermal conductivity of the component materials an measured
acecording to standard methods [116,117]. However, for non-hcmogeneous walls, 1t ia
preferable to meke diract measurements on the construetion of interest, using, for example,
a guarded kot box [118]. Earlier NBS publications relevant to this type of measurement
include [98-100]. '

ASTM C236-66 {1971) covers the measurement of the thermal transmittance and thermal
resistence of non~homogenecus panels repregentative of guch conpstructions ag the walls,
roofs, and floors of bulldings., The essential principles and the general arrangement are
given but the final details of the apparatus and test procedures are the responaibility of
the tester so as not to restrict the configuration of the'apeeimen to be tented. The
method determdnes the total Tlow of heat from the warmer to the cooler side through the
test srea demarcated by the metering box and may be opplled to any constructien for which
it 1s possible to bulle a reasonably representative panel,

Thermal transmission testing was performed using a f‘ncility.l—e/ previoualy described
by Mumetr [119], which was designed especially for evaluation of heat transmission, air
infiltration, and heat transmission in the presence of alr Infiltration through full-size
building wall sections. The equipment wasg patterned after the ASTM C236 Guarded Hot Box
but modified to operate on & calibrated box principle. It was operated within a controlled
envirorment maintained at 75°'9F, 50% relatlve humlidity, ond conaisted of twe massively
insulated chambers, one controlled at reduced temperatures down to -30 “F and the other
normally controlled ot rcom temperature {75 °F) in which metered power consumption was
measured. The 9 x 1b ft specimen, constructed on & movable teat frame, was positioned and
clamped between the twe chambers for a test. See Figure 63, ‘

With the specimen in this position, conditioned, temperature-controlled air was
eirculated post the exposed wall surfaces using gmall blowers and an alr handling system
designed to provide even flew ecrosa the specimen. The alr, cireulated in the directlon of
natural convection, moved at a rate of &0 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
measured using & precision watt-hour-meter. The heat losses by conduction through the box
pilde walls were determined using s heat meter technique. Subtracting the wall correctien
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
raferenced through a c¢onstant temperature reference system.

Auxiliary equipment (see Section 5.2) was wsed to provide o constant alr 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

opperatus (norpally meintained et 75 °F for teating) wes removed, expesing the test wall

to the embient room conditions which were contralled at 75 °F, 504 relative humidity. The
test wall was then obnervi_g/with & Bernea/Bofors Medel T-101 (modified by supplier to T-102)
real-time infrared camers to cbtain additional informatien regarding prineipal heat Iflow

paths.

}‘g/‘l'he facility was designed and bullt by Owens-Corning Fiberglas Corporation prior
to performance of the contract work described in this publication.

"l"yThe equipment used is commercially evallable. The techniques used, however, were
developed by Owens~Corning Fiberglus Corporation prior to performance of the
contract work deseribed 4in this publication.
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The infrared’ camera normally operates with 12.5% vertienl by 25° horizontal field of
view. This partifecular high resclution camera has a scenning rate of two frames par pecond,
with each frame presenting 225 bite of information on ench of 160 lines. The data sre
presented on the cathode ray tube of an oscilloscope as a gray scale pleture with higher
intensities represgenting higher temperatures and lower intensities representing lower
temperatures. In eddition, the cemera is equipped with a single line acan option. This
permits selecting one scan line and presenting a temperature profile on the y~-axis with
temperature proportionel to puflas helght. .

To provide more eceurate temperature mensurement with the single line scen, &
comparator 1s uged. It hes two 8 x 8 in. by 1/2-in. thick sluminum pletes which are
painted to mateh the emlttance of the test wall. They are equipped with thermocouples so
that thelr surface temperatures can be measured. The plates are thermoelectrically cooled
and controlled to maintain o selectable temperature of approximately 2 °F between them.
The comparator can be pleced in the field of view of the infrared camern snd used as a
calibration. The camera is capable of a resolution of approximately 0.2 °F,

4, 3, Caleulation Procedures and UUncertainlies

The thermal 'trnnsmittnnce between the hot box and the cold box and the thermal
resigtance (Burface-to-surface) of the wall were computed using squetiona (9) and (11b),

respactively.

Mupaw [119] haa reported on the estimated measurement uncertainties masociated with
this oppayatus. He eatimates that the overall uncertasinty 1s typlcally lesn thaen )
percent. As In the case of sound transminsion, additicnel uncertainties arlse in
computing the performonce of a window or door from datn obtained in two tests, one on the
composlte structure with the penetration in plaece and one on the basic wall., No estimate
has been made of the additional uncertainiies that may be introduced due to a large air

flow through the test speclmen.
4, 4, Resulls

The thermal trangmission tests were limited to wall constructions with the wood
slding 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 teated only
as normally Installed without specinl seaiing., In all coses, tests were run hoth with and

without an impased pressure difference (either 0.25 or 0.50 in. water, corresponding to a wipd

speed of approximately 20-25 or 30-35 mph, reaspectively) ncrosas the test apecimen,

Selected data 1n condensed form ].iatiné nominal teat conditions and thermal
transmitiance volues are given in Jection 4,%,2 below., Complete test deta are given in
Table D-1, Appendix D. Bection bL,k4,1, below gives o very brief sumary of the test data
along with certelpn of the more important cenelusions.

4. 4. 1. Summary and Conelumainns

The summarized test data given below are theoe obtained cnly for the apecifis tests
in this program and do not necessirily apply to general types or classes of construction
oy products.

1. Installation of 3-1/2 in. R1l insulation between the atuds of a wood-siding wood-stud
exterior wall reised the thermel resistance of the wall by spproximately e factor of
three.

2.  Attaching the interior drywsll to resllient channel raised the thermal resistanee of
the wall by about five percent above that obtained with the drywall attached directly
to the studs {eavity insulation in both cases). -

3. Installation of & nominal 3 x 7 £t door in & 9 x 14 £t insulated wall decreased the
effective {aversge) mir-to-sir thermol resistance by 2.1 to 4,b hr sq £t °F/Btu in the

aboence of an imposed eir flow and by 5,4 to 9.1 hr sg 't °F/Btu with an impoped
pressure differential of 0.25 in, water. A normally installed ({.e., leaky) atorm

door did not provide much improvement,
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4, Installetion of & windew in & § x Lh ft insulated wall decreased the effective {average)
. slr-to-alr thermal resistance of the cozbination by the following amounts:

£ Wipd Wominal. | Decresse in Effactive Alr-to-Ar
Peacription o naaw Eindou Thermal Renistance, hr ag rt °F/Btu
Area, %
without imposed with imposed
pressure differ- pressure differ-
ential ential of 0.25 in.
water
3 x § 't wood double-hung a2 5.5 9.2
gingle glazed window, locked
aame Window as stove, locked, iz 3.9 9.7
plug aingie glazed wood storm
windows
3 x 5 £t wvood double-hung 12 Lok 10.2
window, glazed T/16 1in.
dnsulating glase, locked
- 6 X 5 ft vood plcture window, 2 7.5 1.6
single glazed, divided light
6 x § 't wood plcture window, 2k 5.6 6.6
glazed 1 in. insulating gless,
aingle light

5. In the preasence 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 alr leakage.

4. 4, 2, Discussion
a, Walls

The results of the nine pairs {i.e., with and without Imposed air flow) of teats
conducted on two basic exterior wall constructions are given in Table 1. Seven of the test
paira correspond to wood siding wolla with differencea in’'sheathing, eavity insulation, and
uge of resilient chernel. The other two test pairas were on brick veneer walls with and
without cavity insulation, For two of the constructions, the test st 0.0 in, water:
pressure difference wag repeated.

Table 1 includes values for both the air-to~air thermsl transmittence and the
surface-to-surface thermal resistance, Both quantities correapond to the toinl hest flow
through the wall, i.e.,, no correction has been made for the heat tranaferred by the masp
flow af air. The thermal transmlttance values include the surface film ccefficlents given
in Table D-1 (1.2 to 1.8 Btu/(hr sq £t °F) on the hot side and 1.% to 3.1 Btu/(hr sq £t °F)
on the cold side},

Inspection of Table 1 clearly shows the importance of cavity insulation. In the
shoence of cavity insulation, the use of 3/4 in, foamed polystyrene sheathing resulted in
significently higher thermal reaistance than did the use of 1/2 in. wood fiber shesthing
{the improvemsnt would heve been proportionately much less if the foumed polystyrene
sheathing hed been used in combipnation with cavity inpulation), The uae of resllient
channel an the interior side resulted in a small improvemant (this would have been larger
for reflective faced inpulation). Brick veneer inereased the thermal resistence slightly
in the absence of an imposed alr pressure difference acrosa the wall but did not lead to 88
good performance aa wood siding when an air pressure difference vas present {note, in
Appendix D, the difference in air deokaga ).
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Table 1, Thermsl tranamittance and thermal resistance of various 2 x b in. wood stud walls
with 1/2 in, gypsum boerd on the interior surfuce. The nominnl mean temperature
wes 27.5 °F, 75 °F hotside, =20 °F cold aide.

Effective*

Deseription of |Description of Predpure Effective® Thermal

Exterior Burface|Cuvity Insulation Teat No. | Differential | Thermal Resistonce

Transmittance (surface to-
{alr=to-nir) sur faca}
in, water Bthhrj Btg“l hr
it ooF r1e°p

Redwood siding |None TT-001-71 0. n,105 3.75

over 1/2 ineh T7-018-T1 0. 0.19% 3.77

wood fiber TT-01G-T1 0,50 0,186 3.76

sheathing

Same as nbove Alfel Type 2B TT-pLk=T1 0. 0,125 6.58

inaet atapled T7-015-7 0.50 0,126 6.hg

Same as above Premium Brand TT-030-72 0. 0,091 9.62

3 in. Paper TT-031-T2 0.25 0.093 9.43
Enclosed Rock
Woel Bldg., Insul.
Same as above 31/2 in, Fiberglas | TT=-002-T1 0. 0.076 11.76
. Friction Fit Bldg TT-022-T71 a, 0,078 11.hg
Insul. pelyethylene | TT-023-T1 0.50 6.080 11.11
vapor barrier
Same ao abaove 3 1/2 in. Fiberglas | TT-038-72 0, 0.07h 12.05
Kraft Faced Bldg. TT-039~T2 0,25 0.075 11.50
Insul.

Sate as above 31/2 in. Fiberglas | TT-0he-72 2. 0.073 12,66
Krart Faced Bldg. TT-0h3=T72 0.25 .07 12.20
Insul. Gypaum Board
meunted on DO-B
resilfent channel

Redwood aiding |None TT-036-72 o, 0.224 6.62

over 3/ in, TT-037~72 0.25 0.131 6,25

Styrofoam TG

sheathing

Four=inch brick [Nonhe TT-065-72 o, 0.153 5.10

veneer over 1/2 TT-066-72 0.25 0.160 4.58

in, wood flber

sheathing

Same 31/2 in., Fiberglas | TT-089-72 0. 0.075 11.90

Friction Fit Bldg. T7-070-T72 0.25 0,065 10.63

Insul,, polyethylene
vepor barrier

* Effective thermal transmittence and resistance are the values cploulsted from measured

heat flow,

gge alr from cold side to warm side temperasture.

cluding air leskege.

(K

In pressure teata, this value includes energy consumed in heating the lenk-

See Table D-1 for complete data In-




The wood aiding wall Wwith Fibergles 3-1/2 in. R11 ¥Friction Fit Building Insuwletion
was teqted at three meen temperaturea; the results are rlotted in Figure 64, In the
sbsence of an imposed air pressure differential mcross the wall, the thermal resistance
whilch ic conwtrolled by the resiut:u}ce of the cavity insulagtion, decreases amoothly 'with,
Incrensing temperature as would be expected. With an air prefswre differentiel aof 0.5 in.
water, the thermal resistance drepped much foster with temperature. Inspection of the
f:t;ii;drfg;adin i['ubi.e D1, f;ppendix L, reveals that this decreage in thermal resistunce

rima u¢ Lo increased oir leaknge at hi .
e Y e b8 g higher mean iemperatures, probubly due to

Figure 65 phowa on infrared thermograph of the inside surface of a wGod giding wall
with cuvity insuimtion. In these thermogrephs, light eress are warmer than derk arensa,
The compsrator plates described at the end of Secticn 4.2 can be seen in the lower aenter
af the figure. The superimposed graph of temperature corregponds to the scan pogition
indicated by the white bar across the entire lower portion of the rigure. The i1rrogular
dark jertlcal burs correspond o coda regions caused by heat flow through the siuds.

b. Doors

The results of the tests on three deors and con a door plus atorm door are given in
Table 2. .In all cases, the wall in which the door was inatalled was a 2 x I in. atud well
with 1/2 in. gypsum boaré on the interior surface, 10 in. wide redweod lap siding over 1/2
in. thick wood fiher shesthing on the exterior surfpce, and Fiberglas 3-1/2 in. Friction
Fit Bullding Insulation snd polysthylene vapor horrier In the caviiy. '

The next-to-last column in Table 2 gives the effective thermal transmittence of the
wall/door combination -~ i.e., computed from the total heat flow, including that assoclated
vith air leakege. The lagt column gives the effective thermal transmittance of the dcov,
computed using equation (12) rewrranged as fellows

u = us - Uwa

P B
i)

where § and U correapond to the combination wall plus deer, Sw and U"r correspond to the
correspond to the penetration {door) above., The

’

(15}

basic wall cenatruction and SP and Up

thermal tranamittance of the basic wall constructlion was agsumed to be 0.077 Btu/{hr sq ft
°F) at 0.0 in. water {average of Tests TT-002-T1 and TT-022-T1) and 0.079 Btu/(hr sq Tt
°F) at 0,25 in. water (interpolation between Teat T7-023-T1 and TT-D22-T1). The ares of
each c)loor was taken as 20,0 sq £t (this corresponds to the door ocnly, not the door plus
Trame),

. Toaking at the effective thermal transmitiance (1.e., dncluding effects of air
leckege) of the doors only, it 1s seen that in the absence of sn imposed alr presaurd
& ffarence, the addition of a storm door to a solid wood flush door decresses the theymal
transmittence by about thirty percent. The doors with urethane foam cores have about
one-half the thermal transmittance of the solid wood door. Wilth an alr pressure
differential of 0.25 in. woter, the FRP door with a foam core wag much better then the
other doorg, in large part due to the smeller air leakage,

¢, Windows

The results of the tests on windows are given in Table 3. The well in which the
windows were insiplled wes of the aame ccnstruction us that in which the doors were
‘instelled. The thermal transmittance of the windows wns computed using equation {15) and
the game values for the thermal tranamittence of the basie wall construction as were used
in the caleulations for doors. The aash ares of the windows was used in computing thelr
effective thermal reslstance —- 12.7 8q It for the nominal 3 x 5 £t windowa and 25.6 ag ft
for the nominal 6 x 5 ft windows.

