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Hany models have been devised to correlate air infiltration in buildings 
with weather parameters. A particularl~ promising strategy is to predict the 
air flow through the bUilding envelope from surface pressun~s. which in turn 
are predicted from measured weather parameters. Due to interference of the 
weather, it is difficult to measure the pressure-flo',., 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) fall pres.<turl­
zatTon or dep ress ur ization of the st ructure. DC-measurements are unre liab 1 ~ 
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 mc.asurc­
roents of air leakage vs. pressure in this lot. pressure region. This pnper 
reports measurements of the leakage function measured at lot-; 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 resul ts and extrapolations· of dircc t fan leakage meas­
urements. 
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Infiltration models are primarily useful in performing energy load calcu­

lations wheEhcr using simple steady-state procedures or dynamic computer pro­

grams. However, model development also con tributes to th e bas i c physi c;} 1 

understanding of infiltration which, in turn, aids in developing instrumenta­

tion for measurement and procedures to reduce infil trat ion in buildings; 

Historically, infiltration models have developed slowly. The Simplest, 

and perhaps oldest calculation model assumes that infiltration is constant in 

time, independent of outside weat her cond itions. An ene rgy load calculation, 

then, only requires information about the steady infil trat ion value f or a 

structure and the total number of degree-days in order to calculate the load. 

The next level of modeling uses field measurements of infiltration values 

aod weather to find an empirical relationship between infiltration, wind speed 

and indoor-outdoor tempera ture d if f erences. This mul tip'le linear regress ion 

technique produces a result which can pJ;.edict infiltration for a structure 

when the outside weather is known; it is not a good predictor. however, of 

infiltration for structures other than the one which was tested originally. 

Furthermore, data have to be collected over a wide variation of weather para~­

etefS to assure statistical significance. 

Physical models of infiltration are based upon a different set of assump­

tions and measurements than those used above. Infil tra tion is the resul t of 

pressure differences across openings in the building shell which produce air 

'flow through these openings. Heasurements of (a) the leakage of the shell and 

(b) surface pressures (or weather parameters combined with a model to predict 

the -surface pressures) are combined to compute the air flows through the open­

ings yielding the infiltration. 

Leakage measurements have been made by applying a steady pressure to the 

building shell using a variable speed fan and measuring the flow through the 

fan (which is assumed equal' to the flow through the leaks in the shell) to 

determine the pressure-flow char ac ter is tics of the st rue ture. These l!l'eaSllre­

mcnts are most reliable ,when I!1ade at pres!;;ures which are large compared to the 

weather induced differential pressure alrendy present. HeaSlirement ranges 

typically used extend to at least 50 Pascals; ambient surface pressures are 

usually less than 10 Pascals. for it is leakage at low pressures (-5 Pa < /),P < 

5 Pa) that is needed to model infiltration. 

-2-



October 2, 1979 

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 pressurization is dominated by one well-known frequency, 

while the p-ressures caused by wind have a broad range. Accordingly, the 

amount oCinterference caused by the weather at the frequency of in terest will 

be small. Thus, the complete leakage curve can be measured using AC pressuri-

zation. 

OVERVIEH 

To accomplish AC pressurization measurements we change the volume of the 

structure and measure the pressure response due to this change. By looking 

only at the pressure response which is at the same frequency as the volume 

drive (i. e. synchronous d etec tion) we elimina te the nois e a~~socia ted with DC 

measurements. This allows us to measure the leakage. at very low pressures. 

The volume is changed using a large piston and-'''guide assembly that is 

installed in place of an existing exterior door (cf. Fig 1). The piston is 
. .-

moved in the guide by a motor/flywheel assembly that allows ad~ustable dis­

placement and frequency control. Out leakage measurements were made at fre­

quencies between 6 and 60 rpm. The piston rides on sliding teflon seals to 

p-revent leakage and reduce drag. The pressure is monitored using a differen­

tial pressure sensor with .1 p~ resolution and a full scale reading ot 70 Pa. 

If the structure is rigid we can use the measured volume drive ?nd pres­

sure response volume to calculate the airflow through the envelope. during AC 

pressurization. If there ,,,ere no leakage at all then the change in pressure 

would be precisely determined, given the volume of the structure and the dis­

placement of the piston. Therefore, any deviation from this predicted pres­

sure can be attributed to leakage through the envelope. The continuity equa­

tion allows us to calculate exactly how much air leaks out for a given drive. 

This can be used to calculate the steady-state air flow for a given .ex_te_rnal 
• 

pressure. 
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It is tempting to fit a curve to the high pre"ssure leakage function in 

order t'o extrapolate to the low pressure region of interest. Many forms of 

the equation have been used, but two of the most typical ones are: 

(1. 1) 

and 

(I.2) 

where: 

Qis the leakage[m3 /hr] 

llP is the applied pressure [Pascals] 

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

, 
However, any attempt to use these forms will fail-~ecause these regression 

constants themselves are functions of pressure. If the leaks in the building 

shell were all simple cracks we would see a flow characteristic dq~inated by 

linear leakage at low pressures (Q:.6P) and quadratic !.eakage at high pressures 

(Q2~p).1 The transition between low and high pressures depends critically on 

the" crack geometry; since we are cons1dering a collection of cracks of many 

dimensions as well as orifices whose edges can be both sharp and broad, the 

transition between low and high pressure flow will be indistinct and blurred 

in any real structure. 

Because of the difficulty of measuring the low pressure portion of the 

leakage func tion and the inherent uncer tainty assoc ia ted with extrapolating 

from high pressure to the low pressure measurements, a technique is needed to 

measure the important low pressure leakage. AC 'pressurization is a technique 

which uses an oscillating piston mounted in the shell of the building to 

alternately pressurize and depressurize the interior volume. 

an extension of the work of Card et al. 2 
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The structure! in general' will not be rigid. "Therefore, when the prcssu rc 

inside. the structure changes, the envelope will flex to counteract the volume 

change. By assuming that the flexing is proportional to the differentia 1 

pressure across the shell we can correct for this e~fect. 

The air flo~ through the envelope caused by the movement of the piston 

results in an increase in the infiltration. If the piston movement is regular 

the change in infiltration can be measured using a standard tracer gas method. 

