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Many models have been devised to correlate air infiltration in
buildings with weather parameters. A particularly promising strategy is
to predict the air flow through the building envelope from surface pres-
sures, which in turn are predicted from measured weather parameters.
Due to interference of the weather, it is difficult to measure the
pressure-flow relationship in a manner that is valid for the low surface

- pressures which have been observed to drive infiltration. Conventional

techniques rely on steady-state (DC) fan pressurization or depressuriza-

"tion of the structure. DC-measurements are unreliable at pressures less

than 5-10 Pa, but this is the pressure range that often drives natural
infiltration. - Thus, it is of interest to make direct measurements of
air leakage  vs. pressure in this low pressure region. This paper
reports measurements of the leakage function measured at low pressures
using an alternating . (AC) pressure source with variable frequency and

~ displacement. . Synchronous detection = of . the indoor pressure signal

created by the source eliminates the noise due to fluctuations caused by

" the wind. Comparisons are presented between these results and extrapola-

tions of direct fan leakage measurements.
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ABSTRACT

Many models have been devised to correlate air infiltration in
buildihgs.with weather parameters. A pérticularly pfomising strategy is
“to predict the air_floﬁ through the building'envelope from surface pres-—
sures,’ which in tum - are predicted from measured weather parameters.
Due to interférence of the weather, it is difficulﬁ to . measure the
pressure-flow relationship in a manner that is valid for the low surface
pressures which have been observed to drive infiltration. Conventional
techniqués rély on steady—state (DC) fan pressurization or depressuriza-
tiQn of thé structure. DC-measurementé are unreliable at pressures less
fhan'-5-10 Pa, but fhis'is thg pfessuré range thaf often drives natural
infiltrationf Thus,‘it is of interest to make‘.direct measurements _of
éir leakage vs. pressure in this low preséure region. This paper
reports measuréments‘of the:leakége function measured at low pressures
using an 'éltefnating (AC) pressure source with variable frequency and
displacement; -Synchronous detection of the -indoor pressure signal
créated By the source eliminates the noise due to fluctuations caused by
the wind. Comparisbns are presented between these results and extrapola-

tions of direct fan leakage measurements.

INTRODUCTION

Infiltration (air 1eaking through openings in the éhell of a build-
ing due to weather) is a conceptually simple process. The hydrodynamic
.details of the flows for real buildings, however, are complex and make

the’problem-of calculating or modeling infiltration difficult.



2 S Thé Low Pressure Leakage Function of a Building

» Infilﬁratibn:models are primarily useful in petfofming _energy load
"calculations using either simple Steady-State procedurés_or dynamic com-
puter programés However, model  development alsob-bontributes to the
basic  physical underétanding of' infi1tration which, in tﬁrn, éids'in
developing.both instrumentation for measurement, and procedures to

reduce infiltration in buildings.

Historically, infiltration models»ha?e develoﬁed slowly. The sim-
plest, and perhaps oldest calculation model assumes that infiltration is
-constant in time, independent of outside weathef conditibns. An' energy
load. caicﬁlation,‘ then, "oﬁly reduires informatiqn about the steady
infiltration value fdr a structufe and the total number of degree-days

in order to calculate the load.

| The next level of modeling uses field measurements of .infilfratioﬁ

valués and  weather to f£ind an empiricalrrelationship between infiltra-
tion,‘wind Speéd’and iﬁdoor-outdoor temperature differences.  This mui—
tiple 1inear’,fegression, technique produces a result which can predict
~infiltration fotla:sthCture when the dufside weather is known; it is
'notvé gbod pfgdictor, however;VOf infiltration for structures other‘than
‘the one thch"was tésted briginélly. Furthermore, data have to be  col-

lected over a_wide variation of &eather'parametérs to assure statistical

signifiéance.

Physical mode1s of_infi1tration are based uponia different set of
assumptions and measureménts than those ﬁséd above. Infiltratioh‘is the
result of pressure diffefences across opénings in the .building shell
which produce air flow through these openings. Measurements of (a) the
1eakage of the shell and (b) éurface pressures  (or ,weather parameters
combined with a model to predict the surface pressures)vare combined to

compute the air flows through the openings yielding the infiltratiom.

Leakage measuréments have_beén made by applying a sﬁeady pressurevto
the buiidiﬁg' shell using"a,variable speed»fanvand ﬁeasuring ‘the flow
through the fan (which is assumed equal to the flow through the leaks in - -
the vshell) to détermine the pfeséuré—flow characteristics of the struc-
ture. -Thesevmeasufemeﬁts are most reliable when made at pressures which

are"large compared to- the weather induced differential pressure. already,
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present. Measurement ranges typically used extend to at least 50 Pas-

- cals; ambient surface pressures are usually less than 10'Pascals, so it

is leakage.at'low pressures (=5 Pa < AP < 5 Pa) that is needed to model
infiltration. | |

It is tempting-to.fit_a curve to,the high pressure leakage function

in order to extrapolate to the low pressure region of interest. Many

_forms of the equation have been used but two of the most typical ones

nare._
QAP) = AAP + B AP | C(1.1)
‘and
Q@P) = ¢ AP" o (1.2)
'wherer_

Q ;is the leakage[m3/hr]
.AP‘ is the applied pressure [Pascals]

A, B, C, n are semi-empirical parameters. .

However, ahy attempt to use these forms will fail because these regres-

- sion constants(A,B,C,n) themselves are'functions of pressure. If the

leaks in the buildlng shell were all simple cracks we would see a flow

. character1stic domlnated by linear leakage at low’ pressures (Q=AP) and

quadratic leskage ‘at high pressures (szAr)lThe transition between low
and bhigh pressures depends critically on the crack geometry; since we
are considerlng a collection of cracks of many ‘dimensions as well as

oriflces whose edges can be both sharp and broad, the transftion between

: low and high pressure flqw will be indistinct and blurred in any real

st:ructure .

 Because of the difficulty of measuring the low pressure portion —-of.
the leakage function and the inherent uncertainty associated with extra-
polating from high pressure to the low pressure measurements, a tech-

nique is needed to measure the important low pressure leakage. We call
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our technique AC pressurization because it uses an .alternating pressure
signal as opposed to the standard DC pressurization, which uses-a con-
stant pressure drop across the‘enVelope._,The technique is an extension

of the work of Cerd et al?

The AC technique allows accurate measurements of the low pressure
leakage function because it_is'insensitive to noise induced by weather.
The pressure signal used in AC pressﬁrization'is dominated by one ‘well-
"known frequency, while‘the pressures caused'by wind have a broad range.
‘Accordingly, the amount of 1nterference caused by the weather et the
frequency of ‘interest will be small. Thus,"the complete leakage curve

can be measured using AC pressurization.

OVERVIEW

lTo aecomplish'AC'pressufization'measuremente we change the volume of
the structure and measure the preseure respohse‘due to this ehange. By
lodking only at the pressure response which is at the same frequency as
the  volume dri#e' (i,e.' synchrondus.detectidn) we eliminate the'noise
"essociated with DC measuremenfs. ‘This allows us to measure the leakage

at very low pressures.