There were no lorge differences between the performance of locked and unlocked
windows, In the absence of nn imposed air presswre difference, the addition of & storm
aasly or the use of insulating glace offered about the amme improvement over ceonvenilonal
single glazing. The imposed air pressure drastically increased the effective thermal
transmittance of the opepable windows. :
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Figure 65, Infrured thermograph of warm alde of wall insulnted with 3 1/2 in, Fiberglus
Friction Fit Insulation, Comparator teppersture difference: 2.1 °F,

Filgure 66. Infrared thermograph of warm slde of wall {npsulated with 3 1/2 in. Flberglaz
Friction Fit Insulation, penetrated by a double-huny wood window, 3 x & ft,
single~gluzed, logked. Coppurator tempersture difierence: 2.0 °F,

60



R

Table 2. Thermaol transmittance of doors and wall/door combinationa,

The wall was & 2 x 4 in.

gtud wall with 1/2 in. gypsum™boerd-en the interlor surfacs, redwopd 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.

were not sealed. All doors wera 1 3/4 in. thiach. 3 £t vide, and 6 t, ﬂ in.

high. The nominal mesn tempsrature was 21+5

The doors

Effective® Thermal Transmittance

(air-to-air)
Pressure Wall/Door
Degcription of Door Test No. Differential Combinaticn Dosr Only
in. water Bty bt £t72 ot | Beu net g2 opt
Solid wood flush door, | TT~-045-T2 0. 0.117 0,33
brass weatherntrip TT-050=-T2 0.25 0,279 1.33
Same &8 above plus TT=055=T2 O. 0.100 0.22
aluminum storm door TMr-056-72 0.25 0.236 1,086
Steel flush deor with TT=059=72 o. 0.092 0.17
urethane foam core, TT-060-72 0,25 0.202 0.85
magnatic gasket
Fiberglos Reinforced T-063-72 0. 0.093 .18
Plastic panel door with | TT-064-T2 0.25 0.1368 ks

urethane' foam core,
plostic axtended
weatherstrip

#Effective thermal transmittance is the velue caleulated from memsured hest flow, In pressure
tests, this value includes energy consumed in heating the leakage air from cold side to
Bes Table D=1 for complete data including eir leakage.

warm aide temperature.

Note: Oare should be token in using these sxperimentally-determined values for design pur= ]
poses since the film cecefflclents were plgnificantly different than for most tabulated

depign data.
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Table 3, Thermal transmittance of windows and well/window combinationa.

The wull was B

2x b in. stud wall with 1/2 in. gypsum board on the interior surface, redwoed
giding over 1/2 in. wood fiber sheathing on the exterior aurface, and Fiberglas
3 1/2 in. Friction Fit Building Insulation end polyethylene vapor barrier in the

ecavity, The windows were not scaled.

The nominal mean temperature was 27,5 °F,

Effective® Thermal Transmittance

{air-to=air)
Pressure
Window Deseription Test No. Differentinl ggﬁ{:{;:fg: Windew Only
in. water Bta bt 1672 op~l | By ppd g2 opt
3 x 5 ft wood double~ |TT-020-T1 0. 0.122 0.6%
hung single glazed TT-021-T 0.25 0.293 2.22
window, locked
Same as mbove, but TT-02k.T1 0. 0.136 0.67
unlocked TT=-025-T1 0.35 0.340 2,69
Same window as above, TT-026-72 o, 0.110 o.h1
locked, plus single TT-027=T2 0.25 0.3k3 2.72
glazed woold storm
window
fSame as above, but TT-028=72 0. 0,11k 0.45
unlocked TI-029=T2 0.25 0.h01 3.30
3 x 5 £t wood double- | T7-032-72 0. 0.116 0.55
hung window, glazed T-033~T2 0.25 0.h05 3.3h
7/16 in. insulating
gloss, locked
Same as above, but T-034~T2 0. 0.117 g.h8
unlocied TT-035-~T72 .25 0.501 5,30
6 % 5 ft wood pleture | TT-040-T2 0. 0,183 0.61
window, single glazed, |TT-046-T2 0.25 0.198 0.67
divided light
6 x 5 £t wood pleture Tr-04h=T2 Q.. 0,135 0,37
window, glazed 1 in. TT=0h5-72 0.25 0.165 0.51
insulating gless, single]
light

* Effective thermsl transmitiance is the value caleculated from measured heat flow, In
Fressure tests, this value ineludes energy consumed in hearing the leakage air from
See Table D-1 for complete data including air

cold aide to warm side temperature.
leakage.

Note:

ted design dota.

Bz

Care should be taken in using these experimentally-determined velues for design pur-
poses eince the tilm coefficients were significantly differsnt than for most tabula~



Figure 66 shows an infrared thermograph of the inaide purface of o wood siding wall
penetrated by a single-~glorzed 3 x 5 £t double<hung window,

4, 5. Comparigon of Results with These of Other Tnvestigations

Rather thap attempt to compare the above data with literature data, ns wes done in the
case of sound tranasmission loss, selected date will be compared with values caleulated
using the tables and pracedures in the 1972 ABHRAE Hundbock of Fundamentalp [BS5). Thene
design heet transfer coefflcients ond procedures represent o cansensus of many experts and
thus implieitly include carefully evanluated experimentnl data, hoth published and
unpublishad., For the walls without penetraticna, the comparison will be done on the basis
of surface-to~purface thermal resistapce. For doora and windows, the comparisen will be
done on the basid of sir-to-aly thermal tponsmittance with an adluatment for surfacge £Llm

coelficients.

405 L Walls

The ASKRAE caleulntion procedure invelves adding up the neries thermal resistances
along two parallel heet {low paths V(t.hrough the studs and through the cavity) and then
combining these parallel Tesistances using equaticn (13).

For the uninsulated stud wall, this enlculation proceeds as follown:

Path through Stud ‘ Path through Cavity
Thermol Thermal
Matericl Resiptance Moterinl Reslotance
Bu™ he £tf OF peut nr £ef OF
1/2 in. gypsum board Q.45 1/2 in. gypsum board 0.5
2%k in. atud 4,35 3 1/2 in. air ppace 1.0 {approx.)

1/2 in, cheathing 1.32 1/2 in. sheathing 1,32
5/8 in, wood siding 0,93 5/8 in, wood siding 0.93
Total T.05 Total 3.7

Asguming the studs cccupy 10 percent of the tetel wall area, equetion {13) ylelds
' 1

R,

80 that R = 3.9 hr sq £t °F/Btu, The averege measured velue {see Table 1) was 3.77 hr sq It
°P/Btu The agreement is better then might have been expected since the values for the
resistence of the air space [85,99] are not well known far tempernture differences an large

o5 Were used in the preaent investigation.

In wrder to prediet the thermal resistance when the cavity is filled with "R-11
insulation", the thermal resistance of the sir space is replaced with a value of 11,0 hr ag
f+ °F/Btu and the sbove caleulation repested, yielding an overall thermal resistance of 12.5
hr aq ft °F/Btu which is 1n good ngreement with the range of velues (11,46 - 11.94 hr sg Tt
°F/Btu) mensured for 3-1/2 in, Fiberglas inaulation in the sbaence of an imposed air
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preasure dlfference. (B8til) better agreement was obtained when measured values
[116,117] were used for the thermal reaistmnce of the cavity insulation.)

1. 5.2, Door

Teble 9 in Chapter 20 of the ASHRAE Handbook of Fundamentals [85] tabulates overall
air-to-air thermal tranamittences for several kinds of dcors. These design values
correapond to "atill air" inside but a 15 mph wind outside while the experimental values in
the present investigation had slowly moving air on beth sldes. Accordingly, for

comparison, the dntae from Table 2 have been adjuatedw to correspond to the ASHRAE
conditions, Table b ghows the comparison, It 18 seen that the agreement is quite good for
a wooden door, with and without a atorm door. The steel deocr with a urethane foam core in
the present investigntion is acen te 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 transmittences for

several kinds of windows. These values are compared with acjusted (see Section k.5.2)
values from the present investigation in Table 5. The agreement 1s seen to be quite goed.

l—u/By using equation {10), subtracting a film resistance corresponding to & still=
air film coefficient of 1,46 Btu/(hr aq £t °F) and adding o film resistance .
correnponding to & surface film coefficient of 6.00 Btu/(hr sq £t °F),

8l



Table 4. Comparison of ASHRAE deaign values [B5] for thermal tranamittances
of doors with the results of the present investigation (without an

1mpoped air pressure difference).

Effective Thermal Tranmmittence

ABHRAE Present Investigation
Description of Door [85] [edjusted from Table 2]
Btu het £672 OF7F | Btu net o678 ot
Solid weed, 1 3/k in. 0.6 8 0.4 °
812 wozd, 1 27k i, b.31 " 0.25 7
Plus metal sterm door
Steel, 1 3/h in. with 0.h0 0.19 b

urethane foam core

& Interpolated

P Adjusted (see text) to an outdoor murface £ilm coefficient of 6,00

1

Btu hr ~ ft

=2 opd,
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Table 5. Comparison of ASHRAE design values [85] for thermnl tranemittance
of windows vith results of prededt investigation (for-locked windows
without an imposed air pressure differences . The designation '80%
glass" or "L00% glass" corresponds to ASHRAE adjuntments baned on
portion of oesh aren which 1s glazed.

Effective Thermal Tranamithance
ASHRAE Present Investigation
Description of Window [89] [ndjusted from Table 3]
Btu mel £t oF"Y | Bgu net re”@ opd
Bingle glazing, 80% glean 1.02 0.96 2
.02 u.89 "
7/16 in. insulating glazing, a
80% glass 0.66 n.62
1 in. ineuleting glazing, a
100% glass 0,56 B RS
Bingle glazing plus wood storm a
window, 80% glags 0,50 0.52

B Adjusted (see text) to an outdoor surface film coefficient of 6.00
Btw T 1677 op L,

Y 3 % 5 £t double-hung windov

© 6 x 5 £t pleture window
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5. Air Leakage Tests
5. 1. Background

Adr leekage into (Iinfiltration) and out of {exfiltration) buildings is of concern
because It incresses the cost of winter hemting and summer cooling, creates drafts, and
makes difficult the maintainance of a controlled relative humidity. Condenaation within
walls ané between panes of double windows, resulting from exf{iltration during cpold weather,
can damage the buflding. Alr leekage nlso determines the entrance and exlt of smoke and
odors and is important with respect to rain leakege and dust penetration. The sound
insulntion provided Ly exterior walls is greatly influenced by the existence of paths large

enough to allow significunt alr leakage.

Chapter 19 of the ASHRJI\E Hendbook of Fundamentals [B5] discusses sir infiltration and
glves numerous references to the literature. Other references of interest include [103,
1zp-124].

Alr inriltration and exfiltratlon result from air pressure differences between the
inside and cutside eof a building., Such pressure differences result from air flow around and

over buildinge and from air density differences caused by temperature differences between
the dnside and outside alr. For air at atandard density, the stagnotion pressure ie related

to wind speed by
p, = 0.000162 v¥, (16)

where v Is the wind veloelty and Py is the stagnation pressure, or velocity head (in.
Values of the stagnation pressure for winds from 5 to 25 mph are given below:

woter),
Wind Speed Stagnation Pressure
mph in., water
5 0.012
10 0,048
15 . 0.10h4
20 0.193
as 0.301

According to [85], pressure may vary from +0.5 P, to +0.9 p, on the windvard mide and from
-0.3 B, to -0.6 p, an the leevard slde for simple squarst or rectangular buildings, depending
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, te =0.9 B,

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

The air leskage due to a given preassure difference may be expressed as
v = clap)™, (a7
where ¥V is the volumetric flow rate {(e.g., c¢fm), C im & proportionnlity constant, Ap is the

indoor-to=outdoor pressure difference and n is sn exponent Petween 1/2 and 1. In the United
States and Canada, alr leaksge cliaracteristics of windows are usually expressed ag flow rate

per foot of sash crack.
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5. 2. Experimental Procedure

ABTM E263-73, Btandard Method of Test for Rate of Air lLeakage Through Exterior
Windows, Curtein Walla, and Doors [125], covers the determinaticn of the resistpgnce of
extoerior windows, curtain wnlls, and deors to mir infiltration resulting from air pressure
differences. This test im applicable to any curtain wall area, or to windows or doors
alone, and consists of sealing a teat opeclmen into or against one face of an air chamber,
supplying air to or exhauwsting alr from the chamber at the rate required to maintain the
specified tept pressure difference across the apecimen, and measuring the resultant air

flow through the specimen.