This measurement has the potential of bein~an independent check on the leak­

age measuremen t. 

THEORY 

In DC pressurization the calculation of the leakage is' straightforward. 

Since the pressure is steady-state there is no time variation in pressure of 

the air inside the structure. If we assume that the. pressure applied to the 

structure is 'greater than any weather induced pressure, the continuity equa­

tion gives the leakage. 

where: 

l1p 
Q 

is the pressure [Pa] across the envelope, ..... 
is the airflow(m3/hr] through the envelope 

is the air flow[m3 /hr] through the fan· 

(2 ) 

" I,,!' .• 

a t pre ss ure /).P and 

The flow through the fan is that flow which is necessary to keep the pressure 

drop across at a given value; it is therefore ~ function of the leakiness of 

the structure. 

In AC pressurization the calculation of the leakage is not as simple. The . ./ 

continuity equation must take into account the effect of the compression of 

the air as well as .the change in the voltnne of the structure with our drive. 

Taking these two effects into account we obtain a different continuity equa-
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tion. 

where: 

Q and & are air flow and pressure as above, 

d®) 
dt 

dV/dt is the time change in volume of the structure (m3/hr), 

.A is the flexing constant of the envelope (m3 /Pa], 

Vo is the volume of the structure(m3 J. 
Y is the ratio of specific hea ts of air (-1.4), 

Pa is·the atmospheric pressure (1.013 x 105 Pa) and 

d~P)/dt is the time change in internal pressure [Pa/hr) 

October 2, 1979 

(3 ) 

The term in brackets Ceq. 3) is the effective capacity of the structure. It 

contains two parts: the first part accounts for the flexing of the envelope , 
when a pressure is applied to it; the second part is -due to the compressibil-

ity of air and depends only on the volume of the structure and fundamental 

constants. For a full derivation of the continuity equation see Appendix A. 

The above equation can be used to calculate the ai r flow through the 

structure, given the change in volume and associated change in pressure. How­

ever, the quantity of interest is the steady-state flow associated with a 

steady-state. press ure. In order to do this, we must introduce a model of 

leakage to relate the flow to the pressure difference across the envelope. 
'. ''!, .. 

The simplest model is that of linear~leakage. Linear leakage implies that 

the air flow through the structure is proportional to the pressure across it. 

Q (6P) ... 1. .6.P 
o (4 ) 

where: 

Lo is the leakage· constant [m 3/hr-Pa) • 
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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 pressures, which in turn 

are predicJ:ed 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 

infil tration. Conventional techniques rely on st eady-state (DC) fa~ press uri­

zation or depressurization of the st ruc ture. DC-measu rements are unreliabl e 

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 measure­

ments of ai r leakage vs. pressure in this low pressure region. This paper 

reports measurements of the leakage function measured at low pressures using 

an al ternating (AC) pressure source with variable frequency and displacement. 

Synchronous detection of th e indoor pressure signal crea ted by the source 

eliminates the noise due to fluctuations caused by the wind. Comparisons are 

presented between these results and extrapolations of direct fan leakage meas-

urements. 

INTRODUCTION 

·r 

./ 
- ! 

_ Infiltration, air leak:tng through openings in the shell of a build ing, is 

a conceptually simple process. The hydrodynamic details of the flows for real 

buildings, however, a.re complex and make the problem of calculating or model­

ing infiltration difficult. 
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~lhile thi,s is the simplest model possible, it is not physical. It may be true 

that when the flow is dominated by viscous laminar flow the airflow will be 

proportional to the applied pressure, but when orifice flow or turbulent flow 

is important the flow will not be linear. DC measurements indicate that at 

higher pressures the air flow becomes proportional to the square root- of the 

applied pressure. 3 

To account for this effect we must relax the assumptions that the leakage 

be linear. We do this by allowing the leakage constant to become dependent on 

the applied pressure making it a leakage function (L(,L1P». The flow equation 

then becomes. 

Q ® ) == L <6.P) [j,p (5 ) 

where: 

L~P)is the leakage function [m3/hr-Pa) • 

Even though the form of the leakage function is not known, ther~are phy­

sical restrictions on its behavior. The func tion must be slowly varying and 

monotonically decreasing as th e p ressur"::! increases. Ideally, th e leakage 

func tion should be independen t of th e sign of the app lied pressure. But. in 

some situations the airflow ma~ ~e larger on pressurization than on depressur­

ization (or vice versa). To account for this and still maintain the symmetry 

of the leakage function we introduce an asymmetry constant. 

where: 

q is the asymmetry constant[Pa- 1] and 

L(6P)is an even function of the appfied pressure[m3/hr-Pa). 
./ 

- ( 

(6 ) 

Using eq. 6 as our defining relation for the leakage func tion 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 

-7-



Dc tober 2, 1979 

pressure across the envelope. The complete derivation of these equations is 

given in Appendix A and the experimental procedure, technique and data 

analysis are contained in Appendix B. 

RESULTS 

Figs 2 and 3 are graphs of the leakage function vs applied pressure for 

the house in the loose and tight configurations. Several test rusn were per­

formed with a variet;>" of combinations of piston displacement and frequency. 

All of the points from all of the runs are combined to give a weighted average 

leakage function. Note that there is a small amount of syst ematic diff erence 

betYleen points at the same pressure but: of different displacements. This 

asymmetry in probably due to the type of YlindoYls in the test r,tructure. The 

windows a sliding aluminum windows. On pressurization the windows are pushed 

against their seals making them less leaky; on depr~ssurization the windows 
.•. 

are pulled away from their seals, increasing the leakage. 

Figs. 4 and 5 are graphs of the predicted air flow vs applied pr~~sure for 

the house in the loose and tight configurations. Each graph has the points 

from the AC pres~urization run as Ylell as the points from the DC pressuriza­

tion run. Each point has the error bars associated with each measurement • 

...... 
"Fig. 7 is a plot of both the loose and tight configurations for the full 

range of DC leakage points. The low pressure points are duplicated on figs. 4 

and 5. 

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 
., C' 

light switches and outlets, indicating that there is good cOr:=lunication 

between the interior partitions and the attic or crawl space and hence. to the 

outs ide. 
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The' infiltration was measured at many different times with the test space 

in diffe~ent leakage configurations_ The results with the house in a normal 

or tight configuration, yield infiltration rates due to the AC pressurization 

only about 20% of the expected values. When all of the windows were open a 

crack the inf11 tra tion increased. While the total increase due to the AC 

pressurization was a large fraction of the expected increase it still did not 

increase as much as predicted. 