The‘ﬁolume}is ehanged-by ﬁsing a lerge piston: and  guide asseﬁbly
that is installed ’in_'place_bf an existing exterior doorv(cf. Fig .
.The pieton is:moved in  the ‘gﬁide' b& a motor/flywheel assembly “that
allows adjustable diéplacement and freqﬁeﬁcy control. Our leakage meas-—
urements &ere made at frequencies between 6 and 60 fpm.- The piston
rides on sliding teflon.sealé to prevent leakage and reduce drag. ' The
‘pressure is monitored us1ng ‘a differential pressure sensor with .1 Pa

resolutlon and a full scale readlng of 70 Pa.

:If'the structure isvrigid'we:can use the measured voluﬁei drive and
: pfessure' response to,celeulete the airflow through the~enVelope during
AC pressurization;; If there were no leakage at all then the change in-
'pressﬁre would = be precisely determined, given the volume of the struc-
vture,and the dlsplacement of the piston. Therefore, any deviation from

this. pfedicted 'presSure can be attributed to’ leakage through the
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envelope.' The cbntinuity'equation allows us to :calculate. exactly . how
much air leaks out for a given drive. This can be used to calculate the

air flowrfdr a given (constant) external pressure.’

The structure in general will not be rigid.  Therefore, when the
pressure' inside the structure changes, the envelope will flex to coun-
teract the volume change.' By aséuming that the'flexing'is propbrtional'

to the differential pressure across . the shell we can correct for this

effect.

The'air,flbw through the envelope caused by the movement of the pis-

ton results in an_iﬁcrease in the infiltration. If the piston movement

is:régular the ehange_in infiltration can be meaéured using a standard

tracer gas method. This measurement has the potential of being an

. independent check on the leakage measurement.

THEORY

In DC pressurization the‘célculation‘of the leakage is _sﬁraightfor-
wafd. Because the applied pressﬁre iszconstant and small compared to
ambient pressure we caﬁv;reat the'air'inside the structure as incompres-
sible. If we assume that the preeeure.applied'tb the structure is

greater -than any weather induced pressure, the continuity equation gives

~ the leakage.

o) =, ar) o

where?
Am is the pressure [Pa] across the envelope,.
Q. .is the alrflow[m3/hr] through the enve10pe at pressure‘AP and
’; Fean is the air flow[m3/hr] through the fan

The flow thrbugh the fan is that flow which is néceséary to keep the

. pressure drop across at a'giveh value; it is therefore a function of the

leakiness of the structure.
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In AC pressurization the‘calculation of the leakage'is not as sim-

.Vple. .The continuity equation must take into account the effect of the

compression of the air as well as the change in the volume of the struc—,”

ture with our d:lve. Taking these two effects into account we obtain a

different continuity equation.

W - 31 [)\+YP —%‘P ™

where:
" Q and AP are air flow,and‘pressure as.aBove,

dv/dt is the time change in volume of the structure [m3/hr],

A is the flexing constant of the envelope [m3/Pal ,

Vo‘ is the volume of the_strUcfure[m3], ‘

Y is the ratio of epecific‘heaté of air (l.4),

P, 1is the atmospheric pressure (1.013 x 10° Pa) and
dQﬁP)/df is the time change in internal pressure[Pa/hr]

‘The term in brackefs in eq. 3 ‘is .the effective capaciﬁy of. the strnc-
ture. It contains two parts. the first part accounts for the flexing of
the envelope when a pressure is applled to it, the second part is due to
Athe compres51b111ty of a1r and .depends only on the volume of the struc-
_ture and fundamental constants.  For a full derivation of the continuity

equation see Appendix A.

The above equation can be used to calculate the air flow through the
structure, given the change in volume and associated change in pressure.
However, the quantity of interest is_the ,steady?state flow associated
with a steady-state pressure. In order to do this, we must introduce a
medel of leakage to relate the flow to the pressure difference across

the envelope.

The 81mp1est model is that of linear leakage. Linear leakage

1mp11es that the air flow.through the structqre'is proportional to. the

&
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- pressure across it.

Q@r) =L AP N O

where:

L, is thevleékage cdnstant[m3/hr-Pa].

_ _While this is the simplest model possible, it is not physical. It may

be true that when the flow is dominated by viscous laminar flow the air-

“flow will be proportional to the applied pressure, but when orifice flow
or turbulent flow is important the flow will not be linear. DC measure-

ments 1ndicate that at higher pressures the' air flow becomes propor-

tional to the square'foot of the hpplied‘pressure3

To account fof this effect we must relax the assumptions that the

L leakage: be 'linear., We - do this by allowing the leakage constant to

become_dependent on the applied preseure making it .a ieakage function

bA(LQSP)). ' The flow equation then-becomeé,

RUDIERTS Y S 5

where:

LAP)is the leakage function[m3/hr-Pa].

Even though the form of the leakage function is not known, there are

. physical restrictions  on its behavior. The function must be slowly

varylng “and monotonically decreasing as the pressure increases.
Ideally, the leakage function should be independent,of the sign of the

applied pressure. But, in some situations the aifflow may be larger on

" .pressurization than on depressurizationa(or’yice versa). To account for
bthis and still maintain the symmetry of the leakage function we intro-

- duce an asymmetry constant.

ey = [L@®) (1 +aAn) e (e
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. where:
o is the asymmetry constant([Pa~l] and

L(AP)is an even function.of the applied pressure[m3/hr-Pa].

The effect of this asymmetry term is to cause a DC offset in the inter- '

nal pressure. If the structure is leakier on depressurization than
pressurization, the average internal pressure will be higher than the

average external pressure.

Using eq. 6.as our defining relation for the leakage function we can
find  the leakage function using our AC pressurization source. Then, we
can use the measured leakage function to calculate the .airflow for a
given steady-state  pressure across the envelope. The complete deriva-
tion of these equétioné is given in Appendix A and the experimental pro-

cedure, technique and data énalysis are contained in Appendix B.

. RESULTS

»The“house was tested in two configurations: loose and tight. The
loose éonfiguration consisted of the structure in its normal operating

condition: all vents open, all dampers and windows shut. -The tight con-

figuration had all vents sealed and the heating system (regiters, return

duct and furnace closet) was also sealed.

Figs 2 and 3 are plots of the data points for the AC pressurizatién

- data in both configurations. Also drawn, is the average leakage curve

~ calculated from a weighted average of the data points. Figs. 4 and 5

are - graphs of the predicted air flow vs applied pressure for the house
.in the loose and tightvcﬁnfigurations. Each graph has the vpoints from
the AC pressurization run as well as the points from the DC pressuriza-
‘tion run. Each point has the error bars associated with each measure-
ment. Fig. 7 is a plot of both the loose and_tight configurations for
the full range of DC leakage points. The low pressure range is dupli-

cated on figs. 4 and 5. .

tabs
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. All AC tests were dotie with a’Variety of different piston dispace-
ments and frequencies. " There appeared to be a systematic difference

between sets of data_at.different'Hisplacements,'but this_difference is

within the error bars and does not effect the,interpretation of the

data.

- There is some difference between the leakage curves for pressuriza-

tion "and depressurization, as reflected by the non-zero value for the

Hasymmetry constant. This asymmetry might be due to the type of windows

in the test structure, the windows are the sllding aluminum type. On

pressurization the windows are pushed against their seals making them

less leaky; on depressurization the windows arerulled away from their

seals, increasing the leakage. This or similar valve like action is the

cause of the asymmetry.