The following describes the procedure used in carrying out air leh.ka.ge tests in the
sound tranamission facility. An essentially similer setup wes used in the thermal test
facility. !

The facility for oir infilirallon messwrement is pableried after Ay E-283. fThe
pressurized airtight chamber specified in the Method consisted of the entire source room
used normally for sound tranomigsion tests as deacribed in Section 3.2. This room is !
nornally well sealed for sound leakage and was made more airtight by ceulking and teping ;
all openings and installing new gosketing 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 astatic
pressure, driven by a Dayton 6-K=011,1/2 HP variable speed motor with speed continuously
varigble from 500 toe 5000 rpm wap used. Air flow into the room wes measured by a

-calibrated orifice plate and a pair of flanges with pressure taps, manufuctured by Foxbora

Company. The pressure difference acroas the orifice plate was measured by a Dwyer Model
L2k=10 inclined manometer, having a slant range of 0-2 in, water gauge in a scale length of
20 in., plus a vertieal range of 2.1 to 10 in, The alr flow metering section wag based on

.etondard 3 in. pipe (3.068 in. ID) and was designed atrictly as aspecified in [126].

The air vag delivered to the room through & 3 in. elbew which was inbedded in the

-concrete wall during building conastruction. This elbow was connected to the metering

gection by the intermedinte pipe connecticns and duct work. The interior side aof the elbow
wae fitted with & threaded plug which could be used to test for any leskage between the

.metering sectien end the room. For air delivery, the plug was removed.

gtatie pressure in the roop was meapured with a Dwyer Model 200.5 slant manometer
having & range of O-1 in. and s stale length of B in. The manometer was connected to the
reom interior through a smell pipe opening breviously existing in the eoncrete wall., This
opening was atout 30 in. gway from the eir delivery point,

In conducting a test, the fan apeed was net to preasurize the reom over a range of 0.1
to 0.7 in. water above atmaspheric pressure Iin steps of approximately 0.1 in. water.
Points of eir flow in cfm versus pregsure were plotted and & smooth curve drewn through the
points. The intersections of this cirve 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 surrcunded the test
speeimen; nemely, the gypsum beard filler wall used for the early teots and later two
separate constructions of the woed slding exterior wall. In 8ll cases, the walls were
thoroughly sesled with two coats of shellac or paint. When windows of various pizes were
tested in o given wall, an opening was eut for the largest, and the excess area for the
amaller units vas filled in with gypsum board whieh was shellacked. Care was taken to seal
the Jointse at all surface dibcontinuities as thoroughly as ponalble, Measurements of
repidunl leakage for the entire room, over the pressure range from 0.1 to 0.7 in. woter for
the three unbreken wallp showed the folloving: '
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L PRESSURIZED ROOM
SEALED WOOD SIDING WALL —— 4400 fr
126 f12 |
WINDOW SPECIMEN ———t
[ GASKETED DOORS
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FLOW METER. 9
PRESSURE
VARIABLE ALR SUPPLY MEASUREMENT

Figure 67. Experimental setup for measuring air filtration of doors and windows in the
sound tranasmisgion facllity.
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Wall Alr Tlow

£t3 min™t

0,1 in, water | 0.3 in. water [ 0,7 in. wnter

Cypsum bonrd,.shellacked and

painted 1 2.4 b7 7.9
Wood siding wall No. 1, painted 2.4 5.1 9.0
Weod siding wall Ne. 2, painted a.1 3.0 5.3

Tor each test of a window, Interpelated values of reaidual leakage vwere subtracted from the
cveral} measured ailr flow, it being assumed that the residual leakoge was not changed by
the use of gypsum board filler aress or by any of the resulting Joints.

5. 3. Calculation Procedures and Uncertainlies

Alr flow rates were determined from the celibration of the orifice plate (zee below);
preassure Aifferences rcross the orifice plate and between the scurce end recelve rooms were
read directly from the manometers. Thus Nho speclal caleulation.procedures were required,

‘The Foxboro orifice plate was 'supplied with a cglculated cnlit.amtion point of 50 efm

at standard conditionalﬁ/ at a pressure drop of 2.0 in, water. A calibration curve was
drawn from this point with m logarithmic slope {¢fm versus in, water) of 0.5, This curve
wes then compared with readings of a Meriam Laminar Flow Element, Model 50MW2Q, which wns
ploced wpstream of the orifice plate, having a nominal range of 20 efm at standard
conditiona, These readings agreed with the Foxbore calibration curve within plus or minus
2 percent between T and 20 ¢fm. Below this range, the logarithmic slope of the orifice
curve beceme nonlinsar, and the Meriom rendings were uased to extend the calibretion curve
down to 2 cfm. Above 20 cfm, the calibration curve of the orifice plate was uzed as
supplied. The cecuracy of the overall calibration curve of cofm at stondard conditions
versus pressure drop acrocss the orifice plate was taken as plus or minus 2 percent.

The laboratory environment during the test program wes maintained at Th +e °F and 50
#5 percent relative humidity, At atapdard barometrie pressure (25,92 in. Hg), these
conditions, if not corrected to standard cenditions, correspond to an error of -0.T percent
in air flow measurement. 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 conaiderably larger uncertainties in the test measurements, no corrections were
made in the sctunl tests from room sir to standard afr,

Inaccuracies in the test procedure arose from several causes and were observed chielly
at low flow rates and low pressure drops acroas the specimen. Contributdng causes were;

(1) Fluccuu.tion of pressure difference across the ppecimen due to guats of w.l.nd cutdoors,
causing poor rendability of both air flow and room pressure.

{2} Uncertainties in the exact value of reaidusl eir flow. At low overell flews not much
. larger than the net flow being measured, the net flow would be pubject to considerable
error due to an unknown change in the residual leokege.

As a rough estimate, the esceuracy of the methed can be placed at about 0.5 ¢fm, or §
percent, whichever is larger. In view of wide variability of t:aat specimenns themselves,

- this mccuracy appeared acceptable for the purpeses of the program,

wDenuteu dry alr at standard conditions; pressure -- 29.92 in. Hg.; Temperature
- 69,0 °F; Density -- 0.075 lb/cublc ft.
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5. 4. Results

Seporate teats for alr int‘iltration-:'-'é/ were run in the sound tranomission and thermal
transmlasion facilitles, respectively. TFor the former, one of the two rooms comprising the
facility wna pressurlzed over a range of 0.1 to 0.7 in. water, and air flow mesnured at
normal room temperatures, T5 °F. These teats were run only on the doera and windows.

Early air infiltration tests in the thermal transmission facillity were run at o
pressure of 0.5 in., water. They were run at the same hot and cold side temperstures used
for heat transmission measurements, 75 °F ané -20 °F, except for two tests at higher mean
temperatures. Alr pressure was lowered to 0.25 in. water when it was discovered thet come
of the window units required grenter volumss of dry air than the equipment could supply.
Infiltration tests were run beth on unbroken walls and on combinations of a wall with deor
or window. The doorn and windows were normally mcunted wlthout specinl sealing.

Alr Infiltration dote mensured in the sound transmission facility are given in
Appendiy E i the form of ftaklea nf afr flaw versus pressure drop, The alr flowsg at 0.1,
0.3, and 0.7 in. woter presawre are listed ip Table E-1 for doors and Tables E-2 and 2-3

for windows.

Alr infiltrations measured in conjunction with thermal tranamicsion at pressures af
0.25 and 0.5 in. water are listed with the thermal dnta for each tegt construction in

Appendix D.

5 4. 1. Summary anil Conselusions

The follewing observations relate to datn taken in the sound tranamission facility:

Alr flow meassured through mccurately gnuged cracks around & window was found to be
closely propertlonal to ¢rack widih and length and to a power of the room pressure

ranging from 0.5L to 0.72,

a.

In the following, the eingle-number ratinge for air infiltration through doors and windows
tested in the sound transmiszslon faclility are given ns net air Tlow in cfm for o room
preassure of 0.3 in, wvater on the exterior side.

A 3 x T 't wood door unit with spring brass weather strip supplied with the frame, and

b.
hulf-round plastic thresheld strip, shoved an aversge of 10 cfm, Thin was the lowest
value obitzined for o normally fitting door. A lower velue wan cbtained for o slightly
overslze door which made a forcing rit with the frame,

c. A gteel-faced door with magnetic woenther strlp supplied with the frame wnd three soft
plagtic threshold wiping otrips, tésted at 15.4 cfm,

d. Addition of an wluminum storm door with minimal weather etripping lowered the alr flow
by only about 2.5 cfm.

e. All of the operuble windows, including the gliding glass door but not the jalousie
window, covered o range of' approximately 5 to 25 cfm locked and 5 to T0 efm unlocked.
The Jalousle window tested at 83 cfm.

f. Additlon of storm sash made only & negligible reduction in air flow for the windows
tested,

g+ In some cages, locking the window ilncreaged the air flov, due to twisting oy

dfaplacement of the aash,

Ej&‘leaaurementa were made only with air flow in the direction corresponding to
infiltration as oppesed to exfiltration (see {124,125]),
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5 4 2 Discission
a, Doors

All of the nir infiltration tests on doors were made with the doors normally clesed.
The teats Invelved three types of weather strip and twe threahold seels, The data for
preapure differences of 0.1, 0.3, and 0.7 in. water are gilven in Table E-1 in Appendix E.

For three weod doors in the amme frame ond against the same apring brass weather strip
and half-round plagtic threshold seal, the air flow at 0.3 in, water ranged from 8.9 to
11.4 cofm. This amounted to a test for repeatability of interchanged doors and normal

cloaings.

Replacing the bress weather strip with the extruded plastic ssrip in the same frome
and with the gome wood door rained the air flow to 19,8 cfm. The plastie strip, however,
could not be Instelled exaetly In accordance with its design, and this may account for the
higher air flew, O€n the other hand, replacing the weod door with an FRP pansl door in il
come fieive and aguinst the plastic weather strip lowered the alr flow to 4.0 cfm. Aa noted
in Table E=1, the FRF door wag somewhat oversize and mnde & very tight fit against the

weather strip.

The steel deor in its own frame with magnetic weather strip and soft plastle fingers
¢losing the threshold showed somewhat higher air flow {15.4 efm) than the wood deor in its
own freme with brass weather strip and half-round threshold seml.

The addition of the aluminum storm deor to the wood deor with plastic weather atrip
lowered the air flew only from 16.8 to 17.2 efm. The storm door had only minimal weather
stripping, consisting of & thin plustic strip on three sides and a single soft plastic
Tinger at the threshold.

b, Windows

Arfiow teats were run on the same set of perimeter cracks around the plcture window
on which gound transmission was messured. 'The results are plotted in Figure 68, phowing
airflow in ofm per foot length of crack as o function of rcom pressure for each crack width
and length., The data were corrected for residumrl 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. cracka. Where datm uorres-
ponding to two crack lengthe are ahown for the same crack width, there is good agreement
between the ecrresponding airflows per unit length.

The same dats are shown in Pigure 69 for a congtent room presaure of 0.3 in. water,
as & function of crack width., The sirflov was roughly proportional o craclk width over the
range measwured, the deviation from strict proportionality being indicated by the departures
from the straight line drawm through the deta pointa. Taking the straight 1ine ua an
average, and assuming an average logarithmic slope of airflow versus pressure af 0,56, the
following empiriesl equation may be used as an approximation to the data;

{££3 min~) per foot length of crack = 284 w p@°0

' 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 efm for
the fixed casement window to §2.6 cfim for the Jelousie window. BSince the latter hed no
proylaion ip its design for sir sealing, it should probably be c¢ensidered only as an
extreme end point in the test series. Cmitting this windew, the highest airflow for locked
or latehed windows was approximately 25 ¢fm for the woed double hung window locked and 70
e¢fm for the same window unlecked, This was o typical low-cost windew purchased at the

local lumberyard.
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The wood-plagtic windows wers much better, showing S to 6 cfm both locked and
unloeked, The awning and operable casement windows of ‘the wood-plastic type range@ up to
10 efm for the locked or tightly closed condition, and the sliding gloss door measured 16
and 17 e¢fm, locked and unlocked, respectively. :

The aluminum windows covered a wide range from 5.6 ¢fm for the oingle hung window,
locked, to 4,6 for the operable casement window, unloeked, Although not enough samples
were tested to moke generallzations, it appeared that ap o group the aluminum windows were
roughly between the plain wood and the plastic-wood windowa.

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 sashem eénough to cause a larger leak around each sash perimeter,

For nwning and casement windows, which open ocutward on hinges, it was noted thatw
inereasing room pressurs on the exterior side sometimes tended to close the windows more
tightly. Thip 1A shown elearly in Tohle E-0 in Appondls E,

Table E-3 in Appendix E shows data chtained on the eflect of opening an awning window
by gauged amounts. The opening was gauged by inserting shims at the bottom of each smsh.
The data were not reproducible, however, since a répent with different snahes in the same
freme showed much leas change in mir flow for the seme openings.

In general, all of the air infiltretion data, becruse of the limited and more ar leas
random sampling of windows, should be considered as fllustrative rather than definitive,

Direct comparisons of air flows measured in the sound transmission facility at room
temperature with thoee measured in the thermal facility were made for one window and three
doors. The results, with the sound-tranamissicn~-feeility data corrected to 2 gcommon bagis
of 0,25 in, water pressure, are cg fellows:

Thermal Two«Room
Tegt No. Uniit Tested Facility [« Facility

' re3 min~l| £t3 pin™t

TT=033~72 | Wood double~hung window, glazed
’ insulating glesa, locked Lo g

TT-035-72 | Bome, unlocked S0 g2

Tr-050-72 | Solid core wocd deor, brasa
weather strip 22 9

TT~-060-72 | Bteel deor, urethane foam core,
magnetie weather atrip 15 1h

Tr-064-72 | FRF panel door, urethane foam core
plastic weather atrip T 3

There 1s only very rough ogreement, 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 necesserily be expected. The 95 °F temperature differential for
the thermal tests should be expected to cnuse dimenasional distortiona which could grestly
alter perimeter leakage characteristica [122],
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5. 5. Comparison of Results with Those of Other Investigations

. Bacause of the lerge varlation dn lenkage rates among windows, depending upen deaign._
fabrication and installation, there is little point in & deteiled comparison of the present
datn with that of previvus investigations.

