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e asum 0f the above values (359) represents the wlole-house permeability.
thie stack permeability constuant was estimated to be cqual to 385 CF/min per

cineh H 0 and therefore -
X for house and stack = 740 CF/min per inch H 0

his value agrees rather well with the earlier estimated value (712) cevolved

at by using Equation 21 and the measured pressures.

The speciric assumptions and data used in thesce calculations are -

Pressure Differences

APx = <0.0030 inch H,O wirh sta.< open

AP = -0.0035 inch H,0 with stack closed

Crack Purmeability

Flow through cracks, at a pressure difference of 0.3 tnch H,0 is —

CF{min-ft of cracks

Windows iwwatheratripped) 0.5
Doura (with atorms) 0.7
Framing and sill plates 0.25

The agrevawnt, achieved with reasonable assumptions, suggests that windows,
dours, lraming and s1ll plate cracks account for most of the permeable

verp et {nventory,

Ntatic Probe Placement

vonsivetable "roixe" was observed in the indoor-outdoor static pressure
medsuredents, during periods when wind speeds were appreciable, even when the
refetance prode was located 60 feet from the '"neutral" side of the house. We
Jo not know to what extent this is a reflection of the actual p-essure fluc-
tuations in the house or of kinetic effects of vertical components of the wind

on the reference outdoor probes.

Relocation of the reference probe in the attic did appreciably damp out
the fluctuations. However, during periods when the wind direction was fluc-
tuating rapidly at a relatively low wind speed (=5 wmph)., the indoor-attic
static pressure differ. .ce was observed Lo fluctuate. For example, it de-
ctcaned (i.e¢., became more nugative) when the wind was casterly (normal to the
opening to both the living space and to the attic) and becawe less negative

3]
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when the wind was southerly (normal to the south wall, which has no openings

to eicher the living space or the attic).

This finding (s ({n direct contrast with tlc wind cffects observed when the
indoor-outdoor stat{c pressure differences were measured with the reference
probe located outdoors. 1In the latter case, the easterly winde impinging on
the broadside openings of the house increased the pressure in the house. We
can explain the behavior if we assume that the winds impinging on the openings
to both the attic and living space result in a greater increase in the pres-

sure in the attic (Kx/Ki= 1; %;E-- 0.5) than in the living space (Kx/Kia-l.SA;
%g% = 0.22). It is apparent, however, that the attic cannot be used as the

reference probe for indoor-outdoor static pressure difference measurements.

Locating the reference probe about 40 feet away into a relatively dense
woods, gave the "best" results. At least some of the noise was damped out,
and the wind effects on AP made sense. In particular, a 3-mph wind impinging
on the south wall, which has no openings to the living space, had no effect
including "noise" on the indoor-outdoor static pressure differences or on :
the "noise" when the reference probe was located in the woods. Thus, the
noise usually observed with a wind of that magnitude was not affecting the

Fouse or the reference probe.

Wind Effect on Static Pressure Difference

We were surprised at the effect that verv low wind speeds had on the
indoor-outdoor static pressure ditferences. For example, wind speeds as low
as 2 to 3 mph resulted in significant static pressure fluctuations (of the
order of 0.002 inches of H,0), when the indoor-outdoor temperature difference
approached zero and the b1;uer was off. Admittedly, there is little net
effect of these very low wind speeds on the average indoor-outdoor pressure
difference. However, the resultant dynamic fluctuations can in fact account
for the base-line infiltration rate of 0.07 air changes per hour observed

under the no-driving-force conditions.

These effects would lead us to believe that each static pressure excursion

from positive to negative observed on the windward side of the house results
in a small amount of infiltration-exfiltration of air, together with some
mixing because of kinetic forces on the outside and on the inside of the wall.

INS TITUTE or G A S TECHNOLOGYY
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S{imultaneouesly, the sume excursion also causes a small exfiltration-infiltratipn

on tine other side of the house, with mixing inside and outside being enhanced

by the kinetic motion of the air. The result ray be a pumping action.

2. Two-Story Dwellings

In addition to the single-story, heavily instrumented, unoccupied home
(except for the test personnel), we acquired two additional 2-story homes (usually
free of the owner-occupants during measurements) to carry out specific tests
relating to effects of buoyancy and shielding. Of these, one was a 6-room,
two story, all brick 'sme (30 years of age) with a gross living area of

2200 square feet, and with shielding on the 2 sides due to adjacent buildings.

In the former 2-story home, full communication is provided between the
furnace room and the rest of the house. In the latter, only minimal
interaction is «vailable since the furnace is located in the attached
garage (underneath the second floor bedrooms). Both of these irstallations
contribute to house infiltration differently and represent the two most
significant variations in home construction controlling the effect of

furnace operation on house infiltration.

One objective ol the test program scheduled for these homes is to
determine the effect that the second floor barrier mav have on air infiltration
rates, vhen these are primarilv driven by buoyancy forces (i.e., high indoor-
outdoor temperatur. differcnces at low wind speed). Another objective is
to obtain the efiect of shiclding when the infiltration motive force is
mainly wind velocity (at essentially zero indcor-outdoor temperature difference).
Preliminary infiltration data from these two homes are summarized in Table
4 and 5. Additional data are currentlv being generated to provide full

delineation of these effects.

B. Extensive Field Testing

A significant amount of data is available from the 23 test homes,
obtained during 1977 as part of the A.G.A. project HC-4-33,°! and most, if
not all, of these data are of relevent value to this phase of the program.
The main thrust of this phase of extensive testing in the 23 homes has been
the development of data relating indoor-outdoor temperature differences to
the r2spective driving forces affecting infiltration as they vary from one
tvpe of home to another. Therefore, the test program during 1978 concen-
trated primarily in measurvments of pressure differences that provided
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= Table &. BASE-LINE DATA FROM 2-STORY TEST HOME WITH INDOOR FURNACE
-
c Avg. Wind Corditions Avg.
- Furnace Mode Speed, Temperatures Infiltration Rates
m Run_No. Blower Furnace Stack mph Direction _In Out air changes/hr
la On off Closcd 12 South 68°F  60°F 0.33
o 2a Nn off Closed 12 South 71°F  57°F 0.38
- 1b of f off Closed 12 South 68°F 60°F 0.18
1c on of f Open 12 South 68°F  60°F 0.39
oy 2b On off Open 12 South 71°F  57°F 0.40
> 1d off on Open 12 South 68°F 60°F 0.29
» le On On Open 12 South 68°F 60°F 0.60
2c On on . Open 12 South 71°F  S7°F 0.74
A On off Closed 12 Southwest 68°F 70°F 0.48
= A On off Open 12 Southwest 68°F  70°F 0.48
: A on On Open 12 Southwest 68°F 70°F 0.60
z C On of f Closed 15 South 70°F  63°F 0.43
z C Oon on Open 15 South 70°F  63°F 0.55
e L On Off . Closed 3 Southwest 68°F  37°F 0.69
: D On on & Open 3 Southwest 68°F  37°F 0.85
o E On off * Closed 10 Southwest 68°F 6°f 0.89
< E On Oon Open 10 Southwest 68°F 6°F 1.31