Infiltration

During AC pressurization many interesting qualitative effects were
observed. Pulsating air flow in and out of cracks was quite evident
around windows and fixtures. This was detected using smoke sticks and

other 'visual indications of the flow. Leakage was evident in interior

'partitions around light sw1tches and outlets, . indicating that there is

good communication between the interior partltions and the attic or
crawl space- and hence to the outside. This data was taken at only one

frequency ( 1 Hz. ) and at several different piston dlsplacements.

The infiltration'was measured at many different times with the test

space in d1fferent leakage configurations. The results with the house

"in a normal or tlght configuration, yield infiltration rates due to the

AC pressurization_ only about 20% of the expected values. When all of

vthe windows were‘open a crack the infiltration increased. ~While the

total increase due to the AC pressurization was a large fraction of the

‘expected increasebit still did not increase as much as predicted.
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We believevthat this diminution of infiltration rise 1is due.'to

storage of the tracer gas in connected spaces. That is, tracer gas.is

being pushed out of the test space and into-éuch spaces as wall éavi—-

ties, the attic, and the crawl space. From these spaces the tracer is
not able to mix with the outside air before it is sucked back into liv-

- ing space on the depressﬁrization stroke.

We have evidence of this mechanism from observations with smoke
sticks. Smoke can be observed to pulsate in and out of light fixtures,
electrical outlets and crécks, botﬁ in the ihteridf'partitions and ‘out-
side walls. A good part of‘natufal'infiltration is driven by pulsating
Qind pressures;vit‘would béiinteresting to speculate on the influence of
vgeometry qf _suéh connected spaces on the infiltration in the living

space.

Since the volume of the exterior wall cavitiés'alone is greater than
the displacement ‘of the piston, if a large fraction of the‘leakage is
via wall cavities, we‘will not see an increase in the infiltration.
However, as a larger propottion of the leakagé is through direct connec-—
‘tion to the outside (e.g. open windows),v we expect to _éee a larger

increase in the 1nf11tration.

The 1nf11trat10n measurements made concurrently with ‘the AC pressur-
ization measurements do not agree w1th the predicted air flow through
the envelope. The measured infiltration was always far less than the
prediéted value. The prediétion assumes that all of the air-that is
forced out of'fhe envelope by the piston mixes with the outside air and
dispersés before air is pulled back in. Howevér, we have observed that
air that is forced out lingers in the.neighborhood of the exit leak, and
is pulled back into the structure with little mixing. Under these cir-

cumstances, the amount of infiltration measured by tracer gas is only a

small part of sum of all the air flows through the envelope, measured by

AC pressurization. That the lack of mixing is so pronounced in our case
is an indication that a significant amount of the‘leékage'is into the
attic, crawl space, or wall cavities. This lack of mixing in the con-
nected spaces is equivaient 'to a cut-off frequency in the leakage

characteristic of the structuré. That is, there is some frequency above

o,

-
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which the weather induced pressures do not cause'anyvinfiltration,> Our

experiments indicate.that this'frequency ﬁay'be very low (a frequency of

‘at least 1 Hz).

DISCUSSION

'In the range of overlap the AC and DC techniques show good agreement

) inj'their. prediction of the leakage' of the structure. Since they

represent independent determinations of the same quantity, we feel that

 the agreement corroborates both techniques.”'

Each techniqueihas its own strengths; together they provide an

'excellent characterization of the leakage of a house. DC pressurization

is simpler, faster and .uses- inexpensive equipment.‘ AC'pressurization is

imore accurate in ‘the range of pressures typically associated with infil-
qutration, Since this technique does not measure flow directly, it is not

'.vsubject‘to the problems of measuring low velocity flows. Because of the:

synchronouS'detection'inherent in the system, the AC technique is capa-

‘ble  of measuringvlthe leakage at far lower pressures than the DC tech-

niques.

’tThe_most'intriguing,result oflthis experiment was unexpected. We
ekpected that the leakage function at low pressures would, assuming lam—

inar'flow, approach a constant and hence the air'flow would be linear in

:the applled pressure. However, the leakage function seems to increase.

‘without bound -at low pressures. Thé increase in the leakage‘(function
2 .

corresponds to a discontinuity in the leakage function as it crosses

. Zero. In our DC measurements we often measure a curve that extrapolates

- to -a non-zero air flow at zero pressure (cf. fig 7); we usually attri-

bute this offset to poor data at low pressures but the AC results indi-

-dcate that the -effect may be real. " This discont1nu1ty<imp11es that if

there are even extremely low-pressure fluctuations there will be some:

-infiltration. Many’researcher§‘6have speculated about the existence “of
‘non-zero infiltration as the wind speed and temperature difference govto
zero. This low pressure increase in the leakage would correspond to

 -exactly that, suggesting that the effect is physical and not simply an



12 Thé.Low»Pressdre:Leakage Function of a Building

artiféct of statistical curve-fitting or other semi~empirical models.

The fact that the low pressure leakage does not approach‘a constant
" implies that the low pressure vleakége is doﬁinated by orifice f%ow
. rather than by viscous flow. It would'appear that at very low pressures
the flow is dominated by orifices and hence the air flow would go as the
square root of the pressure and the leakage function would approach
infinity at zero pressure. At very high pressures the fldw is dominated
by turbulence and the air flow would again go as the square root of the
pressure. But at intermediate pressures there would be some viscous
(1aminar) flow which is linear in the applied pressures These three

effects combine to make the leakage a complicated function of pressure.

’ Attémpts,using superposition of linear and square root type flow (eq
~1.1) will not be very successfui_if the.abovevanalYSis is correct. The
constants involved with the model are themselves functions of pressure
and will change aé répidly as thelleAkage changes . Models using a flow
exponent (eq 1l.2) may fare better. In order tb test the validity of
flow exponent type leakage models, we have.fit'both the AC and DC pres-
. surization data to a power curve. We have spiit the data into low . and
high pressure sections for both AC and DC, and have used the data from
both the leaky configuratiop and the tight configuration., The model, as

presented in the introduction is,

Qde) = ¢ & R ¢

where:'}
Q 1is the air flow [m3/hr],
c is the scale constant[m3/hr-Pan] and

n is the flow exponent.
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 TABLE i. 'Values of leakage constamts in‘powervcurvé‘fit.(Eq.7)
|TYPE ~ CONFIGURATION .  PRESSURE - c ' n
INTERVAL ‘
[Pa{]
DC - Loose - . 0-20 667 . 0.45 "
| 25-50 458 0.59
0-50 - 603 0.51
DC . Tight . - 0-30 426 0.51
L R 30-50 327 0.59
0-50 . 404  0.53
AC  Loose . 0-6.5 432 . 0.62
7-13.5 298 - 0.80
S 0-13.5 423 0.65
AC Tight 0 0-8.5 347 0.60
' 9-17 314 ©0.68
0-17 . 337 - 0.64

M.H. Sherman, D.T. Grimsrud and R.C. Sonderegger 13

- The semi-empirical co-efficients are tablulated below:

While the data in this. table is not conciusive_there are some gen-

- eral trends -evident. For. any given type and c'onf”iguratiOn, the flow

-ekpdnent'isvlarger:atﬁlarger pressures, indicating that the very low

p;éésurg,fléw is dominated by orifice flow and not by viscous flow. The

CAC préssurization gives consistently higher flow exponents than does the

DC- pressurization; 'h0wever, this may be due to the large uncertainties

in the DC pressurization at low pressures.
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CONCLUSION

A new technique for measuring low pfessure leakage of a building .is
presented, based on AC pressurization.. In.this .technique the volume of
the building is modulated with a given frequency using a cylinder and

piston assembly sealed into a door or window. By contrast the conven~

tional DC pressurization technique measures the flow necessary to keep a.

given steady‘state pressure difference across the enVelopem By measur-
ing the interior pressure response synchronously to the volume oscilla-
tion AC pressurization can eliminate fhe pressure fluctuations caused by
.the weather, that make DC measurements difficult in the low pressure

range.