The ASHRAE Handbook of Fundamentala [B5] glves the denign values, for double- hung
wood windows, chown in Figure 70. The ranges of values shown correspond to "average f£it"
te "loose rit". ASHRAE also gives rough equivalences between other types of windews and
the wood double-hung windowa, Figure 70 also ghows, for comparisen, deta from the present
investigation Tor locked wood and wood-plastic double-hung windows na measured in the aound
transmisnion feeility. The reader interested in more detailed comparisons sheuld censuli
(120-124] and the references therein and in [85), In wddition, comparisons cen be made
with industry specificetions put out by the Architectural Aluninum Manufacturers Associatlon,
the National Woodwork Manufacturers Asascciation, and the Mobile Homes Manufacturers Associa-
tion.
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6. Correlations among Sound Transmission Loss, Thermal Transmillance,
and Air Leakage Test Results

6. 1. Sound Transmission Loss and Air Leakage

Section 3.5.% includes a brief discussion of gound tranamission through cracks of
known geometry. In general, however, ¢racks around deors and windows and leaks in walls
will be of unknown gecmetry and some means ig needed to eatimate the effective size of the
eracks. This need was a prime motivating facter in conducting the air leakage tests in the

sound tranamission loas faellity.

The following rather simplistic approach was found to lead to an alequute correlation
between sound transmission less data apd air leakage data,

Assumpeisn 1 Deslgn caleulstiona on the effects or erachks and opeﬁingn on the
effactive sound transmission loss can be based on e single-figure rating, e.g., Sound
Transmisailon Class, and detmiled erfecta at different frequencies ¢un be {gnored.

From equatlon (4), one can write
L] o S - "

To*8, ® TS - 1,45, (28)
where * 1g the effective sound trenamisslon coefficient of the leaky window of area S, -rl"
1o the effective transmission coefficient of the sealed window, also of area 5, and 12" i3
the effective tronamission ccefflcient of the crack of area 5_,. The asteriask on each™r
indicates that the transmisaion coefficient 1s that eorrespanging to the sound transmlusicn

class, i.e., BTC = 10 log (1/t*).
Taking logarithma,

~STC/10 -STCl/.'LO
-10 -10 log 5/8, {(19)

S'I’Ca ~ 10 log Saisu = =10 log [10

where the reference area is Eso =1 ft2 and where 8TC, STC., and STCE are the Sound
Transminsion Classes of the leaky window, the sealed wind%w, and the leak, respectively.
Sinee B,, the leak area, is not known, one cannot compute AE;'JEC2 but one can obtain, using

equatiofi (19) the quentity (ST02 - 10 log 52/30)'

. Asgumption 2 The Sound Transmisaion Class of an apening is approximately
independent of the size of the opening; thus the pound power {in an "STC-sense')
transmitted through an opening is proporticnal to the area of the operning.

Assumption 3 Typical leaks are sufficlently nlike (e.8., in terms of depth) that, at
a glven pressure difference, the alr leakage rate ip proportionsl to the area of the

npenlng.
Aggumptions 2 and 3 lead to

THS, = KV, (20)

where V ig the air leakesge rate at some particular pressure difference and X is o constant
relating the leckage rate to the (unknown) erack size. Again taking logarithms

82C, ~ 20 log 8,/5, = ~10 log K ~ 10 log V/V , (21)

where Vo = 1 cfm.
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Flgure T1 shows the quantity (S‘I‘C2 - 10 1mg 52), ag computed from equation {19,

plotted va «10 log V/V_, where V is the air leskege rate (cfm} at o pressure differehce of
0.3 in, water. The dngu. points plotted include all tests on doors or windowa without storm
gashes where the effect of the lesk wes sufficiently severe as to lower the Sound

Tranamisasion Clunal'l/ by et leagt 3 (it wns I'elt that the experimental precision did not
dllow relisble determinations of 5TC, - 10 log 3, lor amaller differences), As will be

seen below, some of the date with a storm window or door in place did not lie close to the
line in Figure 71 so no data corresponding te storm windews or doors were included. {These
data are shown In Figure 72, below.) The polid dota points represent "normai" Jemks which
ogourred for closed (locked or unlocked)} windows. The open dnta points correapond to the
artifiecial cracka around the 6 x 5 £t picture window wnd the 3 x I £t wond-plastic awning

window.

The solid line in Figure 71, which was Titied to the solid data polpts, corresponds
te (cf, equntinn {21))

a

87C, - 10 log 52/50 = 26.0h - 10 log V/Vo. {22)

2

The daghed lines are 3 dB mbove and below the solid line. Substituting equation (32 ) into
{19 ) and rearranging,

STCJ_

_ . .00229 V/§
STC = 10 log [1 + e | (23)

where, es before, V 1z expreased In cfmat 0.3 in, water end 5 in sq ft.

Figure 72 shows the predicted change in Sound Trapsmission Cluss, ns computed from
equation (@3 ) plotted vs the ectunl obperved change. The agreement for experimental
changes greater than 3 ia to be expected, of course, at least in the absence of astorm
vindows or doors, since these are the same datz ns were used in deriving equationn (22) and
{23). Ao stated previously, experimental values less than about 3 ere subjeet to
congldersble uncerteinty. Ignoring these amall values, which are of 1little practieal
concern anyway, almoat hll of Lhe experimental data lie within + 3 of the prediction., The
mogt notable departure from agreement corresponds to the solld core wood door plus aluminum
storm door (Tests W=-h0-72 (unsepled) and W-41~72 (sealed)) wherc the experimental value was
about 7 less than thet predicted (i.e., the prediction crred on the conservatlve side).

The data in Figure 72 indiente that equation (23) may be used with some confidence in
predicting the effeact of cracka on the Sound Transmission Claas of doors and windowe from a
aimple measure of the air leakage rate. A fomlly of curves, generated using equation {23),
ig shown in Figure 73. These curves clearly show the large influence of air leakage on
elements which otherwise have a high sound tyunomission logs.

Ag an expmple of the use of Figure 73, congider a window cf area 15 ft2 having &n
{nherent (i.e., when sealed) Sound Trangmlssion Class of 30. If the measured alr lenkage

rate was 30 cim ot 0.3 in. water, V/5 would be 2.0 ft/min. Entering Figure T3, this in
seen to correspond to & decreese of 7.5 In STC so the predicted value would be 22.5 {or,

rounded down, 22).

Seifert [127] hes published a nomegram for eatimating the effect of air leakege of
the sound transmission Joss of windows, Since his procedure is bnsed on a pressure
Jdifference of 1 mm water (lower than was examined in the present investigation) and he is
interested in the averege sound tranamission loss from 100 to 3150 Hz {rether then the
Bound Transmission Class) a divect comparisen is not easy to make.

w'l'he Scund Tranemiscion Class wus computed “exactly" vather thun to the nearest
1 dB and the "-8 4B rule" was ignored in order to avold introducing spuricus
scatter into the daota,
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Figure T3,

STC, —STC

V{5, ft min,"

Expected decrease in Gound Transmission Clesa 8s a function of air leakege
rate divided by area.. The air leakage rate, V, measured according to ASTM
E283-73 [125] is expressed in sefm at a pressure difference of 0.3 in. water,
The window or door area, S, is in sqg £t. 'The parameter on the curves is the
Bound Tranemission Class of the sealed uhit (window or doer).
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Perentheticnlly, there might be an advantnge te using, as Seifert did, a much amaller
pressurs difference in the air leakage tests since thete would then be less: chence of the
pressure difference opening or closing eracks so as to change the effective crack size from
vhat would be present during sound transmission loss tests. IHowever, air lepksge at a
pressure difference of 0.3 in. water is o commonly clted value in the United Stotes and
Cannda so it was used in the present rorrelation.

6. 2. Thermal Transmittance and Air Leakage

Table D-1, in Appendix D, includes values of the apparent amount of net heat flow due
to nir leakage, as computed from equatien {14). It is geen that for many of the testa on
walls with penetrating doors and windows, the heat flow ansociated with lenknge is mueh
lerger than that due to thermsl conduction, Thua it ia important to mccurntely onnsesa the
influence of air lenkage on the effective thermal transmittance.

Let U and U' designata the sffactive thermol +ranzmittance of a wall (lueluding uny
penetrations) in the mbsence and presence, respectively, of afr flow through the wall,
Then, from egquations (9} mnd (14) it follows that

gl oY= 1.08%’- Bty ket £e°2 op~l, fal)

where ¥/8 ia the volumetric flow rate (scfm) per unit aren (ag ft) of wnll. Figure TY shews
the experimentally-determined increase in thermal transmittance, for all the pairs of tests
{with anéd without nn imposed pressure difference) in Table D-1, plotted vs the increase
predicted by equation {24). Log-log paper was used 10 as to make the fraectional error in
the prediction more evident. It 1la seen that the experimental values fall well below the
predieted vealues for very low flow rates but thet the agreement becones asymptotically
better {as regards fraocticnal, not sbsolute, error} for large flow rates, It ia not
apparent whether the behavior exhibited in Figure 77U i{s correct or ism due to experimental
error {e.g., undetected alr lenks or systematic errors in air flow measurement). Bursey and
Green [122] have obgerved rather similar behavior in their measurements on double- glazed
windows., They attribute 1t to partial heating of the nir as it passes throngh the space
Letween the windows but thelr arguments are not very convineing.

The following equation wad modified empirically from equetion (24) to account for the
cbaerved behavier in Figure T4:

Ut -t =093 2T Bty el 72 op7l, (25)

The value, 0.7 ofm, which iB subtracted rfrom V in equation 25 is consistent with a messured
value of cold box air leakage of 0.6 cfm for the one test setup for which this measurement
was made, This leakage probebly varies from test to test but is belleved to have always
been leas than 1 cfm., Although, ns shown in Figure 75, equation (25) more’ accurately
conforms to the results of the present investigation then dees equatien (2h), it should net
be used for predictive purposes pending a better understanding ss to why the proportionality
congtant {0.93) io less then would be expected (1.08}.

6. 3. Sound Transmission Loss and Thermal Transmitiance

Acoustical and thermsl energy transfer through walls, doors, and windows obey very
different physicnl principles so one should not expeat very good correlation between sound
transmission loss and thermal transmittance. Hewever, in considering nlternative
conotructions, it is uwseful to compare these two properties.

Table & lista Sound Tranamission Class and thermal transmittance at 25 °F for those
basic walls, doors, and windows (no combinaticna) for which comparsble dnta were obtained.
These same deta are plotted in Figure T6. Although, as expected, there is conaidersble
scatter, the overnll trend of the data is important to remember ~=~ good acoustical
performance (high BTC) ususlly implies good thermal performance (low thermsl transmittance).
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Figure Th.
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Figure T6.
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Table 6, Comparifson of sound transmission loss deta and thermel transuittance

data for walla, deors, and windows.
correspond to the pealed condition.

The sound transmission loss teats
The thermal transmittance teats

correspond to the locked cendition, with no imposed air pressure

difference, at a nominal mean temperature of 27.5° p

Sound Transmissicn Loag

Thermal Transmittance

104

Specimen Test No. | SIC Test No. U-Value

. (alr-to-air)
Btu hr ¥ rp=2 op~l

Walls

Weod siding with ne b o o7 TT-C01-T1 L

cavity insulation TT-QL8-T1 194

Wood siding with 3 1/2 WaT=T2 37 TI-002-T1 076

in, Fiberglas Friction TT-022~T1 .078

Fit Bldg, Ingul.,

Wood siding with Alfol H-6=T2 aT TT=014-71 135

Type 2B insulaticn

Wood slding with W-5-T2 38 T=-030-72 091

Premium Roeck Wool

Woed aiding with 3 1/2 W=5h-T1 39 TT-036-72 074

in. Fiberglas Kraft

Faced Bldg. Insul.

‘Same 8 sbove but H=55=T1 hr Tr=-042-72 072

Eypeum board on

resilient channel

Brick veneer with no W-lE-TL 5k TP-065-T2 .153

cavity insulation (ras-

ilient channel for

acovstic test only)

Brick venser with 3 1/2 WAlh=T1 56 TT-069-T2 D.075

in. Fiberglas Friction

Fit Bldg. Inaoul.

Doors

Bolid wood flush door W-91-T2 30 TT-040-T72 .33

Bame as above plus W-41-T1 h2 T-055-T2 D.22

aluminum storm doer

8teel Tlush door with W=3-T2 28 TT-059-72 0.17

urethane foam cdra

Fibergles Reinforced Welii=72 26 PT-D63-T2 0.28

Plastic punel deor with

urethane foam core



Table 6 (Con'd)

Sound Transmigsion Loss

Thermal Transmittance

Epacimen Teat No. 8IC Teat lNo. U=¥alue
falr-to~alr)

Windows

3 x 5 £t wood double W-h1-T1 29 TT-020-T1 0,64

hung vwindow singl?//

agtrength glazing

deme 88 above plus W=37=T1 3 TT-026-T1 0.h1

single glazed weod S

gtorm window

3 x5 £t wood double W=32=-T1 29 TT-032-T1 Q.4

rung window, T/16 in,

inoulating glass

6 x5 £t wood picturs W=B-T1 2 TT-0Lg-T72 0.61

window, single glazed

€ x 5 't wood plcture WaT=TL 23 PT-0k k-T2 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. 8. units of messurements have been used throughout this paper.