S0S0¢
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- Table 5. BASE-LINE DATA FROM THE 2-STORY TEST HOME WITH FURNACE IN THE GARAGE
c
- Avg. Wind Conditions Avg.
Furnacc Mode Speed, Temperatures Infiltraticn Rates,
. Run No. Blower Furnace _ Stack mph Direction_ __In Out ___air changes/hr
° la On of f Closed 8 Southwest 72 54 0.80
- 2a On off Closed 11 Southwest 70 53 0.91
Ja On off Closed 13 Southwest 68 50 0.39
1b of f off Closed 8 Southwest 72 54 0.44
A
© Y1 on off Closed 8 Southwest 72 54 0.68
>
o« 2b On off Open 11 Southwest 70 53 0.74
b On of f Open 13 Southwest 58 50 0.43
le Oon On Open 8 Southwest 72 54 0.68
- 2c On On Open 11 Southwest 70 53 0.74
m 3¢ On On Open 13 Southwest 68 50 0.44
n
4
z
o
r
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the basic anderstanding 1n the tormulation of the 16T model of air inffl-

tration.

1. Background

As discussed earlicr (section centitled, "Inteasive' Field Testing), the
indvor-outdoor pressure differential can be directly measured by placing a
probe, connected to the other leg of the sensor, indoors. However, in the
field homes, the measurements were found to be highlv sensitive to wind gusts
and vehicular traffic. Initially measured pressure differences exhibited
large variations ranging from -0.02 inches of water to over + 0.03 inches of

water column over short time periods.

The tests were carried out in § of the 23 field test homes and, in
order to reduccu these effects on the differential pressure measurements, the
outdoor luyg of the scnidor was placed in the attic of the house (Figure 24).
A typical trace obtained by the attie or indirect method is shown in Figure 25.
Although there are atill significant variations in the measured pressure
ditterential, the tluctuations were considerably dampened. However, the data
mad not be very accurate (as discussed in the carlicer section) and are presen-
ted here ondy to illustrate the relative cffects of important variables on
pressufe levels,

Fhe danpening vflect was sufficient to allow us to obtain a time-averaged

reanure Jidterential, bv inspection of the trace of Figure 25. The ;P‘. or

idonr=cwtdootr pressure difference at a particular leight above ground level,
e valdalated from e measured pressure difference (LPm) through Equation 22,
Whivh vorredts tor tne pressure Jdifferential represented by the column of air

butween the refoerence and the attic levels.

SPo(h) = P~ 7.66L(1/T - 1/T,) («2)
X m 0 1

whete

APF * mea~uted pressure differential, in. H,0
he . ght of attic probe above sensor, ft

T = outdoor temperature, °R

1 = jndoor tempcerature, °R.

The .ndirecet or attic method was usced to determine the preasure distri- :

butions in 8 test homes. ITn most cases (U was difticult to cumpare the attic

Sh
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cthed eatn the dircect mwethod due to tne larype variatilons obtained when using

tie Jirect nethod.

Jo taperimental Data

Ine data from tre B Lest homes are shown plotted in an ideatical manner
as a function of structure height above the furnace, in Figures 26 through 33.
Tie indoor-outdoor pressure differential profiles for ecaci. home are shown for
3 cases: furnace off, stack closed; furnace off, stack open; and furnace on,
stack open. The profiles, in general, behave in a manner similar to the cal-

culated profile discussed earlier (i.c., the pressure differential increases

lincarly witn heigheo .

The effect of cpening the stack is best Jdemonstrated with the data ob-
talned from Test Home No. 8, summarized in Figure 26. With the stack closed,
the indoor-outdoor pressure Jdifference (U Py) was found to be positive at each
level above the turnace levelwhile the atructure was being subjected to a
wind from the west a4t 17 mph, at an ovutdvor temperiture of 55°F, during the
course ol the measurezents. The AP, was found to vary from +0.001 to
+0.008 in. ugo. whiclh iranslates to an indoor pressure higher than the static
outdeor presaure at cvery level of the house.

Figure 20 also s'wws that, when the stack was opened, the pressure in the
hausy bevame entirel: negative with respect to the outside, ranging from

0.0 to - Q.03 inm. H2
Juced by 0,008 tn. h... This behavior is qualitatively consistent with the

O, with the pressure differcntial at each height re-

notion that vpening ihe stack increased significantly the crackage for exfil-
tration; the existing buovant forces created additional flow (up the stack)
and, therefore, caused an increase in the rate of infiltration to satisfy the
mass balance around the house. Indeed, the measured infiltratiou rate, with
the stack open (0.51 air changes/hr), was found to be much greater than with
the stack closed (0.33 air changes/hr). On the other hand, quantitative cor-
relatfon between 4P, , the Infiltration increase, the wind speed and indoor-
outdoor difference, the relative crackage of the house, the wind direction,
ctc,, has not yet been c¢stablished because of the absence of a comprehensive

and interactive governing model, which is presently under development.
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CHIMNEY FURNACE
CLOSED ON

HOUSE INFILTRATION RATE, airchanges/ v
CHIMNEY FLOW RATE, SCF/M
OUTDOOR TEMPERATURE, °F

WIND SPEED oand DIRECTION, mph

o 33 0.5
80

55
17-W

CEILING b

— —-—-=0 FURNACE ON, STACK OPEN
————@ FURNACE OFF, STRCK OPEN

i
"