‘The leakage characteristic of the our experimental house was meas-
ured in both a tight and a loose configuration with both the AC and DC
pressurization techniques. The correlatidn is good in the pressure

regime of overlap.

Several interestingbphenomena were observed with AC pressurization.

The -equivalent flow resistance of the structure at low pressures appears
to approach zero. Such behav1or is consistence with often quoted empir-

ical observation that air 1nfiltration is non-zero even at weather con=

ditions of no wind and equal indoor and outdoor temperatures. Further-

more, if confirmed on other houses, such a decrease of flow resistance’

at low pressures is consistent with infiltration models that use a flow

exponent between 0 and 1.

Independent tracerigas measurements during AC preseurization indi-
cate much lower infiltration than expected from the flow through the
envelope. There is some evidencebindicating that this may be the conse-
quence of poor mixing of indoor and outdoor air in connecting spaces
such‘as attic, crawlspace and wall cavities.. This effect was noted ~at
all frequencies‘used ( maximum of 3 Hz.) and all'displacements ( maximum
of .3 m3). Such mechanisms have interesting potential fbrvthe feduction

of natural infiltration induced by turbulence.
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Low pressure leakage measurements using the’ AC pressurization tech-'.

nlque can provide valuable information about the leakage characteristic

“of a structure that is available from no other source.
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APPENDIX A

Theoretical DerivationV

Io_this appendix ﬁe derive the equarioﬁs used in AC pressufization.
In order to measure -the low pressure leakage, a piston and cylinder
arrangement is added to the structure so that its volume is ‘adjustable
(see Fige. 1). With this set-up the volume can be increased or decreased
from its initial value and the pressure response can . be heasured. .If'
thefe were no leakage the .pressore tesponse'due to a change in the
volume could be easily calculated however, if there is air leakage then
the pressure induced by the changing volume w1ll be smaller. The
d1fference between the measured pressure response and the expected pres- _

. sure response is attributed to leakage through the envelope.

AIR FLOW

We begin the derlvation by assuming the gas within the structure .to
be. ideal : ' '

PV = nRT (Al

where:

P is the absolute pressure[Pascals],
is the structure volume[m3],
is the number of moles of gas,

is the ideal gas constant (8.32 joules/mole-°K) and

X oo«

is the absolute temperature[oKI.
‘Conservation of energy for an ideal gas yields,

RT dn = P dV + CdT | o (a2)
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where: = ‘ : .
- C, 1is the heat capacity'of air at constant“volume[joules/mble—°K].“
,Usihg eq. Al fb eliminate daT,

" RT dn = PAV +—§, vdP L (A3)

- where:

Y is the ratio of the heat capacities of air (l.4).

_The 1eakége’of aif'through thevenvelope.is related to the time deriva-

tive of the number of moles of gas in the structure.

Q= _g%l_ N ¢ (25 §)
_ _4av._.1vadp . . . tan.
= _E-Y-P_HT ) ) (A403)

 where:

‘Q 'is the air leakage 0u£ of the énve10pe[m3/hr].

‘We have used the convention that the air flow, Q, is' positive when it.
flows out of the structure to correspond to common usage in the field.
Hoﬁever, the term dn/dt is positive when air flows into : the structure,

‘hence the minus signs in eq A4.

If the induced change in the volume of the structhre‘isk small then

. the changei‘in- internal pressure will be‘smgll compared to atmosphefic

pfessure. In this case the volume and pressure in the above expression
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may be replaced'by_their.steady state values.

av o dP .
Q+ g5 + Vo at 0

(a5)

Vo, .is the normal structure volume[m3] and

P_ 'is the normalvinternal‘preséure (1 atm.)

 AIR LEAKAGE

~Equation A5 aliows us ﬁo calcﬁiate thebair flow into or out of‘ the
structure induced-by‘the pressure Changes.caﬁsed by the volume changes.
Howéver; the quantity of intefést'is-not.the flow itself but the léakage
 ,'function. .The leakage funcﬁionirélates the flow through the structure

'~ envelope to the: instantaneous pressure across it. DC measurements sug-

gest that at high'pressureé-the‘leakage may be described by a power law

expression, where the éxponent of the pressure is between half and one.

At low pressures we'expect the leakage to be linear in the pressure drop

across the shell because the flow must be laminar.

Linear Leakage Model

The simplest of all leakage models is the linear 1eakage model. - Ve
assume that the flow through the envelope is proportional to the applied

pressure.

Q=1L Ap - | (46)

L, is the leakage constant and it is the parameter of interest. - Under

" the 1linear leakage assumption the continuity equation can be.solved
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Q+dv+k Q.o

o dt
(Note that =— dt _iAZl .) Equivalently,‘
| 'AP +'1} gz + kd—%%gl
where:‘_ - -
k ’=_._1{vo]_
L, lyp |

'Th’e t_im\ev constant, kb, is a direct measure of the leakage

with constanf; coefficients. It can be solved for a sinusoidal

function.

V= Vd sin (wt)"

‘where:.

d is the displacement volume[m3] (half of peak to peak)

W is the fundamental frequency of the drive[hr ly,

ThlS leads to a solution of the forui,

Q= Qo siﬁ(wt+90)
or,

A_P.= APAC‘ sin(wt +‘ 8,)

19

'exactly; We can use eq A6 above to eliminate the pfessure from eq AS.

(A7.1)

(A7.3)

function

of the house. ~ Equation A7 is a fitst-order linear differential equation

driving

(A8)

(A9.1)

(A9.2)
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where: _ _ o v _ _ _ :

Aryc is the ampiitudevof the (AC pressure) response[Pa),

Q, 1is the amplitude:of the (air flow) reSponse[mB/hr]
=L0APAC and .

90 is the phase shift between.the response and the drive:

Solving the differential equation leads to expressions for Q0 and @, in

" terms of the drive, time constant, and fundamental frequency.

N 7S USSP

(A10.2)

Qo.— - de sineo_
_ de
. (Al0.3)
1+ w? k2 : .
\ o
Ap = de/Lo, v , o
-TTAC 75 : - (Al0.4)
‘ Jl + w* k .
. fe) X
. APV
AC "o
coseo = --752—65- (A10.$)

From eq Al0.5 we can calculate the phase angle from the measured pres-
sure and the displacement. From eq AlO.l we can calculate the time con-
stant from the phase anglé. Using the definition of the time constant

(eq-A7.3) we can find the.ieakage const ant.