We believe that this diminution of infiltration rise is due to storage of 

the tracer gas in connected spaces. That is, tracer gas is being pushed out 

of the test space and into such spaces as wall cavittes, 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 living space on the depressurization stroke. 

We have evidence of this mechanism from ob servations with smoke sti cks . 

Smoke can be observed to pulsate in and out of ,light fixtures, electrical 

outlets and cracks, both in the interior partitions and outside walls. A good 

part of natural infiltration is driven by pulsating wind pressures; it would 

be interesting to speculate on the influence of geometry of sl.\ch connected 

spaces on the infiltration in the living space. 

Since the volume of th e exter ior wall cavities 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 proportion of the leakage is through direct connection to the outside 

(e.g. open windows), we expect to see a larger increase in the infiltration. 

The infiltration measurements made concurrently with the AC pressurization 

measurements do no t agree with the predicted air f low through the envelope. 

The measured infiltration was always far less than the predicted value. The 

prediction assumes that all of the air that is forced out of the envelope by 

the piston ~ixes with the outside air and disperses before air is pulled back 

in. However, we have observed that air that is forced out linger.s in the 

neighborhood of the exit leak, and is pulled back into the structure with lit­

tle mixing. Under these circumstances, the amount of infiltration measured by 

tracer gas is only a small part of sum of all the 'afr flows through the 

envelope, measured by AC pressurization.,c< That the lack of mixing is so pro­

'nounced in our case is an indication that a sig~if ican t amount of th e leakage 
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is into the attic, crawl space, or wall cavities. This lack of mixing in the 

connec ted spaces is equ ivalen t to a cut-off frequency in the leakage charac­

. teristic of the structure. That is, the~e is some frequency above which the 

'weather induced pressures do not cause any infiltration. Our exp'erimcnts 

indicate that this frequency may be very low (a period of less than one 

second) • 

DISCUSSION 

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

their prediction of the leakage of. the structure. Since they repre sen t 

independent determinations of the same quan ti ty, we feel that the agreemen t 

corroborates both techniqu~s. 

Each technique has 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 more accurate in 

the range 0 f press ures typically associa ted with infil tra tion •. ··Since this 

technique does not measure flow directly, it is not subject to the problems of 

.measuring low velocity flows. Because of the synchronous detection inherent 

. in the system, the AC technique is capable of measuring the leakage at far 

lower pressures than the DC techniques. 

The most intriguing result of this experiment was unexpected. We expected 

that the le~~age function at low pressures would, assuming laminar flow, 

approach a constant and hence the air flow would be linear in the applied 

pressure. However·, the leakage func tion seems to increase without bound at 

low pressures. The increase in the leakage function corresponds to a discon­

tinuity 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 pres­

sure (cf. fig 7); we usually attribute this offset to poor data at low pres-. 
Bures but the AC resul ts indicate that the eff ect may be real. This dis con­

tinuity implies that if there are even extremely lov pressure fluctuations 

there will be some infiltration. Many researchers 4- 6 have speculated about 

the existence of non-zero infiltration as the wind speed and temperature 

difference go to zero. This low pressure increase in the leakage would 
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correspond to exactly that, suggesting that the effJb.t: is physical and not 

simply an artif act of statist ical curve-f itting or other semi-emp ir ical 

models. 

The fact that the low pressure leakage does not approach a - constan t 

implies that the low pressure leakage is dominated by orifice flow rather than 

by viscous flow. It would appear that at very low pressures the flow is dom­

inated 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 flow is dominated by turbulence and the air flo~ 

would again go as the square root of the pressure. But at intermediate pres­

sures there would be some viscous (laminar) flow which is linear in the 

applied pressure. These three effects combine to make the leakage a compli­

cated function of pressure. 

Attempts using superposition of linear and squ~re root type flow (eq 1.1) 
-will not be very successful if the above analysis is correct. The constants 

involved with the model are themselves func tions of press ure and will change 

as rapidly as the leakage changes. Models using a' flow exponen ~'{eq 1.2) 02./ 

fair better. In order to test the validity of flow exponent type leakage 

models, we have fit both the AC and DC pressurization data to a power curve. 

~e have split the data into low and high pressure sections for bo th AC and DC 

have used the data from both the leaky configuration apd the tight configura­

tion. The model, as presented in the introduction is, 

(7) 

where: 

Q is the air flow ~ [m3 /hr] , 

C is the scale 'constant [m3 /hr-Pan ] and 

n is the flow exponent. 
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The semi-empirical co-efficients are tablulated below: 

TABLE 1. I. t!\ . . 

Values of leakage constants in power curve fit. 

.....TYPE CON FIG URATION PRESSURE C n 

INTERVAL 

[Pa. J 

DC Loose 0-20 667 0.45 

25-50 458 0.59 

0-50 603 0.51 

DC Tight 0-30 426 0.51 

~n-50 327 0.59 

0-50 404 0.53 

AC Loose 0-6.5 432 0.62 

7-13.5 298 0.80 

0-13.5 423 0.65 

AC Tight 0-8.5 347 0.60 

9-17 314 0.68 

0-17 337 0.64 

While the data in this table is not conclusi ~e there are some gene ral 

. trends evident. For any given type and configuration, the flow exponent is 

larger at larger pressures, indicating that the very lo~., pressure flow is dom­

inated by orifice flow and not by viscous flow. The AC pressurizati~n gives 

Iconsistently higher flow exponents than does the DC pressurization; however, 

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 pressure 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 conventional DC pres­
. ''!L, 

surization technique measures the flow necessary to keep a given steady state 

pressure difference across the envelo"'pe. By measuring the interior pressure 

response synchronously to the volume oscillation AC pressurization can elim­

inate the pressure fluctuations caused by the weather, that make DC measure­

ments difficult in the low pressure range. 

The leakage charac teris tic of the our exper imental house was measured in 

both a tight and a loose configuration with both the AC and DC pressurization 

techniques. The correlation is good in the pressure regime of overlap. 