= —— & FURNACE OFF, maose
g
5 ﬂ
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3
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-
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¥ i
FURNACE LEVEL ~__ .I,I
0 | NIL
-003 002 Qol 0] Qo
OP,,in. H,0
ATS03 1444
Figure 26. INDOOR-OUTDOOR PRESSURE DIFFERENTIAL MEASUREMENTS
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IN HOUSE NO. 8 (Vavrik)
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LEGEND
CHIMNEY FURNACE
VARIABLES CLOSED ON
HOUSE INFILTRATION RATE, airchanges/iv  0.21 0.34
CHIMNEY FLOW RATE, SCF/min - q3
OUTDOOR TEMPERATURE,°F 59
WIND SPEED and DIRECTION, meh 23-SW
20
ceu.mc/ . —o FURNACE Om
STACK OPEN
— —@ FURNACE OFF
STACK OPEN
o FURNACE OFF
ry - STACK CLOSED
-
w
<
4
%
W
§ T
¥
s -
| FURNACE LEVEL
o | ﬁ ] \

-0.02 ~0.01 o) 0.04 0.02

APy, in. H0
AT80S1449

Figure 27. INDOOR-OUTDOOR PRESSURE DIFFERENT1AL MEASUREMENTS
IN HOUSE NO. 43 (Patterman)
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LEGEND
CHIMNEY FURNACE
VARIABLES CLOSED ON
HOUSE INFILTRATION RATE, airchanqes/iv ()“() 0.45
CHIMNEY FLOW RATE, SCFVN“N 65
OUTOOOR TEMPERATURE, °F 37
WIND SPEED ond DIRECTION, mph 1S-S
10
:. /
¥ CEILWNG o o FummaAcE on
g STACK OPEN
z
FURNACE OFF
§ = = = ® sTacx oPeEN
5 FURNACE OFF
§ s - STACK CLOSED
<
3
¥ FURNACE LEVEL
g | | X
-0.02 -0.01 o 0.0 0.02

&Py, in.H20 AT0031442

Figure 28. INDOOR-OUTDOOR PRESSURE DIFFERENTIAL MEASUREMENTS
IN HOUSE NO. 4 (Petrulis)
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LEGEND
CHIMNEY FURNACE
VARIABLES CLOSED ON

HOUSE INFILTRATION RATE, orchanges/br OS5I 069
CHMNEY FLOW RATE, SCF/min 70

OUTDOOR TEMPERATURE, °F 3%
WIND SPEED ond DIRECTION, mph 10-NW

CEwNG

= O FURNACE ON, STACK OPEN
— = @ FURNACE OFF, STACK OPEN
& FURNACE OFF, STACK CLOSED

HEGHT ABOVE FURNACE, 1

-0.04 -003 -0.02 <001 (o]
Ag . in.HzO

ATO0 443

Figure 29. INDOOR-OUTDOOR PRESSURE DIFFERENTI\L MEASUREMENTS
IN HOUSE NO. 5 (Soderquist)
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LEGEND
CHIMNEY FURNACE
VARIABLES CLOSED ON
HOUSE WFILTRATION RATE, oirchanges/hr ozo 02
CHMNEY FLOW RATE, SCF/min 40
OUTDOOR TEMPERATUREI‘F 24
WIND SPEED and DIRECTION, meph I6-N
1S
==+ =0 FURNACE ON,
- STACK OPEN
W - - - ~@FURNACE ON,
0 STACK CLOSED
§ ——— FURNACE OFF,
(ry STACK CLOSED
§
g S
¥
FURNACE LEVEL]
0 |
-0Q =00i 0 0.0l Qo2

AP‘ [ .n Hzo
ATOOSMee!

Figure 30. INDOOR-OUTDOOR P ,SURE DIFFERENTIAL MEASUREMENTS

IN HOUSE ... 42 (Weber)
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LEGEND
CHIMNEY FURNACE
VARIABLES CLOSED ON
HOUSE INFILTRATION RATE, oirchanges/ly 050 083
CHIMNEY FLOW RATE, SCF/min a4
OUTDOOR TEMPERATURE, °F 58
WIND SPEED ond DIRECTION, meh 21-SW
B aEoxs
=.
g o}
2
£ T
3
o Lrummace wevey .
002 -001 0 001 002
AR, InH,0

ATRO%UAN

Figure 31. INDOOR~-OUTDOOR PRESSURE DIFFERENTIAL MEASUREMENTS
IN HOUSE NO. 40 (Hexdal)
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LEGEND
CHIMNEY FURNACE

VARIWABLES CLOSED ON

HOUSE INFILTRATION RATE, archanges/ly O 32 o4

O4MNEY FLOW RATE, SCF/min 80

OUTDOOR TEMPERATURE, °F a7

WIND SPEED ond DIRECTION, mgh 9-E

15 CEWLNG —7

FURNACE ON, STACK OPEN
Q- © FURNACE OFF, STACK OPEN
& FURNACE QFF, STACK CLOSED

HEGHT ABOVE FURNACE, fi

FURNACE LE\E. -

TR B, e 1 |
-004 -Q.03 -0.02 -0.01 0
88, O

ATS0314 36

Figure 32. INDOOR-OUTDOOR PRESSURE DIFFERENTIAL MEASUREMENTS
IN HOUSE NO. 46 (Elliott)
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LEGEND
CHIMNEY FURNACE
VARIABLES CLOSED ON
HOUSE INFILTRATION RATE, archanges/lv Q36 Q52
CHIMNEY FLOW RATE, SCF/min - a5
OUTDOOR TEMPERATURE, °F 56
WIND SPEED and DIRECTION, mph 16-SE
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A FURNACE OFF,STACK CLOSED
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AT8031440

Figure 33. INDOOR-OUTDOOR PRESSURE DIFFERENTIAL MEASUREMENTS

IN HOUSE NO. 6 (Ingemanson)
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Figure 26 also shows that turnace operdation, at steady state, further
dedreases the pressure in the house - o fact conslstent with the increase in
the buovant force due tuo the hot tlue products. Figures 27 through 30 present
the data tor Test Home Nos. 43, 4, 5, and 42, respectively. 1ln these test homes,
the peneral behavior observed with Test Home No. 8 is repeated, with two ex-
ceptions: the level of pressure reduction upon opening the stack (which varies
from one home to the other) and the initial &Px (with the stack closed). In each
of these 4 homes, the initial APx was found to be mostly negative, despite the
fact that the wind speed levels (and directions) were 23-Sw, 15-S, 10-NW, and
16-N, respectively. Again, quantitative relationships to explain these be-
haviors are not available at this time, and the data are presently being analyzed to
ald in the model development. An even more Jdifticult behavior is presented
with the following twv test homues, Nos. 40 and 40 (Figures 31 and 32), in
which no change im the :'x wus vhierved (whether the stack was open or closed
or the furnace burner was ovn or off) while apprueciable changes in the air in-

filtration rates were Tecorded.