, ‘wV
L =

- sin®@ C (All.D)
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-] F) : =)

Q0 is the size of>the air flow through the structu:e in response to

(All1.2)

a sinusoidal drive. Under the assumptioh of perfect mi#ing all of the
air flow will contribute to anvincreasé in infiltration. Since the air
flowing, in will be equal to the airvflowing out wé'need only find the
total amount of air the flows outvduring a half cyc1e and divide that by
‘the cycle time to find the induced infiltration. |

" . ’ :
J Q sinB dB
Ir_o '
Q- o ‘(512.1)
J dp
OA
ol = 2 SR (A12.2)
" _ -
wv, o .
1___d S : 12.
Q" = r sineo _ B | (A12.3)
where: ‘ v . _ ,
QL is the infiltration induced by the drive[m3/hr] and
- B=wt+e - (A12.4)

- Non-Linear Leakage
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We have solved the case df low pressure  leakage under the assumptidn
‘that thé leakage is linear in the applied pressure. waever, DC meas-
urements indicate that at 'suffiCienfiy high pressures the -air flow
through the :structure is'proportional to the square root of fhe’pres-
. sure, which is the expected behavior for turbulent flow. At low enough
© pressures we expect viscous flow to dominate and the ieakage fo become
.linear; however,'the critiéal pressure is very sensitive -to the prack

size distribution.

Our linear léakége‘mbdel does not account . for ény of these nbﬁ-
'linéarities. Therefore?' Qe must relax the assuﬁption of linearity ana
allow for the possibility of'non;linearities in the model. The presence
of non-linear terms ina differential equation always causes harmdnic
generation. That is, if,a sinﬁsoidal drive of frequency w is used there
Will be a pressure response at frequency w as well as at all of the
higher multiples of w, (i;e.‘ZwQIBW, ..g); as well as 'a possible con-.
stant term. 'For'eﬁpefimental reasbns difect»measurement,of these higher
harmonics is quite difficult.:Therefore, we will derive a 1éakage funéf’

tion without requiring the measuremeﬁt of the higher harmonics.

To allow for_the'non-lineafitiés we generalize the concept of the
leakage constant to that of a leakage function which depends on pres-

. sure.

. Qlp) = LAP) AP o ©(A13)

Physically the leakage function must be slowly varying and monotonicallyv
decreasing. Furthermore we expectvthat at very high pressufes it must

" decrease as the square root of the pressure.

In genéral thé air flow due to a positive pressure on the ' structure
will Ee nearly equal in magnitude to the air flow due to the same nega-
‘tive pressure on the structure. It is mathematically convenient' to
treat' the leakage' function .as an even function of tﬁe pressure; But

since there may well be a small asymmetry between the air flows, we must
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-add "a small asymmetric term to the symmetric leakage function.

QAP) = LGP (L AP AP (A1)

where: ' _
e LAP) is an even function[m3/hr—Pa] of pressure and

d is thevasymmetry parameter [Pa~l].

The presence of this asynmetric term has the interesting feature that it
changes' the aVeragev internal DC pressure when there is a sinusoidal
Volume.change in the sﬁructure. This DC offset arises,Becanse on ,pres-.
sufization (fof'example) the ieakage is larger than on depressurization;
thus to assufe that the air flow in is equal to the7a1r, flow out, the

avérage internal pressure must drop a little.

To obtain this DC offset for. ouf equations we must use the fact that,
under AC pressurization the average flow through the envelope is zero..

-vAveraglng the’ cont1nu1ty equation, Eq AS, over one cycle,

- <QAp)> = <71"E> + Vo <.§r1:>. Co (Al5.1)
. a o '

=0 \ ' . ' | (Al 5.2)

= <LAP)AP (1 +  AP)> ~ (Al5.3)

The brackets, <...> around a quantity indicate that thatvquantity is to

be averaged over a cycle.

Since we have assuned that the leakage function is slowly varying,
we can replace it by its aVerage’value during the oscillation. The
error introduced by doing this will be small as long as the. leakage
function does:.not_ change radically in the working range of ‘pressure.

Since the 1eakage_ function 1is slowly varying and the pressure 1is
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oscillatory we ‘assume ‘the average leakage function is approximéted by

the leakage function a§ the root mean square pressure;
< L(AP).>:L[<AP2 >] ) (A16)

Since we have assuﬁed that thefleékagé function for the AC tests can be
approximated by its value af the root mean pressure, there is an
equivalent steady state pressure at which the leakage will have the same
value, hamely the root mean square pressure. Therefore, we define the

equivalent DC pressure as,
A - 2 | B (ALY
AP =\ APT > | - (AL

where:
ZAPDC is the equivalénf applied pressure;{Paj

< AP? > is the mean square pressure[PaZ]-

Sdbs;ituting for the leékage function'in eq Al5.3, we can ob;ain‘a rela-

‘tion for the asymmetry. 
LAPHL) (AP > + ( <APT>) =0 S (A18)

Since the leakage function is never zero it can be divided out and the
equation can be solved. for d. _
d=-<AP>

<AP2'> (A19)

where:

Ll

< ArP >is the average DC pressure offset[Pa.]
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fThis‘iast‘expression, aiiows thevcalculation of the asymmetry constant;
d,"from the DC pressure offset,‘<‘A£ >, ‘and ‘the mean square pressure,
_<<'AP2‘>.. Conversely, once the asymmetry constant has been measured it
f'allowsf the calculatlon of the DC offset from a measurement of the mean

square pre s-sure .

We can find the root mean pressure in terms of the component of the
pressure at the fundamental frequency. In general the pressure can be

._expanded in terms of harmonics'of the_fundamentalvfrequency,_w.

Ap =.<‘AP > ¥APAbsin(ivt + 8) + Ap, sin(2wt + ¢2) . l',. . (A20)

- where: ‘ '
<‘AP > is the average pressure difference[Pa],

APAC is the component at the fundamental frequency[Pa],
e - is the phase shift between. the drive and response and

AP is the component at the nth harmonic.

$, 1s the phase angle of the nth harmonic

To_caiculate:the average mean square pressure we must_Square the above
ekpression and then average over one cycle. When we do the averaging
all of the cross terms will drop out’ leaving only the squared terms of

~each fourier component. :

< APZ_ > =< Ap 52 4 ,I/éAPACZ + Z(higher ha.rmonics)_zn (A21.1)

If;we assume that higher harmonics are negligible compared to the other

vvtVZWO terms, we can 'approximate the mean square: pressuree.
2 ~ v 2 : 2 2 '
< =1 1
:AP > >/2 AP&C ‘(l‘+. /2c( A?!: ). : (A21.2)

where we have used the definition of recursively.
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Therefore,

bep =ty M L+ adthrh e

Once the asymmetry .and equivalent DC pressure have been found we'

must derive a relation between the leakage function and the experimental
parameters. In the linear case we derived a formula for the leakage by
solving the llnear differential equatioﬁ for a sinusoidal driving func-
tiou. In the non-linear case we can not solve the equation exactly, nor

could we do so if we had an explicit form for the leakage function. We

can, however, derive a similar expression for the leakage function by

~fourier analyzing the coutinuity.equaticn at the frequency of the drive..