In recogritian

of the position of the United States ns a signatory to the General Conference on Welghts
and Measures, which gave official status to the (metric) International System of Units
(8I) in 1960, and in mccordance with the policy of the Nationel Pureau of Standards to
promote familiarity with metric units, assistance is glven to the reader interested in
making use of the coherent syatem of 8I units by giving converslon factors applicable to’
units used ip this publication.

The International Ssrstem of Unite is described in N'BS Sp.ecial Publication 330 [128]1;
additional references concerning metrication are given in NES Special Publication 389 [120].
An extenslve compilation of fectors for tonverting to 8T units has been prepared by Mechtly

[130].
Quantity Ta _convert from Ta Multiply by
Length inch moter 0.025h*
foot meter 0.30h 8%
2 2 ~l
Aven inchy metery 6.4516 x 107 '*
foot mater 0.05290
Volume foatS metors 0.02832
3 -1 3 =1 =4
Yolume {low rate foot™ min meter™ gec L.719 x 10
Speed .foot migil meter Eecj 5.00 x 1073w
mile hr meter Bec 0, hhohw
Mess pound(aveirdupeis) kilogram 0,4536
Areal Density pound (mass) foot™2 kilogram meter 2 L, 881
Volumetric Density pound{mase ) foot™3 kilogram me:cr'3 16.02
Force ‘pound force
{avoirdupois) newton I hk8
Pregsure inch of water pageal 2hg 3
inch of mercury pascal 3,38 x 10
Tenperatiure Fahrenheit kelvin t = g {tp + 459.67)
5
T'ahrenheit Celsius ty = 5 (tp = 32)
Heat Flow Btu {phermochemical)
hour watt 0.2929
Specific Heat Btu 16T deg F - Joule kilogram™ kelvin™> 1.000
Therzal Transmittance Btu hg&r"l oot ™2 -2 1
and Thermal Conductence| deg F watt metre © kelvin 5.68
Thermal Resistance Btu™% hour feot? - 2
deg T wett " metre” kelvin 0.176

#Exactly, by definition.
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Appendix B, Auxiliary and Filler Walls in Sound Transmission Loss Tests

The cound presaure level meagured in the receiving room, frem which the transmisolon
loss of the test wall 1s derived, is determined hy the combined tronsmission of the test
wall and the concrete "surround," consisting of the conerete partiticn in which the test
wall is ingtalled. Due to the isoletion of the concrete surround, however, transmission
due to flanking into the side wnlla, floor and celling of the receiving room 1g eliminated,
If 1t is known or assumed that the cmount of sound energy transmitted by the surround is

negligible compared-to that transmitted by the test wall, the transmisaion losy (TL) of the-

test wall is determined by eg. (6).

I the transmigsion by the curreund is not negligible in reletion to that by the test
wall, the apparent transmission loas of the test wall as determined by the above formulae
will be lower than its true value. The asmaller the difference between the TL of the
surround and that of the test wall, and the lorger the area of the surround in relation te
the test wall, the larger wili be tne errcer in messurchnsht of Ve Th of Ll beol waild.

Bince mueh of the sound trenemisslon teat program invelved the relatively small arens
of windéws in relation to the totnl transmitting {wall) area from the mource room to the
recelving room, it was necessary to provide as high a tranamiseion loss as fenaible for the
wall aren (between the two rooms) not occupled by the test item. Thia ws done in twe
steps. The first step was to build o "f{ller wall" occupying the entire 9 x 1 ft cpening.
The coanstruction of this wnll ias shown in Figure B-l, E-2, and B-3. One part of the
construction, whieh happened to be already in plice, was & conventional 2 x 4 in. wood stud
drywall wlth Donn Producte resilient channel eand 5/8 in. gypsum board on one side and 5/8
in. gypoum board secured directly to the notuds on the cther side. The space between the
ptuds wea filled with 3 1/2 in. of Fiberglas bullding insulstion. This wall had been
previcusly tested and found to have an SIC of 52. The curve of TL versus frequency is
shown in Figure B-2, The alde ef the well with the rensllient ehannel was flush with the

surround an the source rocm side.

To complete the filler wall, additional 2 x L in. atudg were erected in the opening on
separote plates spaced a5 far ns possible from the original wall. The new studs were sur-
Taced on the outer faces with two layers of gypsum board of 5/B in., and 1/2 in. thicknesa
regpectively, and the entire cavity spoce between the two walls was filled with Fibergleas
building insulntion. The dissimilor thicknesses were used to reduce the depth of the
caoincidence dip characteristic ot" gypsum bearad.

The entire filler wall was tested for sound transmission by the ususl proepdure, in
which the area of the test wall, § = 126 ng ft, was used in eq, (6) to compute transmission
loss. The results ore shown in Figure B-3, indicating an 8T¢ of 63. Tt was ouspected thot
the concrete surround, having an area of 160 sq £t, was providing significant Tlenking
transmission which would make the epporent TL of the filler wall too low.

To check this possibility, auxilinry construection was added to the entire ares of the
concrote surround on the gource room nide, This consioted of 2 x I in, vood studs spaced
out from the conerete, with one leyer each of 5/8 in. and 1/2 in. gypsum board aecursd to
the outer faces and the cavity completely filled with Flberglas building insulation, The
Tinished surface of the auxiliary wall wos 16 in. from the conerete. The gypsum bosrd was
continued around the inner perimeter of the auxilinry wall to meet the filler well, but a
small gap was left &t the Joint which, in turn, wan caulked and taped. The bottom side of
the perimeter wos foced with plywood Instead of gypsum bowrd to provide a step for accesy
to the filler wall. The construetion 1a detailed and illustrated in Figures B~k and B-5,

The combination of the filler well and the lmproved surround was cgain tested for
sound transmission, Values of transmisajon loss can be computed and interpreted from the
meagured values of mound pressure level L,3 and Lr in three different ways.

In the first case, the foregoing procedure s fellowed in which transmission by the
surround is esssumed negligible in relation to that by the filler wall, apd the area of the
filler wall, S = 126 sq Tt, is used in eq. {6). 'his vields epparent values of TL for the
filler wall as shown in Figure B-6, with an STC of T2. These vnlues cun be consldered us
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Figure B-2, Filler wnll after cutting opening for picture ‘window.

1, 6/8IN, QYPSUM BDARD

2, PONN DG-B RESILIENT CHANMEL
A, FIBEAGLAS AUILDING INSULATION
4. ZIN. x 4N, STUDS 16 IN, O.C.

n T  — T T 1

TRANSMISSION LOSS, g8

L
125 260 500 1000 2000 4000

HBAND CENTER FREQUENCY, He

10 | i | 1 |

Figure B-2. Sbund transmission loss vs frequency data for wood stud drywall with resilient
channel and covity insulation.

115



1. RESILIENT CHANNEL DRYWALL
ISEE FIGURE 2, W~1-71)

2. 172 IN. GYPSUM BOARD

3. 5/BIN. GYPSUM BOARD

4, FIBEAGLAS BUILDING INSULATION

6. 2IN, x4 !N, STURS 10 IN. O.C.

TRANSHKISSION LOSS, aB

10 | I ! | ! 1
126 250 500 1000 2000 4000

BAND CEMYER FREQUENCY, Hz

Figure Be3. Apparent sound transmission loass va frequency data for complete filler wall,
concrete surround not covered.

1. FILLER WALL (SEE FIGURES B-2 AND B-3)
2, CONCRETE SURROUND

3, 1/2IN, GYPSUM BOARD

4. 6/8 IN, GYPSUM BOARD

5, 2N, x 4 IN, STUDS 18 IN, O.C.

6. FIBERGLAS BUILDING INSULATION

Figure B-4, Auxillary construction added to conerete surround.
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Figure B=-6, Apparent sound transmiselon loss vs frequency dava for complete filler wall
with auxiliaty construction added to concrete aurrcund,
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true values for the filler wall iIf transmisslon by the surround la assumed negligibvle.

Ir
transmission by the surround iz not negligible, then the apparent TL valuea for the filler
wall must be considered as minimum.

In the second cese, the TL of the purround ean be egtablighed in the dame way by
inserting the area of the aurround, S = 160 sq f't, in eq., (6). This will result in
apparent TL values one dB higher at all frequencles than those for the filler wall, with an
8¢ of 73. Thia difference results directly from, the relative areas and is given by 1D log
(160/126). The values for the surround can likewise be considered 8z minimum, or as true
only if the TL of the filler wall is infinite (negligible tranasmispsien),

In the third case, the combined area of the filler wall and surround, 5§ = 286 sq ft,
is used to compute TL., This yields TL values 4 dB higher at all frequenciles than the
values computed for the filler wall alene, with an STC of 76. The TL values computed in
this woy represent the value which elther the filler wall or the surround would have if
their TL's wera equal at all frequenciep, In other words, the totzl sound enorgy
transmitted by the entire surface of 286 square feet is that which would he accounted for
by a single wull of this area having the computed TL velue at each frequercy. The minimum
TL values of the filler wall and surround, respectively, and the equivalent TL value of the
filler ond surtround combined are plotted together in Figure B~7, The latter set of deta
will be used to estimate the degree.of flanking tranemission when testing the windows,
which will be inserted in the filler wall. The true value of TL for the windovw 15 given by

the formula:

. T '
TL, = 10 1¢g ——_'—] {B-1)
Lv [ Twe * 'rOSa/S"

vhere: Tyg ™ transmission coefficient of window
1’0 = gquivalent transmission coefficlent of filler wall and surround
BB = total srea of filler wall and surrcund, less window area

Bw A window area

If the transmittivity of the f£iller wall and surround, welghted by thelr combined area .'

in relation to the window ares, 1s much smaller then the transmittivity of the window, then
the second term in the denohinator of the above equation can be neglected, and the TL, true
value {TL,) is essentimlly equal 1o the apparent value TL,, and is given by eq. {6), using
the window area for §.
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Figure B~T7. Apparent aound trensmisslon loss va frequency datn for complete filler wanll
with auxiliary conatruction added to concrete well, The three curves repre-
sent computations based on three different values for the wall area.
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Appendix C. Delailed Sound Trans_‘miasion Loss Test Results

Table 6-1 :

Sound Transmission Losa of Extérior Walls

..

Resilient

g 'Exteriur Finish
: .

Wood Siding

Sruceo

! Brick Venear

R it

Cavity Insulation Channel Test No. STC
No . No W-4-72 37
Fiberglos Kraft' Faced No 54=71 19
Fiberglas Friction Fit No 7-72 39
Alfol Type 20 No 672 7
Premium Rock Wool He 5-72 ia
No ' Yes B6~71 43
Fiberg.hm Kraft Foced Yes 55=71 47
Fiberglas Kraft Faced No 50-71 46
Ne Yes 53-7L 49
Fiberglas Kraft Foced Yes ' 52~71 57
Fibherglas Kraft Faced No 44~71 56
No Yes 46=71 54
Fiberglns Krafr Faced Yes 45-71 58
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: Table C-2

Sound Tr:lmsniaission Losa of Exterior Doors

% ‘ ; Normally Closed Sealed
- 1‘ Door Heather Strip Test No. STC  Teat No. STC
A Wood, fluah solid core firose W=-00=-71 27  W-91-71 30
Same Plastic 42-72 27 ‘
. i Same, plus aluminum )
{ ; scorm door Plastic 40-72 34 41-72 42
j Wood, flush hollow core Brass 92-71 20 93-71 2
"i Weod, french door Braas 94-71 20 §5=71 31
: FRP panel Plastic 43-72 25 44-72 26
Steel, flush Magnetice =72 28 3=72 285.

Ci ; Notes: i

1. All doors were tested in the same frame except the stesl door, which was |
prehung in a different frame,

2. The flush solid core wood door was prehung in frame wich brass apring
vweather stripping supplied., Other wood doors were trimmed as needed to

fit this frame,

3. Plastic weathar stripping was substituted for the brass in the same frnmé.

4, The FRP panel door was slightly oversize and made a very tight fit ngninst
the plastic weather astripping.
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ter

Moterial Type
Wood Doutle hung
Pigture

Wood-~plastic Double hung

Awning

Gound Transmigsion Loss of Windows

Table C=~3

Glazing Glnzizéomsggzl;ntio_ng ' Tense?&l:dgg'g Tesﬁaﬁg?d_ggc_ m‘egﬁlﬁi'.“’;gg
sg  W=h1-T1 29 W-40-T1 23

se-d 33-71 a9

s 32-71 29

dged 34-T2 30

in-T/16 in. 31-71 28 2h-TL 26 25-TL 22

a8 ‘ as 2 1/8 in, 37-71 3b

sa ds 2 1/8 in. 36=-T1 36

in=T/26 in. a8 21/8 in. 28-T1 35

in=T/16 in. da 21/8 in, 29~T1 39

aa-d 8-71 28 "
ds T-71 29 T
in=1 1a. 10-71 3k

. 8g=d da 3 3/k in, 11-71 38

88 T6=-TL 29 Th=TL 26 75-71 26

in=3/8 1in. 8271 26 81—71_ 26 Bo-T1 25

sa 88 2\“3/!4 in. 79-71 36 T8-T1 32 T7~71 30

in-3/8 in. 85 2 3/b in, B5-T1 36 8411 33 83-11 33

da 6h-71 30 50~T1 27

in-3/8 in. 68-71 28 67-T1L 2h



3

) 1 Storm Sanh Sealed Locked Unlocked
- Materisl Type Glazing” Glazing Separation Tent No. STC Test No. STC Test No. BTC
. Pixed cunement s 66-T1 31 '
Operable casement ds ' 88-11 30 8o9-7L 22
811ding glass deor  lam=3/16 in. 18-12 , 31 1672 26 1T-72 26
Alwalpion Slldlng £ 2G-T2 28 oo-T8 ok
88 s8 1/6 in. 25-12 29 2h-T2 22
, Operable casement ds 2272 131 19-72 21 20-7'2 1T
8ingle hung in=7/16 in. 29-T2 30 27-12 27 28-72 2%
Alumi num Jalounie 1/4 in. 212 26 30-T2 20 -
. 5ingle pane 1/ in. laminated glans 22.T2 3k