Test Home M. o \Figure 313) represents a special case: In this home, the
door to the furnace room was kept closed during the APX measurcments, and, as
a result, a discontinuity wa observed in the pressure luvels between the fur-
nace room and the reat of the house. Above the furnace room (basement), open-
tnn the stack vaused only a swmall shift (0,001 in H,Q0) in the pressure pro-
1ilv. However, in the turnace room, there were notzceable effects on the
pressure profile when uvpening the stack and operating the furnace. The large
‘reasure dror (1 0.012 in. H,0) observed acro:ss the furnace room door suggests
that the sealing of the two ;nnen was such that flow was cstablished through
the dour crack to the basement. Because the furnace air tfan was operating
vont inuously, air from the basement was drawn into the return air plenum of
the furnace and finally discharged upstairs. This postulate explains fully

the change in pressure upstairs as a function of any action along the chimney.
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THE 16T MObEL AND COMPUTER PROCRAM

The {deal air intiltration model would be one for which all of the
garancters used can be defined numerically from the appropriate weather data
and the detail architectural drawings of the structure. As discussed carlicer,
Hittman Associates® have meved in this direction bv using an equivalent ori-
fice coefficient, which presumably can be estimated from mcasurable charac-
teristics of the structure. This approach attempts to define an "average"
driving force, AP, acting simultaneously on all the orifices in the house,
in terms of a static rclationship with wind speed, wind direction, indoor-
outdoor temperature difference, and other factors such as furnace and/or fan
operation as parameters. Such an "average" driving force, however, does not
reflect the effects of the interactions between the driving forces over a
broad range of ambient conditions, and, thercvfore, does not provide an accurate
basis for predicting infiltration for variable structures, in variable

envi ronmetits,

In reality, the driving force, P, dcting on a particular orifice varies
widely depending on {tx location with respect to wind direction and height of
the house. The actual pressure drop, AP, across a particular orifice is deter-
ainvd by the differvnce between the dynamic pressure on the outside of the
orifice {mposed by wind forces, .ZPw (for which a reasonable model exists), and

the resultant indoor-outdoor static pressure difference, APr:

AP = P — 2P (23)
W r

where &Pt i3 the sum of two indoo:-outdoor static pressure difference effects.

One of these pressure differences is APg, the static pressure differcuce
at a particular height in the house, resulting from the vertical gradient in-
duced by the indoor-outdoor temperature difference only. Its value may be
eatimated from the indoor-outdoor temperature difference, AT, and the height
of the orifice above or below the structure's neutral zone. The other is 4Py,
the static pressure difference induced by the combined effects of wind, chimney
buoyancy, and fan forces (at mass balance). The pres-re difference, APy,

affects the whole house cqudlly, depending on communication between rooms and

between floors.
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l'¢ can, therefore, detine the flow, F, through a particular orifice in

terms of the following equation:
F = 0C [aP, — (&Py + &P,) " (24)

vhere O 5 the measurabice orifice coefficlent for the particular orifice. All
ot the parameters in Equation 21 are calculable or measurable except the flow,
F, through the orifice and AP,. The latter can be determined by mass balance
between the exfiltration and infiltration through all of the orifices in the
house. It is possible, therefore, to compute the whole house static pressure
difference, APx‘ as well as the overall infiltration rate, by characterizing
all of the orifices in the house in terms of Equation 24 and by setting up an
overall mass balance equation for infiltration-exfiltration through all ori-
fices. Such an equation can then be solved by the method oi successive approx-

imations.

In order to successfully model a house in terms of such mass balance

equations, the rollowing are required:

° Indentification and characterization (in terms of the orifice co-
efficient and location with respect to which wall and height) of
all significant components in the house through which infiltration
can accur,

° Estimation of the “base-line" neutral zone height, h,,, in the
absence of wind, chimney, and exhaust-fan forces. Presumably this
cdan be ovbdtained trom the vertical gradient in the measured orifice
coefficients. From this, and the given indoor-outdoor temperature
Jifference the induced pressure difference, APB. at any location
can be calculated as follows:

- - 1_1 2
JPB (0.26) (h hno) A.B(,r1 To) (25)

vhere Ti and !5 are indoor and outdoor temperatures, respectivelyv.

°® Appropriate models f~r calculating the actual wind pressures imposed
on wach of the four walls of a structure, from remote and on-aite
vind measurements. Precise modeling of the aerodynamic interactions
between wind, a particular structure, and the shielding effect of
planting and other structures is complex and beyond the acope of this
project. However, mod ls available from ASHRAE are probably adequate
for our purposes.

° Appropriate models for exhaust fan and chimney flow, which are also
available.
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Prowsure difterenttals dsually exist acros:, the walls of building

Aructures and are cauned by
° Tue density dittcerence between the warm indoor and colder outdoor air
° The efrect of wind forces.

In the absence of wind, a neutral pressure point is found somewhere
within the structure, and infiltration of outside air occurs through that
part of the structure physically located below the neutral zone, with ex-
filtration occurring above it, as shown in Figure 1. The exact height (Y)
of the neutral zone is dependent upon the relative permeability of the
structural members (solid walls, windows, and doors), which usually causes

the compound walls of the structure to have variable overall permeability.

A. Preliminarv Assumptions

For the "basic" madel of air 1ﬁfiltratlon. we have assumad (for
simplicity) that the vertical gradient in permeability is uniform, and can
be variuvd wall-by-wall. 7This wall=bv-wall mass balance model excludes the
added interactive cffects of furnace operation which represent the final
refinement of the madel. With these assumptions, we can now examine how
the representation of Figure 3s (for ncutral pressure zone) is changing

when the outdoor condit{ons change.