Slnce we know that the: largest. part of the pressure response will be

. at the fundamental frequency of the drive we can extract more informa-

tion byAfourier analyzing it at that frequency. That is thev‘equlvalent
of multiplying our continuity equation by sin(wt) ‘and cos(wt) alter-

hately and then averaging over one cycle.

v

- < QAP)sinwt > = <f§¥ sinwt‘> +-7§L < Q&%?l_sinwt > (A23.1)
= WVd< coswt sinwt > &qurmIAEAC< cos(wt + 8)sinwt > (A23.2)
= VOA sing

(A23.3)

The definition of Q can be used'tq expand the left hand 'side of the

equation, using the same approximation for the leakage function.

- < QAP)sinwt > =L(AfDC5 (< APsinwt > + < APsinwt > ) (A24..1)V



;”M;ﬁ},Shefman;'DfT}'Gfinsrud and’R.CQ Sonde:egger- | ‘27 :
o =L(APDC) _‘APAC'_({s_inwt'-s'in(w,t+e_)>‘+f2~"vc('_<‘, AP >','<sinwt.:'_ 'sv:_ln(wt+6')>)_'_(A24_..2)' o

' ;;us1ng Eq A19

*f»We can combine the two expressions for Q to get,

Lwy,
- 'tan® = - DC
Ry o r*w L

‘_0, o vo.‘

Gordstn wmsy

J:Thiségivesgus an_expfessionAfOr)fhe/leakageﬁin.termsioff;he3phaseﬁangles”*ﬁj
; Vl

v In a manner simllar to the one above the. averaging can be done w1thv
- cos(wt) instead of sin(wt) ' L : R ' C
SV q

dy o © o g o
< (AP > R > < >
Q )coswt dFCOSWt + YP T ?¢9$VF_3¥N*

e s )
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< Q(AP)Co.swt'v > =L(APDC) (< APCOSWt} +d <_APcoswt > (A27.3)
= L-(APDC) /2 AP sine (1 -2 d < AP >) (A27.4)

The last two. equations can be combined with the definition of ko bto
yield another expression for the phase angle. '
AP'AC Vo

co88 = - T ' _ (A28)
B Py Vg

‘This is ﬁhe exact same expreséion_thaﬁ_was found} in the linear case;
. howevef, since the value of the preésure will be different the value of
‘the phéée‘anglé wiil be different for the same displacement and pressure
lﬁhan it was in the linear‘case. Eliminating the phase'angle from these

two expression, we can solve for the-leakage function.

L )‘= e L:d]z’- [—YE-]Z :   (&9.15 |
e et NS B U
wV
_d
= iy (A29.2) .
L,(APDC) = 1 - dZAp 2) sin® S
: AC 7

Wlth the exceptlon of the asymmetry term eq A29 looks very éimilar
to eq. AlD; however, the interpretation of the two equations in slightly
different. Eq AlO is an estimate of leakage constant, which should be
the  same at any applied preésure. ‘Eq A29 is an estimate of the average
leakage function at a pafticular applied pressure. The applied bressure
is a known function of the pressure response at the fundamental fre-

'quency due to a siﬁusoidalidrive.'
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FLEXING

When an AC pressure is applied to the shell of the structure, there
may be ' a small amoﬁnt of flexing. The amount of flexing need not be
very large in order to effeét a significant 'changeﬂ in the pressure
response, it need only change”the volume of the structure an amount sig-
nificant compared to the displacement volumev(Z‘.z m3). This flexing
will decrease.the pressure response and thus make fhe 1eakage appear to
be larger than it actuallyﬁis;vit is therefore necessary to be able 'to-
estimate the effect of the flexing and account for its effects should

'theyibe important.

Linear flexing is the type associated with the stretching or expand-
ing of the envelope -upon an applied pressure. This sort of flexing
- takes place in walls and windows; the change in volume of the structure

is expected to be proportional to the applied pressure.

The resonant frequency of most structures is approximately 15
Hz{Since the frequency range we are working in is much lower than this
(typically .l1-1 Hz), we can assume that the additional volume cfeatéd by

the flexing will be in phése wi;h the applied pressure.

8V = A AP - , (A30)

where: o _
'-;6V:'u is the volume[m3] change due to the flexing and

A .. is the1flexing:constant[m3/Pa]

iTﬁe'voihhe thatﬂbeiongs in the continuity equation is the sum of this

“volume aﬁd’the driée volume.

oy = v+ &v o : -.(A'il.l)

= Vgsinwt + AP - (A31.2)
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where: .

V’ uis the'effecgive (ﬁolume)'drive[m3].

If we now"sqbstitute this intbvthe dontinuity'equation,

av ., dp , Yo dp _
Q+dt+'\_dt+)'Pa g =0 (A32.1)
which can be rewritten as,
- Q(AP) vy o\ + YP —%‘11 o (a32e2)

The effect of théjflexing has been"tov increase” the capaéity term,

(V4/YRL) byv édding thé:constant flexihgiterm, A.  Since we are working

‘far below the frequen¢y3at'which the capacity term is important, for the

vpurposé of calchlatingfthe correction term we w11l'ignore;the capacity

term.

wV o ‘ L ‘ .
=AT_ . (a3

where: ‘ . _
. L, 1is the apparent leakage[m3/hr-Pa]

The apparent 1éakage is the leakage calculated assuming that capacity. of
the structure 1is negligible; this is equivalent to assuming that the

phase angle is always -90°. The actual leakage takes into account the

effect of the flexing and the compressibility of air.

' 2 2 :
o Vyq ] [ v Vo] - (A34.1)
L =w ———— - )\ + . | .
\ [APAC o ).'Pa_ )
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o, 2 o
I [1 0 +_9):l (A34.2)
: La yPa ' '

Squaring this expressioh and solving for the apparent leakage puts this
eqﬁation into a form the demonstrates it dependance on the capacity.
. v 2 ‘
L2 =12+ win + 2| N (A35)
a o YPa :

As expected‘this last equation shows that thé-apparent leakage is larger
than the actual leakage. Furthermore, it shows that the disparity grows
rapidly with increasing frequency. ‘

,If:we‘are using the linear equations we expect the leakage. with be
g cénstant;  However, if we are using the‘non-linear equations we expect
the leakage to be-sléwly decreasing will iﬁcreasing,pressure. In either

.case, a well established trend is présent; in the pfesence of flexing
:there will be an increase in theAapﬁarent leékagelfrom the trend. If we
A look ‘for. an upturn _in a set of data for a particular displacement we
-shoul& be ab1e to use eq A35 to extract an upper bound on the 'valﬁe of
A . Once found, the flexing parameter_can'be used to correct all of the

~ data points appropriately.