Several interesting phenomena were observed with AC pressurization. The 

equivalent flow resistance of the structure at low pressures appears to 

appr.:>ach zero. Such behavior is consistence wit.h often quoted .. empirical 

observation that air infiltration is non-zero even at weather conditions of no 

wind and equal indoor and outdoor temperatures. Furthermore, if confi rmed on 

other houses, such a decrease of flow resistance at low pressures is con­

sistent with infiltration models that use a flow exponent between 0 and 1. 

Independen.t tracer gas measurements during AC pressurization indicate much 

lower infiltration than expected from the flow through the envelope. There is 

some evidence indicating that this may be the consequence of poor. mixing of 

indoor and outdoor air in connecting spac~s 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 interest ing 

potential for the reduction of natural infiltration induced by turbulence. 

Low pressure leakage measurements using the AC pressurization ,technique 

can provide valuable information about the l~kage characteristic of a struc~ 

ture that is available from no other source. 
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APPENDIX A 

Theoretical Derivation 

In this' appendix we derive the equations used in AC pressurization. In 

order to ~easure the low pressure leakage, a piston and cylinder arrangement 

is added 'to the structure so that its volume is adjustable (see Fig. 1). tnth 
" '!L. 

this set-up the volume can be increased or decreased from its initial value 

and the pressure response can ~e measured. If there were no leakage the pres­

sure response due to a change in the volume could be easily calculated; ho~­

ever, if there is air leakage then the pressure induced by the changing voluMe 

will be small er. The differenc~ between the measured pressure response an d 

the expected pressure response is attributed to leakage through the envelope. 

AIR FLOU 

We begin the derivation by assuming the gas within the structure to be 

ideal: 

PV = nRT 

" 

where: 

P is the absolute pressure [Pascals] , 

V is the structure volume [m3], 

n is the number of moles of gas, 

R is the ideal gas constant (8.32 j oules/n:ole-OK) 

T is the absolute temperature [OK] • 

Conservation of energy for an ideal gas yields, 

RT dn = P dV + C dT 
v 

-14-
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here: 

Cv is the heat capacity of air at constant volume[joules/mole-OK) • 

Using eq. Al to e1i~inate dT, 

RT dn D PdV + ~ VdP (AJ) 

where: 

Y is the ratio of the heat capacities of air (1.4). 

I!, . 

The leakage o~ air through the envelope is related to the time derivative of 

the number of moles of gas in the structure. 

where: 

V dn 
Q = - n dt 

-- RI dn 
P dt 

= _ .dV _ 1. V dP 
dt Y P dt 

...... 
Q is the air leakage out of the envelope [m3/hrJ • 

(A4 ~ 1) 

(A4.2) 

(A4.3) 

We have used the convention that the air flow, Q, is positive when it flows 

out of the structure to correspond to co~on usage in the field. However, 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 structure is small then the 

change in internal pressure will be small compared to atmospheric pressure. 

In this case the volume and pressure in the above expression may be replaced 
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by their steady state values. 

v 
Q + d V + _.2.. d P ... 0 

dt YP dt 
a 

where: 

Vo is the normal structure volume[m3 ] and 

Pa is the normal internal pressure (1 atm.) 

AIR LEAKAGE 

October 2, 1979 

(AS) 

'. I'!I, 

Equation AS allows us to calculate the air flow into or ou~ of the struc­

ture induced by the pressure ch~nges caused by the volume changes. However, 

he quantity of interest is not the flow itself but the leakage function. The 

le~age function relates the flow through the structure envelope to the 

instantaneous pressure across it. DC measurements suggest that at high pres­

sures the leakage may be described by a power law expression, where the 

exponent of the pressure is between half and one. At low pressures T,.;e 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 leakage model. We assume 

that the flow through the envelope is proportional to the applied pressure. 

Q ox L hP 
o 

(A6) 

• 
Lo is the leakage constant and it is the parameter of interest. Under t'!-.<c 

linear leakage assumption the continuity equation can be solved exactly. \''.: 

can use eq A6 above to eliminate the pressure from eq AS. 
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(Note that :~ .. d ~:).) Equivalentl~, 

where: -

k 
o [~~ 

-'l1P +-1... dV + k d~P) ... 0 
Ldt 0 dt 

o 
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CA7.2) 

(A7.3) 

The time constant, ko' is a direct measure of the leakage function of the 

house. Equa-tion A7 is a first-order linear differential equation with con­

stant coefficients. It can be solved for a sinusoidal driving function. 

' .. r" 

v .. V d sin(wt) 

where: 

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

wis the fundamental frequency of the drive[hr- 1J. 

This leads to a solution of the form, 

Q a Q sin{wt+e) 
o 0 

or, 

where: 

~PAC is the amplitude of the (AC pressure) response [Pa) , 

Q - is the amplittide of the (air flow) responsc[m3/hr] 
o 

ft:Lc/1P AC and 

9 is the phase shift be tween the response and the drive. o 

-17-
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S~lving the differential equation leads to expressions for Q and 60 in terms 
I ' 0 

~f the drive,' time constant, and fundamental frequency. 

1 ' 
tane ... -­

o wk 
o 

cose 
o 

(AIO.l) 

(AIO.2) 

(AI 0.3) 

(AIO.4) 

'(A10.S) 

~rom eq AIO.S we can ealculate the phase angle from the measured pressure and 

.fre displacement. From eq AIOol we' can calculate the time constant from the 

1hase angle. Using the definition of the time constant (eq A7.3) we can find 

{he leakage constant. 

... w 
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Qo is, the size of the air flow"' th rough the st ructure in response to a 

sinusoidal drive. Under the assumption of perfect mixing all of ~he air flow 

will contribute to an increase in infiltration. Since the air flowing in will 

be equal to the air flowing out we need only find the total amount of air the 

flows out during a half cycle and divide that by the cycle time to find the 

'induced infiltration. 

where: 

" J Q sinlS dIS 
I 0 0 Q .. 

2" 
J diS 
o 

I Qo 
Q --

" 

I wVd 
Q = - - sine 

" a 

QI is the infiltration induced by the drive[m3/hr] and 

p .. wt + e 
o 

" Non-Linear Leakage 
'. I,!,',. 