First, L v indoor-outdoor temperature difference increases, the
prussure Jditferential indicatea by the slope of the line passing through the
twutral zone will increase, therebv causing a greater flow through the
craces fn walls, windows, etc. Also, in the absence of wind, the neutral
pressare 2one position (height) should be the same on all four walls of the
atructure (uniform vertical permeability gradient). On the other hand,
addftion of wind torces will be defined, one on the windward, the other on
rthe leeward wall. These zones will be positioned such that there is a mass
balance between air infiltracion and exfiltration. The difference in the
height of the neutral zone position (2) is proportional to the vratio of the

wind speed force to the buoyant force.

7l
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With regard to the usual levels of wind velocities and i{ndoor-outdoor
temperature differences characteristic of the four seasons, at le..t four
Jistinct represcntations can be envisioned (based on the assumptions made
above) for the neutral zone positiun for air infilctration to occur. Figure 35
shows the case when the absolute level of wind, the indoor-outdoor temperature
difference, and the relative wall permeability are such that both the windward

and leeward neutral zones are within the structure.

Similarly, Figure 36 illustrates the case when the windward wall 2oune is
above the structure and the leeward wall neutral zone is within the
structure. Figure 37, on the other hand, shows the reverse case (windward
zone within and leeward zone without the structure) and Figure 38 the case when
both zones are outside the structure. It is the object of the modeling
effort to provide a tool that would allow the determination of the exact
locations of the neutral zone in cach case (and, therefore, of the rate of
infiltration) by using the basi. properties of the structure and specific

weather data.

For each case shown in Figurces 35 through 38, the mass balance formulations
around the structure were obtained by equating infiltration and exfiltration
above and below the neutral zone. Each such formulation represents a
complex non-linvar mass balance equation and the following simplifying

disumptions wete necessary in order to obtain the required solutions:

° The pattern o! crackage is uniform across a wall

° The air flow through a crack is proportional to the 0.50 power of
the air pressure differential

° The wind presaure force on the windward walls is positive and does not
cause any pressure disturbances on the other walls

° For winds that are not perpendicular to a wall of the house, the wind
pressure effect is the cosine of the wind angle (with respect to the
valls it acts upon) times the wind speed squared

° The house is considered without a chimney and exhaust fan force (these
offects will be added in the final, refined model).

13

I NS T I TU T E o e A3 T ECHNOLOGY



WA 30505

WINDWARD WALL

WINDWARD WALL - -
NEUTRAL ZONE "] _‘_
— ——
| | |~ LEEWARD WALLS
- Y e—  NEUTRAL ZONE
l AT90I0073

Figure 35. BOTH WINDWARD AND LEEWARD WALL NEUTRAL ZONES INSIDE THE HOUSE

WWORARD WALL
WINOWARD WAL L l_
NEUTRAL 20ME F
i g
— |
_ #
e — e s e | )———
| > ] | LEEWARD WALLS
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P e
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Figure 36, WINDWARD WALL NEUTRAL ZONE ABOVE HOUSE LEEWARD WALL
NEUTRAL ZONE INSIDE HOUSE
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WINOWARD WALL

r
WINDWARD WALL i, T =
NEUTRAL ZONE | '- -
——— e —
——— z e
l_ Y LEEWARD WALLS
T NEUTRAL ZONE
ATRO00T2

Figure 37. WINDWARD WALL NEUTRAL ZONE INSIDE HOUSE LEFWARD WALL
NEUTRAL 2UNE BELOW HOUSE

il

LEEWARD WALLS

Figur. 38. BOTH WINDWARD AND LEEWARD NEUTRAL 20NES OUTSIDE THE HOUSE
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lupout Data Keyulremert

A copputer program has heen developed to facilitate the Solocion of
the mass balan, ¢ cquations fcr ta: tour cases mentioned carlier and was also
usvd to provide a measure of validation of the model using data from the IGT
ficld test homes.- !

The data required to perform the mass balance model calculations include

tue following:

° The height of the housé

° The crackage length of the windward wall(s), and of the leeward walls
] The indoor and outdoor tewmperatures
° The wind spceed and direction.

As the simplified 'basic" model is refined, additional data concerning
furnace operation, vent-tan operation, and ground wind or structure

shielding will be added to the above data.

The program tirst computes the magnitude of Z (the difference in the
height of the neutral zone) and then compares the magnitude of Y (neutral
cone height) for vach wall against the structure's height (H), in order to
detine the appropriate case Figures 35 through 38) and respective mass balance
vquation applicable. This program proceeds to set a value for Y for the
leoward wall(a) at {ts lowest limit possible and to increase this value
progressively, (n small {ncrements, until the mass balance b tveen
intileration and exfiltration is satisfied. The output, then, of the program
is the height of the neutral pressurc zone on the leeward wall(s) from
ground level. Using this value of Y an estimate of the equivalent wall
peroeability is obtained, using the actual infiltration data for the

structure and measured cracked lengths.

As will be discussed later, the above permeability values are compared
with values from the literature relative to the tvpes of homes used in the
program in order to provide model verification. Conversely, permeability

data from the literature and the actually measured crack=length data can be

76
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lunut to the program to c¢stimate the structures infiltration. This lacter
4p)proach has not been used for data from the literature, duc to absence of
actual infilecration data, and has only been used for the IGT homes and

measured infileration rates for these homes.

n
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VALIDATION OF THE BASIC MODEL

Validation of the wmodel against field data not only requires that
the model itself be valid in form, but also in content (i.e., the input
house paramcters and on-site weather data must be valid). Therefore,
altaough we know that the mass balance model is basically sound, a lack of
agreement of measurced ficld data with model predictions can occur due to
a number of factors. In the first place, the model in its present form
assumes a uniform vertical permeability gradient whereas, in real houses,
the sites of infiltration occur as more or less discrece components and tiwe

vertical gradient in permeability is undoubtedly non-uniform.

For conditions such that the driving force for infiltration is either
buoyancy (indoor-outdoor temperature difference) or wind, the above
assumption should have little effect on the results obtained with the
model. However, when both are present, the assumption of uniform permea-
bility could effect the ratio of wind spred to the temperature difference
at which transition from une predominant regime to another occurs, since

the neutral one height is determined by the vertical gradient.

Other factors that could cffect the agreement between model pre-
Jdictlons and Jata trom the tield are:

] lmpreclse determinations of the location and magnitudes of the
permabdbility coefficients for exfiltration (Kx) and infiltration (Ki)

° lmproper asasignment of the wind pressure exerted on the various walls
of the house, the rusult of "shielding" and aerodynamic interaction of
the wi*Jd with structure, which are not taken into consideration in the
preliminary form of the "basic" model.