1eT

1. 8s = single strength; ds = double wtrength; 4 = divided lights; ‘in = insulating glaas of indicﬁtqd overall
thicknessa; lam = laminnted sefety glasa of indicated overall thickness

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

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




Wall

Wood siding

Brick veneer

LI
I
Table C-k )

Sound Transmission Loss of Walls Eun'fnining Windows
Wall area, 126 Tty

Windbw area, 26 £1°

Wnl} glene Window #lone Combination
Glazing Teat No. STC Test No. STC Test No, STC
Single atrength W-5h~T1 39 W-8-71 28 W-57-T1 -~ 35
1 in. insul. glass 39 10;-71 34 58~71 KH
Single strength W-bl-T1 56 6-T1 26 hg-7L 35
1 in. insul. glass 56  'L0-T1 34 he-11 39
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1
Sam i Table C-5
Sopnd Transmission Lo‘sa of Windows with Crﬁbks and Openings
A, 6 x 5 ft Picture Window, glnzed double strength

Gauged erack around full perimeter = 20,31 ft

Crack Wideh Teat Ho. STC
0 in. (sealed) W~7-71 28

’ 9-71 27
1/32 in. 21-71 25
1/16 in. 17-71 21
1/8 in. 15=71 18
1/4 in, 16-71 15

B, 6 x 5 ft Pi{cture Window, glazed 1 in. insulating glass

Gauged crack arcund half or full perimeter

Crack Wideh Perimeter Test No. 8Te
0 in, (sealed) W-10-71 34
1/32 in. Haolf 20-71 29
1/32 in. Full 19-71 2%
1/16 in, Full 18-71 23
1/8 in. Full 14=71 19
1/4 1n. Half 13-71 18
1/4 1in. Full 12-71 15

C. 3 x5 fr Wood Double-Hung, glazed 7/16 In. ingulating glass.

Lowar sash raised by gauged amounts

Condition Test No. STC
Scaled W-31-71 28
Locked 2471 26
Unlocked 25-71 22
Open 1/32 in. 26-71 20
Open 1/16 1in, 27-71 20

D. 3 x 4 It Wood-Plastlec Awnlng Window, glazed double strength.

Both sashes cranked open by gouged 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 dn. 63=71 1?
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Table -5 {continuad)

E. 3 x>-’a ft Wood=Plastic Awning Window, glazed 3/8 in. insulating
glaas,

One or both anshes cranked open by gauged amounts

Condition Test No. STC
Sealed W-68~71 28
Cranked cight shur 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. 13n=71 20
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TADBLE g6 s 00U ND TRAWHNSMNIZSSTION

TEST KO. "DESCRIPTION
5TC 80 100 125

W~ 7471 6 %5 ft pleture window glazed double strength, 29 24 21 23
single light.

W- B-71 6 x5 fr plcture window glazed single strengch, 28 26 21 20
oL divided lighte, 16 pones,

. W= 9-71 Some 88 WeT=71l . + ¢« ¢ s e 0 b oaon e v s e e . X2 26 21 22
|
!
| W=10-71 6 x5 fr pleture window, 1 in glazed insulating 34 28 - 26 27
glmaa.
W-11-71 Same as W-B=71 plus storm sash, glazed double 38 18 21 20

strength, single light, 31 3/4 in separation
batween panes,

w-12-71 Same as W-10-71 with 1/4 1n crack around full 15 20 18 18
sash perimetar (crack area/sach area = ,0l65)
crack depth = 1 13/16 in,

W=-13-71 Same am W-12-71 but 1/4 in crack around half sash 18 21 20 20
perimeter (erack area/sash area = ,00826),

WelL4-71 Same as W-12-71 but 1/8 in crack {crack area/sash 19 21 19 19
area w ,00825). .

W-15-71 Same as W-T-T1 and W-9-T1 with 1/8 in. crack around 18 20 17 17
full sash perimeter (erack area/paah area » ,00B25);
crack depth = 1 3/8 in,

W-16-71 Some g W-15-7% but /4 in. crack (crack area/ 15 17 1a 15
sash area = ,0l65}.

W=17-71 Same 08 y.15-71 but 1/16 in crack (crack aren/sash 21 21 19 17
area = ,00413)
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L 0SS PERFORMNADNCE DATA

FREQUEHNTCTY ,A6 T
160 200 250 315 400 500 630 BOD 1000 1250 1600 2000 25060 3150 4000 5000 6300

2.3 21 23 2% 24 27 27 28 28 3 32 % 3 w25 26 3l
19 - 18 21 23 22 25 2 26 26 29 30 31 3 33 30 27 20
21 22 22 24 24 27 27 27 28 30 30 3z 32 29 23 26 e
23 ‘20 2, 26 28 33 34 7 36‘ 37 3| 39 32 35 41 43 46
21 26 29 28 32 346 36 40 41 46 A6 46 4T 48 41 42 46
15 16 17 ¥ 17 19 19 B 17 13 13 1 17 1 15 17 18
19 17 19 20 20 23 2t 21 19 17 17 19 18 16 19 19 ' 20
18 18 18 20 20 22 222 22 19 16 18 22 21 16 18 19 21
16 17 1% 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 a 29 22 22 21 22 24 25




. l T ABLE g6 5 O0OUND TRADNSMTIZSSTIOUODN
i .

TEST NO. DESCRIPTION
8TC 80 00 125

W-18-71 Same as W=12-71 but 1/16 in ecrack {(crack area/sash 23 23 22 21
: area = ,00413).

W=19=71 Same as W=12-71 but 1/32 in crack (crack area/sash 26 25 22 21
area = ,00206).

! W-20-71 Some a8 W-13=71 but 1/32 in erack. (crack area/sash 25 24 23
area = ,00103). o

W-21-71 Same as W-15-71 but 1/32 in, crack (crack area/sash 25 22 21 21
i area = .00206). .

i insuylating glasa, single light plus storm aash,
glazed single strength, single sealed separation
batween panea: upper 1 1/2 in, lower 2 13/16 in,

! - . } :
| W=23~71, 3x 5 fr double hung windew, 7/16 in. glazed ‘ % 2 2 22 f
‘ inaulating glass, singla light, partially sealed
as shown in IFig. C-1. ;
W-24-71 Same a5 W-23=71 but not sealed . « . . . 4 .4 ... 26 .22 20 23 !
H=25+71 Same ns W=24=71 but unlocked + + + 4 & r v e v o0 22 21 19 21
W=26=71 Same as W-25-71 but lower sash ralsed 1/32 in, 20 21 19 21
! W-27-71 Same as W-25-71 but lower eash raised 1/16 in, 20 20 18 20
1 i
; |
| !
: Wm28-71 3% 5 £c double hung window, 7/16 in. glazed s 23 19 2 !
1
!
i

W=29-71 Same as W-28-71 hut storm anaﬁ'glniad double a9 22 a2 27
strength.
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315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000 6300

23

23

25

22

20

20

18

13

18

24

30,

L 0 5 5

21

23

26

21

20

20

19

18

17

28

il

26

28

29

25

21

21

20

19

18

33

a5

PER‘FORM.ANCE

FREQUTENCY, Hz

24 24 22 21 22 26

27 26 25 24 27 29

.28 30 28 28 29 32

24 26 24 25 24 27

22 25 24 28 31 32

21 23 24 28 29 30

1 22 22

20 21 20 23 23 22

19 21 20 22 22 22

36 38 39 43 43 45

38 40 40 45 46 47
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21

18

19
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TEST N

W-31-71

W-32-71

W=33-71

W-34-71

Wea5-71

W=36-71

H-37-71

H=38=71

W=39=71

W-40-71

W=i1~71

T A B LECg 8 0UNTD , TLRANSMISS STION

0. DESCRIPTTION

Same as W=-25~-71 but no storm sash.

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

3 x 5 ft double hung window, glazed aingle strength
divided, B lights sach sash, aealed.

Some as W-32-71 but divided, 8 lights each sash,

Same as W=33-71 but single light, unlocked
partially sealed as shown in Fig. c-1.

Some a8 W-33-71 but single light plus astorm sash,
glazad double strength, aingle light, separation
between panas; upper'l 7/8 in, lower 3 3/16 in,

Same as W=36-71 but storm sash glazed single

strength,

Same aa W-35-71 but not sealed, lower sagh railaed
1/16 1in. .

Same as W-38~71 but lower samh ralsed 1/32 In,

Bame as W-35-71 but normally alosed, not sealed.

Same ag W-35-71 but completely cealed.
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LOS S PERFORMANCE DATA

FREQUTEHNTCY, He
160 200 250 315 400 500 630 8§00 1000 1250 1600 2000 2500 3150 4000 5000 6300

22 24 24 21 23 21 23 2 27 33 36 37 39 40. &0 35 34

21 21 22 25 25 28 I 18 29 32 k3 ) i3 a3 30 27 29 13

18 22 22 23 22 6 27 21 A7 30 32 kx] 33 32 1 30 Kkl

20 23 24 25 23 29 29 I8 29 32 2 32 3z 31 3l 3 kL)

17 19 18 18 20 23 23 21 23 27 28 30 30 32 k)] 29 27

L 22 23 25 28 29 33 37 40 40 &6 46 47 4B 49 48 48 7

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

16 16 17 1 19 20 21 22 22 23 23 23 21 17 18 20 22

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

15 18 8 20 19 22 22 23 22 26 27 27 27 26 25 24 26

18 21 21 22 2 & 26 27 27 29 il 32 33 34 13 29 28
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T A B L E C-6 S 0 U ND TR AMDNSMHI S

TEST NO.

W=bb=71

W-45-71

W-46-71

W=48-71

HW=49-71

W=50-71

W-52-71

W-53-71

W=54=71

W=55=-T1

Wn56=71

DESCRIPTION

Brick vensar woed stud exterior wall, cavity
inaulation, See Fig. ¢-2.

Same as W~44=71 plus resillent channel., See
Fig, C-2.

Same as W-45-71 but no insulation. See Fig. -z,

Same as W-44~71 but penetrated by W-10-71,

Same ag W=44~71 but penetrated by W-8-71,

Stueco wood stud exterior well with cavity
inaulation, See Fig. ¢-3,

Same ap W-50-71 plus resilient channel. Ses
Fig. C-3,

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

Waod siding wood atud exterior wall with cavity
insulation., See Fig.c-4.

Same as W=54=71 plue resilient channel, See
Fig. C-4.

Same as W-55-71 but no insulation, See Fig, g-4,
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47
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160

36

39

34

26

27

" 30

41

ki

18

27

22

200

42

" 46

4l

27

27

42

50

3%

28

3o

26

46

47

41

k]

28

41

49

37

30

a5

32

LOS S P ERVFODRMANNCE D ATA

315

49

52

47

33

28

44

53

41

33

4l

35

F REQUWWEWHNTECGY,

400 500 6430
51 54 58
54 57 58
50 52 55
3 38 40
30 31 1
43 45 45
55 58 58
46 50 50
34 40 42
43 49 52

38

43

45

800 1000
s8 61
60 61
s 61
338
35 %
46 45
s8 58
50 51
45 47
56 58
50 51

Nz

1250 1600 2000 2500 3150 4000 5000 6300

67

69

65

a

36

46

59

34

50

59

56

135
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66

42

37

48
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50
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69

7

68

45

39

50

60

57
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61

58

69

71

68

40

40

50

58

55

50

60

56

70

72

69

42

42

- 50

57

55

50

58

54

73

74

72

49

39

55

60

58

a3

60
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15

n

15

51

37
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61
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‘v A B L E C-6 § O ¥ND TERAWNSMHMISSION
1

TEST NO.

W-57-71
W-58-71
W-59=71
w;so&71
W-61-71
W-62-71
HW-63-71
H—64;7l
W-65-71
WeG6-71

W=67~71

DESCRIPTION

Same ag W~54-71 but penetrated by W-8-71.

Same a8 W=54-71 but penetrared by W=10-71.

3 x 4 fr awning window, glazed double strength,
both aashes c¢ranked shut,

Game a8 W~59-71 but both sashes opened 1/32 in,
Same a8 W=59-71 but both sashés opened 1/16 in.
Same ag w-;9-71 but both sashea opened 1/8 in,
same a8 W-59-71 but both sashes opened 1/4 in,
Same a5 W-59-71 but gBOled, 4 . . . e 4 e 4 oe s
3 x 5 ft fixed casement window, single light,
glazed double strength.

Same ap W-65=71 but senled. , . . . . v . s e .. .