(AI2.I) 

(AI2.2) 

(A12.3) 

(A12.4) 

We have solved the case of low pressure leakage under the assumption that 

the leakage is linear in the applied pressure. This ass ump tion may no t be 

acceptable in certain situations and it is definitely not acceptable for high 

pressures. DC measurements indicate that at sufficiently high pressores the 

au flow through the structu;-e is proportional to the square root of the pres-

. sure. It has also been noted that in many DC measurements the value measured 

under depressurization is not the same as that measured by pressurization. 

-19-



vc[:ooer Z, 1')1<) 

under depressurization is not the same as that measured by pressurization. 

Our linear leakage model ,does not account for any of these observations. 

Therefor~, we must relax the assumption of linearity and allow for the possi­

bility on non-linearities in the model. 'The presence of non-linear terms in a 

differential equation always causes harmonic generation. That is, if a 

sinusoidal 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. 2w, 3w, 

••• ), as well as a poss ible constant term. For experimental reasons d iree t 

measurement of these higher harmonics'is quite difficult. Therefore, we will 

derive a leakage function without requiring the measurement of the higher har­

monics. 

To allow for the non-linearities we generalize the concept of the leakage 

constant to that of a leakage function which depends on pressure. 

Q~P) = L(L1P) fj,P (Al3 ) 

Physically the leakage func tion must be sl.9w1y varying and mono tonica 11.1' 

decreasing. Furthermore we expect that at very high pressures it must 
,,,,,,";,-, 

decrease as the square root of the pressure. 

In general the air flow due to a positive pressure on the structure will 

be nearly equal in magnit ude to the air f low due to the same negative press ure 

on the structure. It is mathematically convenient to treat the leakage func­

tion as an even function of the pressure; But since there may well be a small 

asymmetry between the air flows, we must add a small asymmetric term to the 

-symmetric leakage function. 

L <L1P) (1 + c( fj,P) IIp (A14) 

where: 

L Cl1P) is an even func tion [m 3 /hr-Pa) of pressureand'I" 

c( is the asymmet ry par amete.r [Pa- l )..,. 
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The pr~sence of this asymmetric term has the interesting feature that it 

changes the' average internal DC pressure when there is a sinusoidal volume 

change in the structure. This DC offset··arises because on pressurization (for 

example) the leakage is larger than on depressurization; thus to as:,ure thilt 

the air flow in is equal to the air flow out, the average internal pressure 

must drop a little. 

To obtain this DC offset for our equations we must use the fact that under 

AC pressurization the average flow through the envelope is zero. Averaging 

the continuity equation, Eq AS, over one cycle, 

<dV> Vo <dP> 
- <Q (flP) > = d t + yP d t 

a 
(A15.1) 

... 0 (AlS.2: 

... <Lf.&)f1P (l + c( fg) > (A15. J \ 

The brackets, < ••• > around a quantity indicate that that quantity is to be 

averaged ove~ a cycle. 
~ ... "':. ' 

Since we have assumed that the leakage function is slowly varying, we CBr! 
., 

replace it by "its average value during the oscillation. The error introducer:: 

by doing this will be small as long as the leakage function does not change 
, 
radically in the working range of pressure. Since the leakage function is 

"-
slowly varying and the pressure is oscillatory we assume the average leakage 

function is approximated by the leakage function at the root mean square pres-

sure. 

< L(flP) > (A16) 

..... 
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Since we have assumed that the leakage ;function for the AC tests can bl 

approximated by its value at the root mean pressure, there is an equivalcn~ 

steady state pressure at which the leakage will have the same value, narnel: 

the roo't mean square pressure. Therefore, we define the equivalent DC pres-

sure as, 

where: 

llPDC is the equivalent applied pressure. [Pal 

< ~p2 > is the mean square pressurelPa2]. 

(AI 7) 

Substituting for the leakage function in eq AlS.3, we can obtain a relatior'. 

for the asymmetry. 

o (Ai S I 

Since the leakage function is never zero it can be divided out and the equa­

tion can be solved for ~. 

(A19 ) 

where: 

< ~P >15 the average DC pressure offset [Pa.] 

This last expression, allows the calculation of the aSYImletry constant, C(, 

2 from the DC pressure offset, < & >, and the mean square pressure, <.& >. 

Conversely, once the asymmetry constant has been measured it allows the calcu­

lation of the DC offset from a measurement of the mean square pressure. 

We can find the root mean pressure in terms of the component of the pres­

sure at the fundamental frequency. In general, the pressure can be expanded ... 

-22-
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in terms of harmonics of the fundamendil frequency, w. 

(AlO) 

where: 

<& > is the average pressure difference [Pa], 

~AC is the component at the fundamental frequency [Pa] , 

e is the phase shift between the drive and response and 

/lPn is the component at'the nth harmonic. 

~n is the phase angle of the nth harmonic 

To calculate the average mean square pressure we must square the above expres­

sion and then average over one cycle. When we do the ave::-aging all of the 

cross terms will drop out leaving oniy the squared terms of each fourier com­

ponent. 

< l1p >2 + 1/211P AC 2 + ~(higher harmonics)~ (Al1.I) 

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

terms, we can approximate the mean square pressure. 

(A21.2) 

where we have used the definition of ~ recursively. 

Therefore, 

Once the asymmetry and equivalent DC pressure have been found we must 

derive a relation between the leakage func tion and the exper iment1l1 pD. rame­

terse In the linear case we derived a formula for the leakage by solving the 

linear differential equation for a sinusoidal driving function. In the non­

linear case we can not solve the equation exactly, nor could we do so if we 
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had an explicit form for the leakage function. We can, however , derive a 

similar exp.ress ion for the leakage func tion by fourie r analyzing the con-

tinuity equation at the frequency of the drive. 
'. '1f,. 

~ " '" 
Since we know that the largest part .·of the pressure response will .be at 

the fundamental frequency. of the drive we can extract more information by 

fourier analyzing it at that frequency. That is the equivalent of multiplying 

ou; continuity equation by sin(wt) and cos(wt) alternately and then averaging 

over one cycle. 

v 
_ < Q(LlP)sinwt > ... < dV sinwt > + _0_ < d (llP) sinwt > 

dt Yea dt 
(A23.!) 