Secaune of the above, validation of the model against field data requires

agreement in the magnitude of infiltration as well as consistency over a

wide range of weather parameters.

A. Comparison With Chimmeyless Homes

We have used the data obtained from 19 field homes (“extensive" testing),
for the weather conditions existing during the period of the measurements
(with the chimney blocked) to compare with estimates for these homes obtained
with the model and computer program. Similarly, we have used data obtained

from the ranch home ("intensive' testing) for the same purpose.

18
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1. Comparisons With Field Data

For the 19 field homes, we have used the measured crack lengths, air
infiltration rates, and height of living area as the sole inputs to the

program. The comparative results are summarized in Table 6.

In this table, the comparisons are made in terms of the orifice coefficient
(cubic feet of air per minute per foot of window and door crackage and inch
of water pressure) required to make the measured and calculated infiltrations
agree. This, in essence, attributes the infiltration from building elements
(such as sill plate crackage, wall leakage, electrical outlets, and ceiling
leakage) which are poorly characterized to the window and door crackages which
can be characterized. Therefore, to the extent that the window and door
crackages in a house can be characterized, the orifice coefficients so cal-
culated are measures of the relative contribution of other orifices to the

total infiltration.

Current ASKRAE date indicate that orifice coefficients for wooden
double hung windowa vary from 0.9 for average fit, weather-stripped condition,
to 1.7 for average {it, ton=wvather-stripped windows. With storm windows,
these valuea would be reduced by about 30X, to 0.64 to 1.2. Window-frame-wall
leakage, which isx additive with the window leakage values, may vary from
0.2 th 0 9, Orifice coefficlents for doors are likely to be about double
those for the windows and, therefore, typical orifice coefficients for total
window and Jdoor crackage (with storms) in real homes .i~ht be expected to be

1" the range of 0.6 to 3.0 cubic feet per minute per foot and inch of HZO'

Tamural? found in 6 real homes (Toronto) values ranging from 0.6 to 2.7
tor double hung windows with storms, and 1.0 to 2.5 for doors with storms.

Thus, the range from 0.6 to 3.0 seems reasonably typical for compu.rative purposes.

The data of Table 6 show that the calculated orifice coefficients varied
from 0.7 (indicating a very tight house) to as much as 27. For one-half (27

of 54) of the measurements, however, the calculated orifice coefficients
vere in the range of 0.7 to 3.0. Even more, only 1l1% (6 of 34) of the

calculated coefficients were above 6.0 and these appear to be spurious results.
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Housu
Number

2

1

1)

24

WS
MPH

10
18
15
12
14

30
10

14
17
16

11
16
10

19
1?

1n

15
19

Y
-

15
10
10

16

AT

14
24

26
17
3l
17

67
33

CALCULATED OKIFICE COEFFICIENTS FROM

MEASURED INFILTRATIUN DATA

I NS TI TUTE

Table 6.
Measured
L, Infiltration
t;/ki ___CMM
1. 130
2.5 120
1.1 268
2.9 185
1.1 123
0.8 101
19,1 95
1.1 353
1.1 152
2.3 80
o Nl 98
1.1 178
0.0 119
1.1 28
1.1 250
CLT 246
1.1 141
LT &0
999 79
1.1} 249
1.3 81
9,6 66
1.0 61
9.6 89
0.9 108
0.9 125
3.3 94
999 84
3.3 134
3.3 172
3.1 102
3.6 39
80
or
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Control Orifice Coefficient,

Regime CFM

Figurce Ft, in H O
5 2.8
S 3.2
b} 7.1
S 16.1
S 3.9
S 2.8
5 14.7
5 3.8
5 5.0
S 3.1
5 2.1
5 3.2
5 2.6
5 3.4
5 5.5
s 25.8
S 2.9
5 15.9
5 13.8
5 4.0
5 1.4
5 ‘.v7
5 1.6
5 5.2
5 2.1
5 2.6
5 3.0
5 14.8
5 6.0
5 4.9
5 3.7
L) 0.9
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House
Number

32

39

40

41

43

o

Fl

Table 6, Cont.

WS AT . .
wen ok N
14 32 2.5
18 5 :.
18 36 0.5
10 48 2.5
8 42 0.9
17 35 0.9
13 47 1.3
12 27 2.3
14 21 2.3
10 3% 2.3
8 4 «.8
21 3l [ J9 ]
8 3 1.9
2) 13 0.9
8 33 1.
10 : ’u‘
19 a8 1.7
13 31 1.7
18 Nl 2.7
1 23 1.0
leo b 0.0
[} 3o O0.e
t T U TE

I NS T

Measured

In..ilcration

CFM

116
143
132
141

163
287
241

40
40
34

54

59
2l

96
75
88

78
92
89

24
53
53

8l

A

s
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CALCULATED ORIFICE COEFFICIENTS FROM
MEASURED INFILTRATLON DATA

Control Orifice Coefficient,

Regime CFM

Figure Fr, in H20
5 2.4
5 3.0
[ 2.5
5 4.0
5 5.6
b) 4.3
b) 5.0
) 1.6
) 1.4
S 1.7
S 1.4
S 0.8
S 0.7
5 106
5 3-3
s 3-4
S lo“
s 2.‘
5 1.3
5 2.0
5 1.0
5 1.9
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The date of Table 6 show that the values of the oritice coettficients are
very consistent over a tairly broad range of ambient conditions in many of
the homes (house numbers 6, 12, 43, 2, FO, F1, 39, 32, 40, and 42), whereas
in others (9, &, 5, 13, 8, and 7) we note significant deviations at
different weather conditions. These latter discrepa:. ivs are noticed
primarily when the model calculation refers to the interactive wodel

(Figure 3) and, particularly, at relatively high values of the leki ratio.

Specifically, the inconsistent values obtained for houses 5, 7, 8, and 13
(all of the interactive model case) are for exceptionally high value of Kx/Ki
(19 and 999). A more realistic assignm:nt o! the Rx/Ri valucs would, probably,
provide fully consistunt comparisons between model and measurements. For
housce number 9, the two values obtained relative to the interactive
mOuc. case at leki equal of 9.6 are signiticantly higher than the values

obtained for the model case of Figure 5 at Kx,KL ot 213,

For house number «, the Jdiscrepancies exist for the values within a
model case (Fligure 3) and butween mwodel cases (Figures 3 and 5). This
has been {dentified tu be due to exceptionally high supply air duct leakage
(of the wame magnitude as the infiltration rates measured) which are incurred
durfng blower operation.  lherefore, in house number 4, the infiltration is

dom{nated by duet loares which are unrelated to the ambient conditions.