Infiltration

-Movement of the piston causes an oscillating pressure difference
between inside and out; this, in turn, causes air to flow alternately
into and out of the‘test space. To calculate‘this air flow we again use
the ‘continuity equation (eq A5). When the pressure is positive the air
flow will be out 6f‘thebspacé; when negative the air flow will be into
the sbace.v To_calculaté-the ihfiltraiion we assume that all of the air
that flows Outvof the space is immediately diépersed into the environ-

ment.: Thus ;he1 average infiltration will be the total volume of air
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moved out of the test space during the positive half cycle divided by
the period of oscillation; Making the'indicated calculations wé'obtain,

Q- _TE sine _ | (A36)

where: - o _
QL is the average infiltration{m3/hr] and

T is the period of oscillation[hrl,

‘ The only dependence_the_induced infiltration has on thé leakage 1is
_th;ough the phase angle which varies from -90° at low frequencies to
~180° at ‘high frequencies. ' The exact expression for the phase angle in
terms of leakage parameters can be found in Appendix A: ' ' ’

AP, ¥,

cos® = - - X g5 - (A37)
Yy yp_ - . |

Therefore by‘meaSuring infiltration concﬁrrently with the AC pressuriza—
tioh_ an independent detérmihation of the phase angle can be made. How-
' ever,.this_is based.on_the assumptibﬁé of perfect mixing and dispersal
of the: air that_flqws.in and out through the envelope, which are ques-

. tionable.
Rt

. SUMMARY

.
_ There are several assumptions that have gone into this calculation.
,We: have assumed that .the actual values of the air temperéture, room
.volume, énd:internal-tempefaturé could be replaced by their average

~values 1in the final equatidns. This assumption is valid as long as the

"deviations from the average are small compared to the average values.
Since the induced volume displacement 1is on the order of .1% of the

structure volume, the assumption of small deviations is justified.
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. We have assumed that the temperature of the gas entering the struc-
ture is the same as_that of the gas leaving the structure; clearly the
temperature of the outside air'méy.weil bevdifferént that of the inside
éir.. -Howevér, two effects decrease the impact of this assumptionﬁ'Heat
»éxchange bétweén the air and the structure mitigates the differences;

and the net heat transferred is small comparéd to the total energy.

_ We have aiso.assumed that ﬁhe'air flow through the structure is
either linear in the applied préssure or that it is non-linear with the
non-linearities sléwly varying with pressure.. If the leakage ié non-
linear then the average leakage function can be mapped out by making

. measurements .throughout the pressure range of interest.

v There are several parameters of the model that we can ihdependently
measure. Each one of these parameters has a physically meaningful
interpretation. ~Therefore, the magnitude of these parameters can be

checked to make sure that they are realistic.

o  The asymﬁetry cohstant. o is a measure of how Symmetric the leakage
is with respecc'to the,sign‘of the applied pressure. It is a meas-

ure of the unidirectiqnality of the leakage.

A ' The linear flexing parameter. -A is in effect a compression term '

akin to the capacity of the structure. It is a measure of how much
the structure flexes in response to the pressure drop across it.
"Both walls and windows are expected to stretch or bend when there is

"a pressure drop across them.

When all of these parameters are taken into account an - expression for
the actual leakage as a function of the measured variables and these

parameters can be found:

L - ' [
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Arpe = Ay J Vp 1+ Yo Apye?) (A38.2)
In thisvappendix we have»solved'the problem of low-pressure leakage
- measurements under a sinusoidal driving function of the internal volume.

The .exact solution to the linéar leakage problem was found; and an

approximate solution to the non-linear leakage equation was found.
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APPENDIX B

Procedure and Analysis"

p _The experiments described below all took place in our research house
-11n} Walnut Creek, Califormia. It has a volume of 230m3 and a floor ‘area
';ofr100m2._ The house is. a single story ranch type_house of wood frame
' eonstruorion; There is a fireplace and a forced air hearing system with

3feXterior‘duetwork in the attic and crawl space.

 Equipment

‘Pressure Source: The source of the pressure signal is a large cross

“section (2 1m?) rectangular piston which moves in and out of the shell
-'through alsuitablydsized»guide. (cf Fig la) The guide‘is installed in an
“exterior - door of the tesr‘ struoture. - As  the piston moves outward
i through the gulde the volume of the house is iucreaSed as it moves
~ inward the volume is decreased. The guide is made of plywood and has

:teflon seals all around it to m1n1mize both friction and air leakage

‘through the guide. -

‘ The'pisron'isveonneeted via a connecting rod to a 1light flywheel.
‘The diameter . of the. flywheel is about 0.5m; there are nine differeut
holes in the fiywheel to'allow for different displacementsvofvthe piston
during ‘a. drive stroke-. The maximum displacement peak to peak is about

003 m3.

.The flywheellis'driven'through a gearbox by a variable speed 3/4 hp
motor. With the current arrangement of motor, gearbox, piston and gulde

the frequency of osc1llation ranges from 2 to 250 rpm..

Pressure Detection: The pressure response of the envelOpe is meas-

'ured with a differential pressure sensor whose range is + 70 Pascals.
‘_The reference end of the pressure transducer must be at a constant pres-

sure in.order to measure the pressure response of the system; but if it
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were connected to the outside a large amount of noise would be intro-

duced into the data due to the wind.

Rather than use the outside as'our reference pressure, we used the
- time~averaged interior pressﬁre. To . do this time averaging we built a
physical low pass filter that responds to slow pressure drifts but does
not respond to high frequency fluctuations (i.e. both weather and the
pressure response dﬁe to the'piston). The fil;er'consists of a volume
and a fesistance:“the volume is a large brass cylinder of about 3 liters

and the resistance is a micfométering valve. (cf Fig 1b )

'Sinée the resistance is variable we can adust the time constant of
the filter to any desirable level. The time constant was chosen to be
about 5 minutes so that wind fluctyations and our pressure signal would
be filtered »out, but the normal changes in atmospheric pressure would
not. The volume is insﬁléted with about 2cm of polystyrene insulation
to minimize pressures induced by tempefature fluctuations. This-pro?
" vides a reliably steady preésure with which to ' reference our measure-

ments. R . - . e

Infiltration: The infiltration was monitored using'é continuous flow

system. Tracer gas (nitrous oxidé) was injected into the test space at
‘a rate held constant by a mass flow controller. There are injection
ports in several places in the test space and mixing'éf the tracer gas

-was assured by the operation of a mixing fan at each injection site.

The concentration of nitrous oxide was measured with a twin beam
infrared - analyzer. Samples were continuously drawn from several sites
around the test space and mixed in a manifold before analysis. The data

was put on a strip chart recorder for subsequent analysis.

Procedure

There were two setsiqf test runs that were used to measure the leak-

age; each with the house in a different condition. The first set of

runs was done with the test house in a relatively tight configuration.

‘The fireplace and kitchen vents were sealed with plastic to prevent

o
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leakage. Since the ductwork does not go through the conditioned space,

"all of the registers as well as the closet containing the furnace were

‘sealed with tape to prevent leakage.

The.second-set of runs was done with the house in a loqsé configura-
tion, more typical of normal operation. The fireplace'was unsealed but

the damper left closed. - The kitchen vents and registers were untaped

-and left in their normal operating state.

For each set of runs the DC pressufization was>measured using a fan
pressurization'techniquegBoth préssurizétion and depressurization were
measured.  Then we did ‘three different AC pressurization runs within
each set, eéchvrun having a different displacement volume for the drive.
In'every_run the_ffequency was varied from a minimum of about 3 rpm to a

maximum of about 1 rps. Data was collected cohtinuously by the

‘microprocessor and processed every minute during a (40 minute) run.