Vo 
= wVd< coswt sinwt > + ypw Jj,PAC< cos(wt + e)sinwt > 

a 
(A23.2) 

J 

- - (A23.3) 

The definition of Q can be used to expand the left hand side of the equation, 

using the same appro'xlmation for the leakage function. 

- < Q<llP)sinwt > =L~DC) « Jj,Psinwt > + c( < Jj,Psinwt > ) (A24.1) 

.... LCL).PDC ) LlPAC«sinwt s:in(wt + e» + 2 c( < I1p > <s1nwt sin(wt + e») . (A24.2) 

= L~PDC) Llp AC (1/2;- + c( < /1p » cose (A24.3) 

./ 
-I 
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using ~q.'·A19, 

'. '11 .. 

- < Q(&)sinwt > "" 1/2L(/1PDC)~ii.PA~ cosB (l - 2 c1..2 < &2 » ,(A24.4) 
""f"I 

We can cocbine the two expressions for Q to get, 

1 Lc&OC) 2..2 2 
tanB lit - k w L (1 - cr.' < I1p > ) (A25.1) 

o 0 

tane = -

, 
. This gives us an expression for the leakage in terms of the phase angle. 

w [ Vol L~PDC) ... - 2 2 yp tanB 
1 - 2 c( <.6,P > aJ 

(A26~ 

In a manner similar to the one above the averaging can be done wi :~, 

cos(wt) . instead of sin(wt). 

'~'":.' .. 

dV Vo dU\P) 
< Q{LlP)coswt > = '< d tcoswt > + Yp < d t coswt > 

a 

v 
... 1/2 wV d + ypo 1/2 w/:J.P ACcosB 

a 

< Q~)coswt > =L(l1Pnc) « ./1Pcoswt > + cf.. < ,h,Pcoswt > 

-25-
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(A27.4 ) 

The last two equations can be combined with the definition of ko to yield 

another expression for the phase angle. . .... "!'h. 

(A2B) 

This is the exact same exp ress ion that was found in the linear case; however, 

since the value of the pressure will be different the value of the phase angle 

will be dif ferent f or the same displacement and press ure than tha t in the 

linear case. Eliminating the phase angle from these two expression t we can 
\ 

solve for the leakage function. 

w 
L(.6.Pnc) 1:% 2 2 

(I - c( i:1P ) 
AC 

(A29.l) 

sin9 
(A29.2) 

With the exception of the asymmetry term eq A29 looks very similar to eq. 

AlO; however, the interpretation of the two equations in slightly different. 

Eq AIO is an estimate of leakage constant, which should be the same at any 

applied pressure. Eq A29 is an estimate of the a'verage leakage function at a 

particular applied pressure. The applied pressure is a kno~n function of the 

pressure response at the fundamental frequency due to a sinusoidal drive. 
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FLEXING 

When an AC pressure is applied to the.shell of the structure, there may be 

a small amount of flexing •. The amount of flexing need not be very large in 

order to ~ffect a significant change in the pressure response, it need only 

change the volume of the structure an amount significant compared to the dis-
• • P 11". 

placement volume (.:: .2 m3). This flexing will decrease the pressure response 

and thus make the leakage appear td' be larger than it actually is; it is 

therefore necessary to be able to estimate the erfect of the flexing and 

account for its effects should they be important. 

Linear flexing is the type associated with the stretching or expanding of 

the envelope upon an applied pressure. This sort of flexing takes place in 

walls and windows; the change in volume of the struc ture is.' expected to - be 

proportional to the applied pressure. 

The resonant frequency of most structures is approximately 15 Hz.7 Since 

the frequency range we are working in is much lower than this (typically .1-1 

Hz), we can assume that the additional volume created by the flex.ir:g ·"ill 'uc 

in phase with the applied pressure. 

6v "" A 1J.P (A30) 

where: 

6v is the:volume[m3 ] change due to the flexing and 

A is the fl exing constant [m 3 /Pa) 

The volume that belongs in the continuity equation is the sum of this volume 

and the drive volume. 

v' "" V + 6v (A3L 1) 

(A31. 2) 
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where: 

v' is the effective (volume) drive[m3]. 

If we now substitute this into the continu~ty equation, 

Q + dV + ~ ..s!f + v 0 dP ,.. 0 
dt d t YP dt 

a 
.(A32.1 ) 

which can be rewritten as, 

v 
_ Q \'b.P> = dV + (A + ----2.. d (,6,P) 

dt YP dt 
a 

(A32.2) 
~ \ .. 

..... 

The effect of the flexing has been to increase the capacity term, (Vo/YPa) by 

adding the constant flexing term,~. Since we are working far below the fre­

quency at which the capacity term is important, for the purpose of calculating 

tne correction term we will ignore the capacity term. 

(A33) 

where: 

La is the apparent leakage[m3/hr-Pa] 

The apparent leakage is the leakage calculated assuming that capacity o~ the 

structure is negligible; this is equivalent to assuming that the phase angle 

is always -90°. The actual leakage takes into account the effect of the flex­

ing and the compressibility of air. 

(A34.1) 

./ 
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1 - tt (,\ 
a . 

(A34.2) ,.. 

Squaring this expression and solving for the apparent leakage puts this equa­

tion into a form the demonstrates it dept!ndance on the capacity. 

(A35) 

'!L. 

As expected this last equation shows that the apparent leakage is larger than 

the actual leakage. Furthermore, it"rshows that the disparity grows rapidly 

with increasing frequency. 

If we are using the linear equations we expect' the leakage ~Tith be con­

stant; However, if we are using the non-linear equations we expect the leakage 

to be, slowly decreasing \.;rill increasing pressure. In either cas ~., a well 

established trend is present; in the presence of flexing there' will be an 

increase in the apparent leakage from the trend. If we look for an upturn in 

a set of data for a particular displacement we should be able to use eq A35 to 

extract an upper bound on the value of A. Once found, the flexing parameter 

.can be used to correct all of the data poin ts appropriately. 