Table 7 summarizes the calculated orifice coefficients and other

deacriptive Jdata tor four different types of building structures:
° Full 2 «tuory with basement

° Split levels

° Une story with basement

° Une story on slab.

Table 7 shows that the average orifice coefficient for the one story homes,
as well as the individual coefficients for all but two of the homes, is
well within the range of tight window and door crackage coefficients. (The
significantly greater than average value for house number 5 is in part due
to the lack of storms.) These results suggest that the major fraction

of the infiltration in these one-story homes is, in fact, due to window and
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Tuble 7. CALCULATED ORIFICE COEFFICILENTS
FOR OJIFFERENT RESIDENTIAL TYPES

Full 2-Story liomes With Basement

Calculated
Orifice
Housu Tvye of Size Coefficiunts Other
Number Age Construction fe° CFM/ft/in H,0 Comments
Lowest
Ave. Value
7 6 F 2000 3. 2.9 Fireplace
39 2 F 2100 4.7 4.3 Fireplace
23 13 F 3000 37 3.7 Fireplace
2 30 F <2100 3.0 2.8 Fireplace
13 30 8 1250 1.0 3.0 Fireplace
AVERAGE 3.7 3.4
Split Levels
FO < 8 F 1800 1.7 1.3
Almost Identical
Fl a2 8/F 1800 1.5 1.0 Structufes
1. 4 ¥ 3800 2.6 2.6 Duct Losses
3 13 F 2500 2Py 1.4
4) 18 B 2200 2.4 1.4
° 11 B/F 2000 3.8 2.1
AVERAGE 2.3 1.8
83
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Houtse
Numboer

AVERAGE

Y

w
-

AVERAGE

I NS T

Table 7, Cont. CALCULATED ORIFICE COEFFICIENTS
FOR DIFFERENT RESIDENTIAL TYPES
1-Story With Basement
Calculated
Orifice
Tvpe of Size Covfficients
Age Construction fre pFM{ft/HEO N
Lowest
" Ave.  Value
29 F 805 l.0 1.4
21 F 1400 0.8 0.8
26 u/F 1300 2.0 2.4
14 ¥ 1200 1.4 los
5 ¥ 1100 3.9 2.5
1.0 1.8
1-Story On Slab
<l ¥ 1000 l.o 1.6
le 1000 U9 0.9
1.3 1.3
84
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Other

Excellent Construction

Duct losses negligible

No storm windows

Duct losses negligible
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door crackage.  The addition of sill plate crackage to the model would

not change thusce results significantly.

The average orifice coefficivnt for the split level houses 15 only
incrementally greater than those for the one=-story homes and many of the
individual values are comparable. Thus, the above tentative conclusion

applies to these split homes as well as to one-storv homes.

Table 7 also shows that the average as well as individual orifice
coefficients for the full two-story with basement homes are significantly
greater than for the other homes. Window and door crackage accounts for
less than the major fraction of the infiltration in these homes and the
reason for this deviation is not completely clear. The wall area to window
crack length ratios, in two-ator) homes, are probably comparable to those in

the one-story hoaes and, therefore, the differvnce is probably not due to
through=the=wall infiltration. The sill plate to window crack length ratio

will be smaller in 2-story homes and thus cannot account for the difference.

Busud on the above, it would appecar that other factors may be important.
For exaaple, infiltration tends to occur at joints and mating surfaces such as
window and door perimeters, window and door frame, wall joints, and sill
plates. 1t {s possible then that joints between first and second floors,
and second floor tu ettic joints, contribute appreciably to infiltration
\similar to window fram: to wall joints). Also, because of the height
Jditffvrence, the buovancy induced exfiltration through the clectrical outlets

to the attic may be a significant factor in thesce homes.

Anothuer significant factor which emerges is the extent of duct losses
thcurred due to blower operation. The results from house number 4 were
earlier shown to be almost completely dominated by infiltration due to
duct losses. Furthermore, house number 12, whose calculated orifice
coefficients are a~ong the highest in the split level group, had relatively
high duct losses to the garage (this was deemed by the owner as desirable).
It may be significant that the low orifice coefficient for house number 24
is associated with negligible duct losses. On the other hand, house number
32, whose coefficient is second highest in the one-story group, also had

negligible duct losses.
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Another {ntercsting obaservation is that the age of the structure may
also have an effect (Figure 39). This figure shows that the calculated
orifice coefficients appecar to decrease with age, for about 10 to 15 years,
betfore leveling out (or increasing). It has been suggested that this could
reflect the quality of construction in the past few years particularly in
tract homes, and the time it takes for the homeowner to rectify the faults
left by the contractor. It also may be significant that the house with the
lowest calculated orifice cocfficient (house number 42) was built by a

contractor for his own usce, who was proud of the quality of construction

and insulation (verified by our own observat:on).

Finally, the preliminary comparison (of the results obtained with the
"basic" mass-balance model with those measured in the field homes) is
very encouraging and shows that:
° The orifice coefficients for the window and door crackages calculated

by the model are within the range expected and consistent with
laboratory measured values

° he differences between the values found in different homes are in
fair measure explainable in terms of differences in structural factors

and duct losses.

Actually, the results mav be better tnin we had reason to hope for
in view of the anticipat - pruhlems in precise assignment of values for the
leki ratios and of the effect of shielding of the wind by foliage and other
hougses. The lexi ratio problem, and its effect on the model's control

regime, vas avoided by eliminating those points (with Kx/Ki ratios in
excess of 9.5) which gave obviously spurious results. Furthermore, the
shielding problem may have been minimized by the fact that most of the data
verc taken in winter, when the s. ‘elding by foliage is at a mininum. Also,.
shielding of the windward wall by ither structures may be compensated, in
part, by aerodynamic eff.cts on the leeward and neutral walls. Such effects
are beyond the scope of this phase of the prograa.
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d. Lomparfeons With Data Yrom the Ranch Home

The banic afr tatiltration models (with chimmey blocked) have also
revn vvaluate . agalnet the data from the ranch home, for whicl: we have more
coapletye date on leakage characteristics. The results of the comparison are
shown in Table 8. For this came, orifice coefficients were calculated

assuming the following three different levels of crack lengths:

° Door and window perimeter cracks only
e Door and window perimeter and framing cracks
° Door and window perimeter plus framing cracks plus sill plate cracks.