3 x 4 £t awaing window, 3/B in glazed insulating
glass, both sashes cranked shut.’
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LOS S PERTFORMANTEGCGE DAT A

FREQUEWNTCY, Hz

lep 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 2732 32 37 40 42 44 44 45 45 39 41 47 3l 51

19 23 25 26 26 28 28 27 26 24 23 27 30 2 il 3l 34

18 21 22 23 24 25 24 23 22 20 20 23 26 29 29 31 kF]

17 20 22 22 23 24 23 23 21 18 19 23 26 27 28 29 a

18 19 19 21 21 22 22 21 13 16 15 22 2 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 kL 32 31 36
i 21 22 25 26 27 29 30 30 32 33 34 36 Ky} 35 0 32 a5

20 24 23 26 26 29 29 30 30 a3 35 37 36 a5 30 31 35

20 24 24 22 20 19 22 25 24 23 23 25 28 33 kK] 30 3l
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T A

TEST NO,

W-68-71

W~69~71

W-70-71

W=71-71

W-72-71

W-73-71

W=71A=71

W=74-71

W=75-71

W=76-71

W=-77-71

R LEGCH 50U NDyw TRAWNJSMTILSST ON

DPESCRIPTION
5TC 80 100

Some 08 W-67-71 but gealed, .« . 4 ¢ s 4 ¢ o o+ 04« 28 22 23

Sama as W-67-71 but upper sash opened 1/32 in, 24 - 2
Same as W=67-71 but both anshes opened 1‘/32 in, 24 20 22
Same os W-67-71 but upper sash opened 1/16 in. 24 22 21
Same a8 W-67-71 but both aashes opened 1/16 im, 23 22 22
Same as W-67-71 but upper sash opened 1/8 in. 22 21 21
Same ag W-67-71 but both gashes opened 1/8 in, 20 20 20
3 x 5 ft double hung window, glazed single streagth, 26 20 19

gingle light, locked.

Same as W=74=71 but unlocked. Ve e e e e e 26 21 20
Same as W=74=71 but senled, o o v o 4 b w0 000w 29 22 19
Same ap W-75-71 plus combination atorm sash, k1| 18 16

glazed single strength, single light, separation
between panes: upper 2 1/4 im.,lower 3 3/8 in.
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L 0SS PERTFORMANTCTE D ATA

FR EQU.ENCY, Nz

160 200 250 315 400 500 613 800 1000 1250 1630 2000 2500 3150 4000 5000 6300

20 23 25 21 19 20 23 26 30 32 33 34 36 37 34 29 3l
21 23 22 22 1% 18 22 24 23 24 23 25 28 2 34 22 3l
21 24 24 22 19 20 22 25 25 22 23 25 27 3l 32 30 31
1 25 22 21 19 19 22 25 23 22 23‘ 25 28 32 33 30 31
20 25 24 22 18 19 2? 23 23 21 22 23 27 3l 32 29 30
18 22 22 21 19 18 21 23 2z 18 19 24 26 0 10 29 29
20 22 21 20 19 1% 21 22 20 16 17 22 26 28 30 28 28
17 18 18 22 22 25 25 26 24 27 28 30 28 28 28 26 28
20 19 20 23 22 25 25 26 46 29 29 30 25 25 28 28 30
17 19 21 23 24 25 ¥ 27 27 11 32 33 33 15 36 2 30
15 16 18 20 21 26 30 32 34 37 37 37 36 37 38 37 37
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T A B L E C-6 §$ 0 U ND TRANUSMTISSTON

TEST NoO . DESCRIPTION

STC 80 100 125

W-78-71 Sr..lme as W=77=-71 but locked. + . & v v v v 4 0 0 4 3z 19 15 14
W=79-71 $ame as W-78-71 but storm sash sealed, 36 20 i’ is
W-80-71 3 x 5 ft double hung window, 3/8 in., glnzed 25 21 22 23
insulating glass, single light, unlocked.
- W-B1-71 Same g8 W-80-7) but locked, .+ . 4 + 4 ¢+ ¢ « 4 4 . 2B 21 23 22
W=82-71 Sume as W=80=-71 but locked and aeeled + « + - 6 21 21 23
I
W-83-71 Same as W~80-71 plus combination atorm sash, a3 21 18 19
glazed single strength, single lighr.
WeB4=71 Same as W-B3~71 but locked: . v o v o 4 4 4 o . 13 20 17 18
! W-85-71 Same as W~84-71 but storm #ash sealed. 36 20 19 21
|
; W-88=71 4 x 5 ft casement window, both sashes operable, - 30 24 23 24
! glazed double strength, both sashes locked.
!
: W-89-71 Same as W-88~71 but both sashes unlocked, 22 17 2 A
|
W=90=~71 3 x 7 £t solid core word door, mounted in frame, 27 20 24 21

brass weather strip,
4o
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TEST NO.

W-91-71

W~92-71

W-93~71

W~94-71

W=95~71.

W~ 2272

W= 3-72

We 4~72

W- §=72

W= 6-72

DPESCRIPTION

Same as W-90~71 but sealed into Frame.

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

Same as W-92-71 but sealed into frame,

3 x 7 fr wood french doow, 12 lights glazed
single srrength, mounted in frame, brass
weather strip.

Same as W-94~71 but sealed inte frame.

3 x 7 ft hollow steel door, mounted In frame,
magnetic weather Ftrip.

Some g8 W-2-72 but aealed into frape,

Wood siding wood stud exterdor wall, See Fig. C-4,

Same as W-4=72 but with cavity insulation. Ses
Fig. g-4,

Same ag W-5-72 but different cavity insulation.
See Fig. c-4,

Same as W-5-72 but different cavity insulation.
See Fig. C-4,
12
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TEBT NO,

W=16-72
H-17;72
W-18=72
W=19-72
W~20-72
W-21-72
W=-22-72
W=23-72
W-24-72
W=-25-72

W=26=72

T A B L E ¢g-5 s 00U ND TRAUDNSMIZSZSI

DESCRIPTION

STC
6 x 7 £t sliding glass door, glazed 3/16 in. 26
safety glass, locked,
Same a8 W-16-72 but unlogked, . « + + + « + » » o . 26
Same as W-16-72 hut completely sealed. 31
3 % 4 ft aluminum casement window, glazed 21
double strength, 'locked.
Same as W=19-72 but unlockede & 4 « + o o 4y & v 17

Same ag W-19-72 but sealed. . v « ¢ o ¢« + 4 & » « s 31

3 x 4 ft laminated glass, double sheets 1/8 in, 34
gloss laminated to inner clear damping layer,
sealed in heavy wood [rame,

3 x 4 ft aluminum sliding window, glazed single 24
strength, closed and latched,

Same a8 W=23=72 plus storm sosh, glazed single 22
strenpgth, separation hetween panes: one sgide
1/16 in., other side 3/16 in.

Same aa W=24-72 but storm sash sealed. 29

Same as W-23-72 but sealed. + + v v 4o v 0 a4 s 28

14y
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17
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TEST NO DESCRIPTION
s1C a0 100 125

W=27-72 3 x 4 £t aluminum single hung window, 7/16 in 27 14 21 25
glazed insulating glass, locked,

W=28=72 Same as W-27-72 but unlocked. . . ¢ . v s 4 . . 4 4 25 16 22 23
W-29-72 Same as W-27-72 but sealed. . . 4 4 4 ¢ 4 4 4. . 30 15 24 25
W-30-72 3 x 4 ft jalousie window, glazed 1/4 in glass, 20 21 13 14

4 1/2 in wide louvers with 1/2 in overlap,
eranked tight shut,

W-32-72 Same as We30-72 but all horizontal and vercical 26 20 17 26
joincs gealed.

W=40-72 3 x 7 ft solid core wood door plus ‘aluminum storm 34 20 19 20
. door, pglazed single amtrength, main door normally
Vo closed in frame against extruded plastic weather

stoip,
W-41-72 Same @a W-40-72 but both doors senled. 42 19 23 28
[
W=42=72 Same as W-40-72 but without storm door, 27 20 24 28
W-43=72 3 x 7' 6t fiberglass reinforced plastic panel 25 2% 23 25
: door, mounted in frame, extruded plastic weather
| atrip.
i
i W=44-72 Some as W=43-72 but sealed, . 4 4 « 4 4+ i e 4 4 . 28 19 22 25

1h6
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SEALED

Figure C-1. Regions which were sealed for Test W-23-T1.

¢ % 7
\ |

. FACE BRICK

1/2 IN. AIR SPACE, WITH METAL TIES

3/4 IN. INSULATION BOARD SHEATHING

ZiIN.x 4 IN, STUDS 16 IN, O.C.

FIBERGLAS BUILDING INSULATION

{W—-44-71 AND W—45-71 ONLY)}

NAT/ONAL GYPSUM RESILIENT CHANNEL
{W--465—71 AND W—-46—71 ONLY}

142 IN, GYPSUM BOARD SCREWED TO CHANNEL

LN .

N o

Flgure =2, Detall of brick-veneer, wood=-stud exterior walls.
' 148




1. 6/8 IN, x 10 IN. REDWOOD SIDING

2, 1/2 IN. INSULATION BOARD SHEATHING

3. 21N, x4 IN.WOOD STUDS 18 IN. &.C,

4, FIBERGLAS BUILDING INSULATION
(W-54-71 AND W~-56—71 ONLY/}

3 IN. PREMIUM BRAND PAPER ENGLOSED
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—56-71 AND W-56~71 ONLY)

4. 1/2 IN. GYPSUM BOARD SCREWED TO
CHANNEL

1, 7/B 1IN, STUCCO

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

3 2IN.x4a|N,STUDS 18 IN. O.C.

4, FIBERGLAS BUILDING INSULATION
(W—B0-71 AND W-52-71 ONLY)

6, NATIONAL GYPSUM RESILIENT CHANNEL
{W—62-~71 AND W-53-71 ONLY}

0. 1/2 IN. GQYPSUM BOARD SCREWED TO
CHANNEL

Detall of wood-giding, wood-

Pigure (=3, Detnll of stuceo, wood=gtud Pigure C-h,
gtud extericr walls,

exterior walls.

149
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Appendix D. Detailed Thermal Test Results

Table D~l. Thermal test dota for walls, doers and windows

Pressure  Adr  Mean fiot Gold Mean Haan'
Test No, Wall Description Mffar- Leak~ Wall Sur-  Sur~ ot Cold
ential age. Temp. face face Alr Adr
Temp, Tamp. Temp . Temp .
tn, water Etomin"t F r °F °F b
TT-001=-71 2 x 4 in. studs on 16 in. centers, 0 - 244 58,13 -9.4 n.2 =27
1/2 in, gypeum board interior sur-
face 1/2:in., wood fiber sheathing
plus 19 ip. wide redwood lap siding
exterior surface, No insulation in
cavicioe,
TT-018-71  Sume as TT-001-71 0 - 2.6 63,2 =7.9 7.1 =1
TT-019-71 Same as TI-001-71 0.50 0.8 27.2 63.0 =-B.4 76.3 -5
TT-002-71 Same conatruction as above but 0 - 26,1 &7.6 ~19,2 717 =21.6
with Fiberglaa 3-1{2 in. Friction
Fit Building Inpulation In cavi~
ties, polycthylene vapor barrier.
TT-022~71  Somo as TI~002-71 0 - 26,6 72.2 -18,9 74.9 =23.8
TT~023-71 Sane ga TT-002-71 0,50 2,1 26,2 12.0 -19.4 74.8 -21,8
TT-003~71 Same ss TT-002-71 [ - 61,0 105.0 17,0 1lll.4 12,0
TT-004=71 Sama pa TT-002-71 0,50 5.2 §0.3 1p3.B  16.7 110.5 12,0
TT-p05-71  Same aa TT-002-71 o - 99.5 13B.9 40.0 144.7 55.7
TT-006-71 Some as TT-002-71 0.50 6.7 98,5 1374 59.6 146.8 556
TT=-014-71 Same construcction as above bur with 0 - 27.9 66,9 =10.% 76.5 -18.3
Alfol Type 2P Insulation inset
stapled in caviciea,
TT-015~7L  Same ag TT-014-71 0.50 0.1 21.9 66,8 =11.0 76,5 -18,3
TT-030-72 Same ns above but with Premium Brand © - 26.0 7.9 -15.9 74.9 ~20,0
3 In. Papor Enclosed Rock Wool Bldg,
Insul. in cavitics,
Tr-031-72  Same as TT-030-72 0.25 1.2 4.6 7.6 -18.2 74.7 ~22.9
IT-03B-72 Same as ahove but with Fiberglas 1] - 25.7 68,5 -17.0 4.5 =21,1
3-1/2 in. Krafr Faced Duilding
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 a8 TT-038-22 tue with gypsum o) - 5.1 69.3 -19.1  T4.4 =22.0
board on Donn Producta DG-8
reodlient channel,
TT-043-72  Same as TT-042-72 0,25 0.8 4,8 68,7 -19.0 73.9  ~22.%
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Table D-1 {(continued)

Ket Apparent Effective® Effoctiva* Effectiva* Effactive® Effoctive#
Test No. Heat Amount of Thermal Thermal Hot Adr Cold My Tharmul
Flow Not Heat Conduct- Transmit=- Film Film Rosigtance
Plow due to  ance tance Cenduct= Conduer=~ {aurface=-to~-
Mr Lepkage  (surfaca-to= (air-to- ance ance sutrface)
surface) air)
‘ htu hrtl Bre hr=i  Bey heol Bru_hreol bewl hre
Bru he'l  mew et g epl et erl gt Rt @Rt peler
TI-001-71 2280 -- 0.167 0.195 1.4 1.8 175
TI-018-71 2370 - 0.265 0.194 1.1 1.5 .77
TT=-019-71 2390 85 0.266 0.196 1.4 1,6 376
TT-002-71 930 - 0.085 0.076 1.2 1.7 1L.76
TT=-022-71 1005 -_— 0.087 0.078 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.ba1 1.3 L6 10,87
TT~004-71 1545 550 0.141 0.125 1.8 2.8'- 7.09
TT-005-71 1020 - 0,102 0.091 1.4 1.9 9.80
TT=-006~71 1540 660 6.157 0.134 1.3 3.1 .37
TT«014=71 1495 - 0.15.2 0.125 1.2 1.6 6.58
Tr-DlS-TL 1510 10 0.154 0.126 1.2 16 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
Tr-039-72 915 70 0,084 0.07% 1.2 Lb 11,90
TT=042-72 880 - 0.079 0.072 1.4 2.4 12,66
TT-043-72 Elili] 85 0.082 0.074 1.4 2.1 12,20

*Effective rafers to the value calculated from messured heat flow.
difference, thia value lncludes energy consumed in heating the leakage ott from cold side te warm

side temperature.
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Test No.