Infiltration 

Hovement 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 equa­

tion (eq TI). When the pressure is positive the air flow will be out of the 

space; when negative the air flow will be into the space. To calculate the 

infiltration we assume that all of the air that flows out of the space is 

immediately dispersed into the envirornnent. Thus the average infiltration 

will be the total volume of ai r moved out of the test space during the posi­

tive half cycle divided by the period of oscillation. Making the indicated 
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calculations we obtain, 

I Vd 
Q == - sine 

T 
(A36) 

where: 

QI is the average infiltration[m3/hr} and 

T is the period of oscillation [hrl • 

The only dependence the induced infiltration has on the leakage is through 

the phase angle which varies from -900 at low frequencies to -1800 at high 

frequencies. The exact expression for the phase angle in terms of leakage 

parameters can be found in Appendix A: 

cos9 
b,.PAC 

= ---
V 

d· r 

V 
x _0_ 

yPa 
(AJ7) 

Therefore by measuring infiltration concurrently with the AC pressurization an 

inde.p.enden t determina tion of the phase angle can be made. However, this is 

based on the assumptions of perfect mixing and dispersal of the air that flows 

in and out through the envelope, which are questionable. 

SUMMARY 

':l'here are several assumptions that have gone into this calculation. We 

have assumed that the actual values of the air temperature, room volume, and 

internal temperature could be· replaced by their average values in the final 

equations. This assumption is valid as· long as the deviat ions from the aver­

age are small compared to the average values. Since the induced volume dis­

placement is on the order of .1% of the structure volume, the assumption of 

small deviations is justified. 

-30-
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We have assumed that the temperature of the gas entering the structure is 

the same""as that of the gas leaving the structure; clearly the temperature of 

the outside air may well be different chat of the inside air. However, two 

effects decrease the impact of this assumption: Heat exchange between the air 

and the structure mitigates the differences; and the net heat transferred is 

small compared to the total energy. 

We have also assumed that the air flow through the structure is either 

linear in the applied pressure or that it is non-linear with the non­

linearities slowly varying with pressure. If the leakage is non-linear then 

the average leakage function can be mapped out ,by making measurements 

throughout the pressure range of interest. 

There "are several parameters of the model that we can independently meas­

ure. Each one of these parameters has a physically meaningful interpretatioG . 
• Therefore" the magnitude of these parameters can be-checked to make sure that 

.C' 

they are realistic. 

rJ.. The asymmetry constant. c( is a I:leasure of how symmetric the' leakage is 

with respect to the sign of the applied pressure. It is a measure of the 

unidirectionality of the leakage. 

>. The linear flexing parameter. ). 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 func tion of the measured variables and these paramete rs 

can be found: 

L (6,PDC) '" __ ~w,,--____ 
(l rJ..2/J.p 2) 

AC 
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(A38.2) 

In thts. appendix we have solved the problem of low-pressure leakage meas­

urements under a sinusoidal driving func tion of the inte rnal volume. The 

exact solution ·to the linear leakage problem was found; and an approximate 

solution to the non-linear leakage equation was found. 

J 

'. 

.. . '!' . . 

.. . 
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APPENDIX B 

Procedure and Analysis 

The e~p.,E!riments described below all took place in our research house in 

Walnut Creek, California. It has a volume of 230m3 and a floor area of 100m2 • 

The house is a -single story ranch type house of wood frame construction. 

There is a fireplace and a forced air heating system with exterior ductwork in 

the attic and crawl space. 

Equipment 

Pressure Source: The source of the pre ssure signal is a large cross se c­

tion (= 1m2) rectangular piston which moves in and out of the shell through a 

suitably sized guide. (cf Fig 1a) The guide is installed in an exterior door 

of the test_ structure. As the piston moves outward through trre guide the 

volume of the house is increased; as it moves inward th~ volume is decreased. 

The guide is made of plywood and has teflon seals all around it to minimize 
.:.r" 

bo th fric tion and air leakage through the guide. 

The piston is connected via a connecting rod to a light flywheel. The 

diameter of the flywheel is about O.Sm; there are nine different holes in the 

flywheel to allow for different displacements of the piston during a drive 

-stroke. The maximum displacement peak to peak is about 0.3 m3 • 

The flywheel is driven through a gearbox by a variable speed 3/4 hp motor. 

With the current arrangement of motor, gearbox, piston and guide the frequency 

of oscillation ranges from 2 to 2S0 rpm. 

Pressure Detection: The pressure response of the envelope is mepsllred with 
i 

a differential pressure sensor whose range is ± 70 Pascals. The reference end 

of the pressure transducer must be at a constant pressure in order to measure 

the pressure response of the system; but if it were connected to the outside a 

large amount of noise- would be introduced into the data due to the wind. 
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Rather than use the outside as our reference pressure, we used the time-

averaged interior pressure. To do this time averaging we built a physical low 

pass filter that responds to slow pressure dr~fts but does not respond to high 

frequency fluctuations (i.e. both weather and the pressure o response due to the 

piston). The filter consis ts of a volume and a resistance: the volume is a 

large brass cylinder of about 3 liters and the resistance is a micrometering 

valve. (cf Fig 1b ) 

Since the resistance is variable we can adust'the time constant of the 

fil ter to any'""desi rable 1 eve!. The time const an t was chosen to be about 5 

minutes so that wind fluctuations and our pressure signal would be filtered 

out, but the normal changes in atmospheric pressure would not. The volume is 

insulated with about 2cm of polystyrene insulation to minimize pressures 

induced by temperature fluctuations. This provides a reliably steady pressure 

with which to reference our measurements. 

Infiltration: The infiltration was monitored using a continuous flow sys­

tem. Tracer gas (nitrous oxide) was injected into the test space at a rate 

.Jeld constant by a mass flow controller. There are injection ports in several 

places in the test space and nixir1g of the tracer gas was assured by the 

operation of a mixing fan at each injection site. 

The concentration of nitrous oxide was measured with, oa !fyin beam infrared 

analyzer. Samples were continuously drawn from several sites around the test 
... ~ 

space and mixed in a manif old be fore analysis. The data was put on a strip 

chart recorder for subsequent analysis. 

Procedure 

There were two sets of test runs that were used to measure the leakage; 

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 leakage. Since the ductwork 

does not go through the conditioned space, all of the registers as well as the 

-loset containing the furnace were sealed with tape to prevent leakage. 
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All of the points that f ell within a ha If pascal range were averaged 

together to get a composite leakage func tion. The averaging was done using 

the standard deviation:of ead! point to weight the average. This composite 

leakage 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 measurement of the asymmetry parameter was done as indicated above for 

both the t~ght and loose configuration. To measu~e the flexing parameter (see 

Appendix A) the apparent leakage squared was pIa tted against the square of the 

frequency as per eq A35. This plot is shown in fig 6.· Looking at fig 6 we 

can see that for high frequencies the apparent leakage is dominated by . the 

flexing and the plot becomes linear. From this linear section the value of 

the flexing parameter, j." can be found. 