It should be noted in Table 8 that the average calculated orifice coefficient
for 20 discrete data points decreases steadily from 5.2, when only the door and
window cracks are considered, to 2.8, when framing cracks are included, to 1.7,
when sill plate cracks are also included. The latter coefficient is well
within the range that we would predict since the house is considered to be a

"tight" house.

Also of considerable interest is the consistency of the calculated orifice
coefficients under different ambient conditions. It should be noted that for
casv 3, in which all sill plate leakage is included, all calculated orifice
coefficients, with the exception of two, are within the narrow range from
0.7 to 2.1. The two exceptions are for measurements A and C made under
practically no driving force conditions, under which infiltration is dominated
by the blower action. It should also be noted that for data obtained in
the wind dominated regime (runs B, F, O, and T, the coefficients are lowest
(0.7 to 1.2) with an average of 1.0. These values are considered clc =r to

the real values since the blower contribution is minimized.

The results of Table 8 also show that the calculated orifice coefficients
corrvlated fairly well with wind speed and direction, as shown in Figure 40.
It should be noted that the coefficients tend to decrease with increasing wind
speed, and that the lowest coefficients are those in which the wind direction
is other than south. This is probably associated with the fact that the south
wall is blank (no windows or doors). This suggests that the higher orifice
coefficients required, when the wind is from the south, are due to the neg-

ative pressure induced on the north side for which the model does not account.
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Table 8. CALCULATED ORIFICE COEFFICIENTS
FOR THE RANCH TEST HOME
Intiltration
wind T, Hale
Kun S;ved, mph Direction °F_ Reg ime . - -
A Q - ob Buovancy v
Y 3 SE 78 Wwind 2]
C & S o? Mixed 14
D 2 Sa 74 MiXed 17
E 2 s a0 Mixed '
F 5 NE 57 wina ? 25
G 3 > a0 Mixed i
H 3 N 3 Mixed 1
I 2 s b0 Mixed 17
J ® = <0 Mixed o2
K 2 S 13 Buovancy A
1 A s 30 Mixed L)
M 10 S <) Minvae -
N ° S <0 Mixed 33
Q 11 - 3a Wina o
P b) S i) Wixed 19
Q N S - Mixed 1+
n - S N 8covancy -1
N 3 S 3 Yueovancy “l
1 8 X 30 “ind 32
Case 1 Window and door perim*.rs onlwv
2 Window and ccor perimut. s and :raming
) window . iur porimeters, traming, plus ~ail , lace
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orifice
Cocttirtent

CPM/t/n o

Casc*
SRR SR
10.5 6.2 6.4
J.o 1.8 1.2
0.% 3.1 2.0
v.8 3.1 )
4.0 1.9 1.3
10.5 10.5 3

.
~

1

4.9 2.1 3
3.5 1.6 i,
1

0

7.2 3.4 .0
R0 1.3 .9
4.1 2.0 1.5
5% 1 2i% 1.6
5.9 = 1.5
0.} .45 inT

| 15 J.7
1.4 1.6 1.
<.l 1.9 ()

5.9 2.5 1.8
51 4N 1.9
2.4 i.1 0.9
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CALCULATED ORIFICE COEFFICIENT,
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Figurc 40. VARIATION OF CALCULATED ORIFICE COEFFICIENT
WITH WIND SPEED AND DIRECTION
(Ranch Type Home)
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In summary, these results are significant and show that:

™ The average ol tice coufficlent of U.7 to 1.0 indicated {8 well within
the range expected for a tight house. They indicate that the bulk of
the leakage, at least for ranch type structures, can be explained in
terms of door and window parameters plus framing and sill plate

crackage.
° The effect of blower induced infiltration is observable.
° The effect of wind direction (particulary south vs. north or west)

suggests that the aerodynamically induced negative pressures on the
leeward sides of the house mav be important. This is not unexpected.

B. Comparison With Data From Homes With Chimneys

The basic infiltration model was modified to include the effect of the
presence and operation of the gas furnace/vent system. This involved the
introduction of the previously9 developed flue flow sub-model into the program
so that the overall model calculates both chimney flow and total infiltration,
at most balances. The input data for the flue flow sub-model include furnace

input rating, fluc temperature, and vent system dimensioms.

As in the previous case, the model was used to calculate the equivalent
orifice coefficients required to make the calculated infiltration rates equal
to the measured infiltration rates, under two different conditions:

° With the chimney flow calculated by the flue flow sub-model at mass
balance

° With the flue flow model bypassed and the measured chimney flows
substituted.

In this manner, the model can be evaluated in terms of the effect of the

measured chimney flow on infiltration (i.e. magnitude of orifice coefficients,

with chimney open, compared with those required when flue is blocked) in

teras of the effect of the overall infiltration dynamics on flue flow (i.e.,

by comparison of calculated versus measured chimney flows).

For a given set of measurements under the same ambient conditions,
the orifice coefficients required for equivalence should be the same with the
flue blocked and with the flue open and the furnace on. Such a comparison
is shown in Figure 41. The data indicate that the orifice coefficients

calculated for the flue opén and the flue closed cases agree reasonably well
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Figure 41. CORRESPONDENCE BETWEEN CALCULATED ORIFICE COEFFICIENTS
FOR FLUE-CLOSED AND FLUE-OPEN AND FURNACE OPERATING
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with evach other, with a standard deviation of 0.4 unit.

Figure 41 also shows that data from four homes (Nos. 6, 2, 7, and 5)
show a greater scatter than the above standard devi{iation of up to 1.9 units
of the orifice cocfficient. This disagreement in calculated orifice
coefficient does not appear to be associated with Kx/K1 ratio, control regime,
or the agruvement between calculated and measured chimney flows. It does,
however, appear to be associated with high ¢ values. In three of the five
cases, the ¢ value was greater than 1.0 and, in the other two cases, greater
than 0.7. These disagreements suggest that the air infiltration data in the
5 insctances may be in error. The available infiltration data from these homes

have not yet been of sufficient quantity to conduct a comparison between
measured chimney flows with those calculated with the combined infiltration/

chimney flow model.
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