Table D-1,

Wall Pescription

(continued)

Pressura
Diffar-

TT-020-71

TT-021-71
TT-024~71

TT-025-71
TT-026-72

TI-021-72
TT-028-72

TT~028-72
TT=012-72

TT=-033-72
TT=-034-72

TIr-035-72

Tr-040-72

TT-046-72
TT=044=72

TT-045-72
TT-049-72

Same as nbove but with Fiberglas
3-1/2 in, Friction Fit Building
Insulacion in covities, poly-
athylene vapor harrier, and wood
doublehung window, 3 x 5 ft,.,
aingle glazed aashos, locked,

Some as TT-010-71

Same as T¥-020-71 but with window
unlocked.

Same as TT=-024-71

Same as TT-020-71 plus single
glazed wood atorm window,

Same ns TT-026~72

Some an TT=026=72 but with wilndow
unlocked.

Same as TT-028-72

Same as TT-020-71 except double
glazed sashes.
Same as TT-012-72

Sama aa TT-032-72 but with
window unlecked.

Samy as TT-0134-72

Same constructicn 88 above but
with wood picture window, 6 % 5 ft,,
aingle glazad, divided light,

Same as TT-D40-72

Samo consgtruction aa above but
with wood pleture windew, 6 % 5 fr.,
double glazed, single light.

Sama ag TT-044-72

Same construction as abova but

vith pre-hung, 1~3/4 in. thick salid
woadd Elumh doer, 3 ft, x 6 fe.~8 in.
Spring hrnss weatherstrip en top and

in, witer
[}

0.25

0.25

gldes, half-round plastic closure strip
st bottom. Fiberglas 3-1/2 in. Frictioen

Fit Building Insulatlon in cavities.
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Alr  Mean
Leak= Wall
i)

felmin™! op
- 27.7
22.5 a1
wa 28.6
0.2 29,3
- 2?.6
32.6 27.6
b 28.7
9.7 28.2
- 26,0
39.7 28.4
- 27.2
50,1 a2.4
—-— 24.5
3,2 26,2
-- 24,8
4.9 24,7
- 2h, 1

Hot
Sur-
face
Tomp,

=x
70,3

1.1
69.0

1.7
69,1
1.8

68,7
68,1

68.2
10.3

69.7
7.1

Cold
Sur-
face
Tem

i
-14.8

.4

=13.8

=10.3

=1h.4
=-13.9
=14,3

=12.3
~16.,0

~11.3
=15.9

=-11.6

=-12.0

“14,4

Hoan
Hot
Mr
Temp.
A

78.1

5.0

95,8

78.1
73.]
.3

Menn
Cold
Adre
Temp.

ik
-21.4

=20.5

-23.0
~16.1

=23.1
~19.8
=-20.8

=-18.0
-22.4

~17.2
=-2Z.8

~10.1

~20,4

-17.3

=21.4

~21.6

=20.6
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Table b-) {continuad)

Apparent Effectivo® Effectivex Effectivod Effective® Effoctive¥

Amount of Thermal Thermal Hot Alr Cold Alrz Thermal '

Test No. Net Net Heat Conduct- Transmit- Film Mlm Realstance

: Hent Flow dua te ance tance Conduct= Conduct- (aurface-to=

Flov Alr legkage (purface-to-(nir-to- onca ance aurface}
surface) air)
-1 -1 -1 -1 -l
-1 -1 Btu hr Beu hr Bru hr Bey, bir Bry “hr
Btu br Btu hr fe-2 =1 gp=2 op=l =2 ep-l ft—z spl f:’.’ ap

TT-020-71 1670 - 0.156 0,133 1.7 2.0 5.41
TT=-021~71, 3560 2345 0.340 0,292 Je9 b6 2,94
TT-~024~7), 1730 - 0,162 0.136 2.0 ‘1.5 6.17
TI-025-71 3935 2695 0.394 0.340 4.6 5.4 %54
TT~026-72 1410 - 0.127 D.110 L.? 1.7 1,87
Tr-027-72 4110 2350 0.393 0.343 5.3 5.5 2.54
TT~028-72 1410 - 0.130 0.114 2.0 1.7 7.69
TT-029-72 4610 3915 0.452 0,401 8.0 6.4 2.2l
TT-032-72 1420 - 0.134 0,116 1.8 L.8 146
TI~033-72 4665 3920 0,466 0. 405 6.2 6.3 2.15
TT-034=72 1465 - 0.135 0,117 1.8 1.8 T4l
TT=035-72 5335 4570 0.568 0.501 9.1 a,1 1.76
IT-040=-72 2135 -= 0.260 0.183 1.1 1.4 3,85
TT~046-72 2260 30 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 0.265 1.4 1.6 4.72
TT-049-72 1380 -~ 0.135 0.117 1.8 1.8 T.4)

—
*Effactive rafars fo the value calculated from messured heat flow. In tests with an imposed presaure
difference, this value includea energy consumed in heating the leakage ale from cold side to warm
aide tempetrature, .
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Table b-l. {cantinued)

154

i
|
" ,
l ! ’ Prosaure  Alr Mean Hot Cold Main  Mean
- Test No. Wnll Deseription NiFfer=- Lenk- Wall Sur- Sur- Hot Cold
gy ential  age  Temp, face faem Adr  Alr
. l Temp. Temp. Temp, Temp.
i
; " i wneer flwgl 7o
' ' TT-050-72 Same as TT-049-72 0,25 21.7 23,1  64.6 =14.2 70.8 =20.2
TT=055-72  fomo as TT-049-72 but with 0 - 7.2 67,7 ~l3.1 748 -20.0
aluminum atbrm door.
o TT~-056-72 Same a8 TT-055-72 0,25 19,9 25.5 65.3 -l4.2 13,3 =-10.7
R T TT-059-72  Same aa TT-049-72 but with pra- 0 - 26,0 62,7 ~15.6 74.6 -20.8
! hung, 1~3/4 in, thick steel flush
doar with utethane fasm core, 3 ft.
: % 6 ft,—8 in, Magnetic wentherstrip
! aon top and aidea, plaatic flaps on
| bat o,
% TT=060~72 Samo as TT-059-72 0.25 4.9 25.2 66,3 -15.8 73,4 -20.7
! J Tr=063-72 Samo as TT~049-~72 but with 1-3/4 in, O - 25,8 67,3 -15.5 4.2 =20.9
: : thick, foam filled Flherglas rein-
forced plostic pnnel dacr, 3 fe. x
: 6 ft.-8 in. Extruded plastie woathor-
{ strlp on top and siden, half-round
’ rubber clogsure strip at boktom.
4 TT-064~72 Same as TT=063-72 0.25 7.1 25.1 66,2 =-15.8 73.9 -20.9
TT~065~72 2 x4 in, studs on 16‘ in, centers, o -— 26,2 62.7 -10,1 ¥3.5 -19.7
; 1/2 in. gypsum boavd intorior sur-
faco, 1/2 ip. wood Eiber sheathing
plus 4 in. briek venzer exterior sur~
fnza. No inawlation.
1
‘ TT~066-72 Samg ns TT-065~72 0.25 1.8 25.9 62,4 -10,5% 734 «18.9
!
F TT=-069~72 Same construction as TT=-065-72 but D - 26.6 70.5 =17.1 76.1 -21.5
with Fiberglas 3-1/2 in. building
' inaulatien in cavicies, polyethylene
t vapar barriosr.
:
TI-070-72  Sume aa TT-06%-72 0.25 1.9 26,3 69,9 -17.2 75.6 -Il.6
| TT-036=-72 2 %4 tn. studs on 16 in. centers, O - 21,8 67.1 ~11.53 75.9 -R0.1
} 1/2 tn. gypeun beard interior aur-
: facy, 3/4 1in, styrofoam TG sheath-
" ing and 10 in, wide redwood lap siding
axterior surface,
!
: TT-037-72 Sume as TT-036-72 0,25 1.7 27.2 66,4 «12.0 5.4 -20,5



e et i e TR b

Table D-1 (continued)

Apparent Effective* Effuctive* Rffective® Effective* Effsctives
Amount of Thormal Thermal 'Hot Adr Cold Adr Thermal
Teat No. Net Net, Heat Conduct- Tronamit= Fllm Film Resistance
Heat Flow due to  ance tanca Conduct-  Conduct= {surface-to=-
Flow Alr Laakage  (surface-to- (niy~to- anée autface}
gurface) alr)
1 1 -1 -1 -1
- " Btu hr Btu_hr Btu hr Btu hr Bey™ hr

ey el Bew hel frm2eop-l g2 opml pemd op-l e epd £ °F

T-050-72 3200 2135 0.314 0.279 4.1 4.3 3.18
TT~055-72 1200 - 0.118 0. 100 1.3 L4 8.47
Ti~G3o-~/2 2710 2000 0.277 0.2 2.7 3.9 3,61
TT-059-72 1110 - 0.106 0,092 1.1 1.7 9,41
TT-060-72 2390 1515 0,231 0.202 2.7 3.8 4,33
T1-063-72 1115 - 0.107 0,093 1.3 1.7 9.3
TT-064-72 1645 725 0.159 0.133 L7 2.6 6.29
TT-065-72 1795 == €. 196 0.153 1,3 1.5 5,10

¢

TI-066-72 1885 180 0,205 0,160 1.4 1.6 4,98
T1-069-72 925 - 0,084 0,075 1.3 1.7 11,90
TI-070-72 1045 200 0.095 0,085 1.5 1.8 10.53
TT-036-72 1495 -- 0,151 0.124 1.3, 1.4 6.62
TT-037-72 1580 175 0.160 0.1t L.4 1.5 6.25

*Effactive refers ta the value culculu.ted [rom meaaured hear f£low,
difference, this value includes enargy consumed in heating the leakape sir from cold side to warm
side temparatura.
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Appendix E. Detailed Air Infiltration Test Results

Table E-1

Alr Infiltration of 3 x 7 ft Exterior Doore

Doors normally closed and latched

: Adr Flow ft3 min™>
. 0.1 0.3 0.7
: Door, Weather Strip in., water in, water in, water
' Wood, flush solid core Bragg 4.6 0.2 18.2
Plastic 9.4 19.8 35.0
Same, plua aluminum storm
door Plastic 7.5 17.2 31.0
Wood, flush hollow' core Brags 5.3 8.9 13.0
Woad, french Braas 5.6 11,4 19.9
TR FRP panel Plastic — '] B.5
‘ | Steel, flush Magnetic 6.6 15.h 26
#extrapolation ‘
Notes:

1. A1l doors were tested fn the same Crame except the steel door, which was
prehung in a different frame,

2. The flush so0lid core wood door was prehung in frame with brags spring
wenther stripping supplied. Other wocd doora were trimmed as heeded to

fit this frame.

3. Plastlc weather stripping wes substituted for the brass in the same frame.

| k., FRP panel door was alightly oversize and made very tight fit against
Plastic weather stripping.
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Be2mr paer

18T

Moterial
Wood

Wood~plustic

Aluminum

A ! kN et s e S et

Type
Double hung

Double hung

Awning’

Fixed cagement

Operable casenment?

Sliding gluaa door

Eliding

Opersbie casemant
Single hung

Jalouaie

Alr Infiltraticn of Windows

Size
3x5
3 x5

3x}h

3x5
L x5

6 xT
3 xh

Ixh
3xh
Ixh

Tt

Tt

I+

't

't

ft

Tt

It

It

Table E-2

Ar Flow (rt3 mtn_]‘}
Locked Unlocked

Storm 0.1 0.3 0.7 0.1 .3 0.7
Glozing Sash in., wnter in. water
in-7/16 in. 1.0 2k.6 wr.¢ 315 T0.3 mee-
48 2,6 5.0 8.8 2.0 h.T' 8.8
in-3/8 in. .6 6.0 9.7 2,3 51 9.3
sa s8 L1 3.9 T.7 1.3 kL 8.5
in~3/8 1n. Y] 2.1 b9 9.0 1.9 5.0 9.3
ds 5.2 10,4 17.3
in-3/6 in. h.9  9.h 15.8
ds —— 2.2 k3
de 5.2 9.3.1k.0 7.0 1h.9 17.0

16.0 27,4 35.5

lom-3/16 in. 6.4 15.6 28.5 6.3 11,3 31.5
L 8.4 16.3 27.0
S8 88 5.1 18.6 3h.o#
da 11,0 26,0 50,0 23.0 46 Ti.oe
in-7/16 in. 1.3 5.6 11.8 2.9 10.0 20.0 )
1/l in. 40,0 B2, ==-=

tunlocked with locking lever pertislly and fully open, respectively

*extrapolaticn

L T L T
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Table E-3
Adr Infiltration of Windows with Cracks and Cpenings
A, 6 x5 ft Picture Window
Gauged erack around particl or full perimeter

Atr Flow (£t min™t
per foot erack length)

Crack width 0.1 in. water 0.3 in. water 0.7 in. water
1/32 in. 1.7 3.65 £.8%
1/16 in, b7 5.0 1h. he

4.8 9.3
1/8 in. 10.0 19.0- 31.2

1.0 20.4

11.4

1/h in. 18.8 33.0 52,0%

35.2

35.7

*extrapolation

B. 3 x I £t Wood-Plestic Awning Windew, glazed double strength

Upper and lower sashes opened by gauged amounte at bottom

Air Flov {£3 min™)
Opening 0.1 in, water 0,3in. water 0.7 in. vater
Cranked tight shut 5.2 10.h 17.3
1/32 in. 10.3 19.9 29.0
1/16 in. 17.3 32.L 46.5
1/8 in, 50.9 gh.9 ———
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