The asymmetry and linear flexing parameters were measured in order to sub­

tract out their effects. Their values for our test house discussed above are 

tabulated below. 

PARAHETER VALUE UNITS 

TIGHT LOOSE 

c{ .0152+.001 .. 004.+.003· . "I .. Pascals-1 

).. .0032+ .001 .. f"' .0032+.001 m3/Pascal 

These constants w~re used with the measured pressures to produce a plot of 

the ..c..orrected leakage function vs pressure. Fig 2 is the leakage function of 

the house in the loose configuration and fig. 3 is leakage function of the 

house in the tight configuration. Each plotted point represents a one minute 

average at a certain frequeqcy and displacement. The solid line represents a 

smooth weighted average of all of the pain ts on the gra ph. 
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. 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 adjusted; the quanti­

ties Vo ' Pa and Yare known. 

The pressure is recorded both on a strip chart recorder and by a micropro­

cessor. The frequency is monitored by the microprocessor by use of an 

infrared diode system that records each revolution of the flywheel. Digital 

filtering of the incoming data is used to remove noise and reduce aliasing. 

Data at very high frequencies can be used to determine the flexing con­

stant and data at high pressures can be used to determine the asymmetry con­

stant. Once these two parameters are known the average leikage can be calcu­

lated for every measured data point. 

During the infiltration experiments the data was collected on a separa t e 

chart recorder for later analysis. The leakage was calculated !-Ising eq. A38 

for each of the one minute data points. Then all of the data p'oin ts in a 1/2 

Pascal range were averaged together using their standard deviations to weight 

the averages. 

Error Analysis 

An estimat e of the error was made for each point on the air flow vs 

applied pressure curves. For DC measurements the error comes prinCipally frorr. 

two sources: the uncertainties involved in the calibration of the flow through 

the fan, and the uncertainty in the measurement of the pressure drop across 

the structure. 

The error analysis for the AC measurements .is a little mor.e involved. 

Using the formula' for the leakage function we can estimate the error in the 

leakage from the measurement error in the variables. At low pressures the 

error in the leakage is dominated by the uncertainty in the displacement and 

the measured pressure. At high frequenCies the error is dominated by the 

uncertainty in the flexing parameter. 
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The second set of runs ""as done ""ith the house in a loose configuration, 

more typ·ical of normal operat ion. The fireplace ""as unsealed but the damper 

left closed. The kitchen vents and registers were untaped and left i.n their 

normal operating state. 

For each set of runs the DC pressurization was measured using a fan pres­

surization tech~ique. 8 Both pressurization and depressurization were meas-

ured. Then ""e did three different AC pressurization runs ""ithin each set. 

each run having a different displacement volume for the drive. In every run 

the frequency was varied from a minimum of about 3 rpm to a maximum of about 1 

rps. Data was collected continuously by the microprocessor and processed 

every minute during a J40 minute) run. 

The parameters c( and). were calculated separately. To measure the asym­

metry parameter, c!.. the drive was left on for several minutes at the same fre­

quency, allowing the physical filter on the pressure se·nsor to come to full 

equilibrium with the average pressure inside the structure. Once equilibrium 

""as established, the volume drive ""as 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 frequencies higher than 

that of any of the runs and fit the data to eq A35 to find)... 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 infil­

tration due to the AC pressurization. There were three parts to each run and 

the infiltration was monitored continuously during each part using a continu­

ous flow technique .9 First the infiltra tion was monit ored with the AC pres­

surization equipment off, to establish a baseline; then the AC pressurization 
A .' 

was turned on and the increase in infiltration noted; finally the ACt pressuri-

zation was shut off to re-es.tablish the baseline infiltration. 

··r 
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Figs. 4 and 5 show the air flow through the envelope vs applied pressure 

curves for the loose and tight configurations respectively. The open points 

are calculated air flows from the average leakage curves and the' solid points 

are the DC measurements made with fan pressurization. 

The leakage func tion in bo th the tight and loose configuration increases 

as the pressure approaches zero (cf figs 2 & 3). If the leakage func tion 

approached a constant at zero pressure then air infiltration associated with 

very low pressure fluctuations around the envelope would vanish with the 

diminishing pressure. If, however, the leakage is increasing near zero, as 

our tests. indicate, then there will be appreciable infiltration even when the 

surface pressures are quite low. 

,. 

''''1,,_., 

'. I,! 1 , . 
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'LIST OF FIGURES 

. .1. Sket'7h of, experimental se~-up and arparatus (a) is a schematic of the pis­

ton motor and flywheel assembly. Fig (b) is a schematic of the pressure 

sensor and physical filter. 

2. The leakage function of the structure in the loose configuration in plot­

ted vs the applied pressure. Each point represents a minute average read­

ing at a particular f~equency and displacement. Points of the same dis­

placement have the same symbol. 

3. The leakage function of the structure in the tight configuration in plot­

ted vs the applied pressure. Each point represents a minute average rend­

ing at a particular frequency and displacement. Points of the same dis­

placement have the same symbol. 

4. The air flow through the envelope is graphed vs the applied pressure for 

the structure in the loose configuration. Both the AC pressurization 

graph as derived from the low pressure leakage function, and the DC pres­

surization are shown. The error bars are calculated from the measurement 

errors and displayed for each point. 

5. The air flow through the envelope is graphed vs the applied pressure for 
,-

the structure in the loose configuration.' Both the AC pressurization 

graph as derived from the low pressure leakage function, and th~ DC pres­

surizatfon are shown. The error bars are calculated from the measurement 

errors and displayed for each point. 

6. The apparent leakage squared ispiotted against the frequency squared for 

the smallest displacement. From the high· frequency slope the total capa­

citi can be inf~rred. 

7 The DC leakage curves for both the loose and tight configura.tions. The 

error bars are derived from the measurement error and equipment calibra­

tion errors. 
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