The parametérs o and A were calculated separately. To measure the

asymmetry parameter, o, the drive was left on for several minutes at the

‘same frequency, allowing the physiéal filter on the pressure’ sensor to

come to full equilibrium with the average pressure inside the structure.
Once equilibrium was established, the volume drive was shut off and the
DC pressure offset was noted. This procedure was done at several

representative pressures and the results averaged.

- The flexing parameter, A, becomes dominant at higher frequencies.

We need its, value at low frequencies to correct the apparent leakage

for envelope flexing.. Accordingly, we measured the response at frequen-

" cles higher» than that of any of tﬁe_runs and fit the data to eq A35 to

find A. Data was taken at frequencies from .1 Hz to 3 Hz using the

smallest of the displacements.

"Several other runs were performed for the purpose of measuring the

infiltration.‘due to the AC pressurization. There were three parts to

each run and the infiltration was monitored continuously during each

. part using a continuous flow technique?First the infiltration was ' moni-

toréd_with-the AC'pressurizatidn_equip@ept off, to establish a baseline;

* then the AC pressurization was tumed on and the  increase  in’
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infiltration noted; fiﬁally thé-AC,pressurization'was shut off to re-
establish the baseline infiltfation. '
\

Data Acquisition and Analysis

‘There are only two quantities that are measured during the course of
the leakage ,experiment: the time dependent pressure and the frequency.
The stroke of the piston is an experimental parameter that may be:

adjuéted; thé quantities Vo, P, and Y are known.

The pressure is recorded botﬁ on a strip éha;t reéorder: and by .a
microprocessbr. ‘The frequency is monitored by‘the microprocéssoery use
‘of an infrared diode system that records each :evolutioﬁ of the
flywheel. Digital filfering of the incoming data is used to remove

noise and reduce aiiasing.

Data at very high frequencies can be used to determine the. flexing
constant and data at high_pressures_can be used to determine the asym-
metry constant. Once these two parameters are known the average leakage

can be calculated for every measured data point.

Dufing'the infiltfation experiﬁents the data _Qas collected on a
separate chart recordér“for later analysis. The leakage was calculated
uSing eqs. A38 for each of the one minute data points. Then all of ' the
data points in a 1/2 Pascal fange were averégéd together using their

standard deviations to weight the averages.

Error Analysis

An estimate of the error was made for_eachvpoint'on the air flow vs
épplied pressure curves. For DC measurements the error comes princi-
pally from two éources; the uncertainties involved in the calibration of
‘the  flow through'the fan, and the uncertaiﬁty in the measurement of the

pressure drop across  the structure.
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The efror' ana1ysis_-for“_fhe: AC measurements ' is . a little more
involved. Using the’ formula for:the leakage'function'we can estimate

the error in the leakage from the measurement error in the variables.

At ldwv-preésures the error in the leakage is dominated by the'uﬁcer-

taihty in the:diSpiééement and the measured pressure. At high. ffequen- '

cies the_errot-is dbminated by the uncertainty in the flexihg parameter.

All of the pbints'ﬁﬁat fell within a.half-pascal rangevwere averaged

.together 'to get  a composite leakége function.‘.Thg averaging was: done

uéing'the standard’deviation of each ﬁointvto weight the average. This_

compdSité’:leékage“'function and the asymmetry parameter were combined

. 'with the pressure to give the air flow vs applied pressure curves in

| Figs 4-7.

‘Results

The measureméﬁt of the’asymmetry parametér was doné' as 1indicated
above _fpr both thé'tight’and loose configuration. To measure the flex-
ing parameteti(see-Appendix A) the apparent leékége squared was plotted
against the square of thebfrequency as per eq A35. This plot is shown
in fig:6. Looking at'fig:6jwe can see that for.high "frequencies (w >
10) the apparent -leakage  is doﬁinated by the flexing and the piot

becomes linear. From this linear section the value ‘of the - flexing

' parameter, )\, can be found.

" The asymmetry.and'linear'fiexing’parameters were measured in order

to subtract out their effects. Their values for our test house dis-

dussed above are tabulated below.

PARAMETER - vawe. - UNITS
| . © TIGHT . LOOSE
- .0152+.001 .004+.003 Pascals~!

A © . .0032#.001° . .0032+.001 m3/Pascal



40 ' The Low Pressure Leakage Function of a Building

] These constants were used with the meaSured pressures to produce~ a .

vplot of the corrected leakage functlon_vs‘pressure. .Fig 2 is the leak-"
age function of the house in the loose configuration and fig. 3 is leak-
age functlon of - the house in the tight eonfiguration. Each plotted
. point represents a one minute average at a certain frequency and dis-

" placement. - The’ solid line represents a smooth weighted average of allv

of ‘the points on the graph. ’

Figs. 4 end 5 show the air flow .through the envelope vs applied
pressure curves - for- the loose end tight configurations respectively.
The open points are calculated air flows from the average leakage curves
and the_ solid p01nts are the DC measurements made with fan pressuriza-

tion.

The 1eakage funct1on in both. the tight- and loose configuration.
increases as the pressure approaches zero (cf figs 2 & 3) Ifothe leak-
age function.approached a constant at zero pressure then air infi;tra—
tion associated with very low pressure fluctuations around . the envelope
would vanish with the diminisning pressure. If, nowever, the 1eakage.is
incressing near zero, as our tests indicate, then there will be appreci-

able infiltration even when the surface pressures are quite low.
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- LIST OF FIGURES

Sketch of experimental set-up and apparatus Fig la is a-schematic of

the piston motor and flywheel assembly. = The piSton is driven by a -

shaft connected to a 18 “inche diameter flywheel that - is . driven

through a gear bOX'by a variable speed,motor.;’Fig 1b is a schematic

of the pressure sensor and physical filter. The reference end of

‘the differential pressure sensor is connected to a. thermally insu-

lated volnme, that has a high resistance leak in it. "This volume

and -leak combination 1is an effective low pass filter with a time

constant.of roughly 5 minutes. Thus the reference end of the pres-

sure sensor is at the average interior pressure.

The leakage function of the structure in the loose configuration in

plotted vs the applied pressure. Each point represents a minute

average reading. at a particular frequency and displacement. 201nts

of the same displacement’ have the same symbol.- The curve is the

weighted average of all of the data points.

The leakage function of the structure'in the tight configuration in

‘plotted vs.vthe'_applied‘ pressure. - Each point represents a minute

average reading at a partiCular frequency and displacement. Points -

of the same displacement have the same symbol. The curve is the

weighted average of all of the data points.

The air flow_through the enVelope is graphed vs the applied pressure

for the-structure in the loose configuration. Both the AC pressuri-

- zation graph as derived from the . low pressure leakage'function, and

the DC pressurization are shown. The error bars are calculated from

the measurement errors and displayed for each point.-

The air flow through'the envelope_is graphed vs the_applied pressure

for the structure in the tight configuration. Both the AC pressuri-’

zation graph as derived from the ‘low pressure leakage function, and

‘the. DC'pressurization are shown. The error bars are calculated from

- the measurement errors and displayed for ‘each p01nt.

Al
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.The apparent‘-leakage squared.‘is plotted against the frequency

squared . for the smallest displacement. From the high frequency

slope the total capacity canvbe inferred.

The DC leakage curves for.both the loose and tight - configurations.

The error bars are derived from the measurement error and equipment

calibration errors.

o
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