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ABSTRACT 

Air leakage (infiltration) accounts for 30% or more of the heating 

loads in some residential housing units. Available air leakage testing 

procedures using tracer gas techniques, or pressure drop versus flow 

caused by a blower, are costly, time-consuming and require the use of 

bulky apparatus. Moreover, the results may depend on weather conditions. 

This thesis reports on preliminary research directed towards de

veloping a new method for measuring the air leakage property of an en

closure such as a building. By the new infrasonic method, the low-fre

quency (0.1 to 10 Hz) acoustic impedance of the enclosure is measured. 

Under typical conditions the real part of the acoustic admittance (re

ciprocal of impedance) provides the flow-versus-pressure property of 

the enclosure. The thesis describes and analyses a diaphram-type motor

driven source and a pressure sensor with electronic filters used to 

measure infrasonic impedance. 

The infrasonic impedance results were compared to blower measure

ments for the same enclosures. For enclosures of volume less than 57m3 

(2000 ft. 3), the disagreement between the two methods was less than 10%. 

On larger enclosures, data from both testing methods were more scattered 

and some results differed by more than a factor of three. However, we 

have demonstrated that the infrasonic impedance of a building can be 

measured and used to determine the building's air leakage properties. It 

is hoped that refinements in our present equipment, in progress now, will 

improve the data for the larger enclosures. 
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The work contained in this thesis is part of a broader program of 

energy concern at Syracuse University. Under the direction of W. Howard 

Card, I have had the opportunity to study many facets of energy use, an4 

the alternate forms that are now starting to be taken seriously. It is 

hoped that we may have laid the groundwork for a testing procedure for 

air infiltration in buildings that will soon be helpful in the conserva

tion efforts of the U.S. 
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and encouragement. Lastly, a special thanks to Karen Raab for her time 

and patience in typing the thesis. 
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I. INTRODUCTION 

The recent rise in the cost of energy and the severe shortage 

of natural gas along with our growing dependence on foreign countries 

for oil make it imperative that we find ways of conserving and wisely 

using our dwindling energy supplies. In 1974 nearly 11% of our total 

energy use was for residential space heating [Ref. lr. Studies have 

shown that residential energy use will continue to rise despite efforts 

to turn the trend downward. Although most of the residential heating 

load is due to conductive losses, 30% or more of the total load can be 

accounted for by direct exchange of warm inside air for cold outside 

air. This process is connnonly known as "air infiltration" [Ref. 2,3,4]. 

As the insulation quality of a building increases so does the proportion 

of the heating and cooling load associated with air infiltration, even 

though the total heating and cooling load will decrease. 

There is a need for fresh air in almost all buildings; however the 

supply of fresh air for a building is seldom controlled directly, but 

instead depends largely on the surrounding environment. Indoor-outdoor 

temperature differences, wind speed and wind direction combined with 

poor quality workmanship in construction account for the major causes 

of residential air infiltration. While good insulation practices and 

detailed plan specifications can do an excellent job of cutting conduc

tive loss, quality of workmanship remains the dominant factor d~termin

ing the amount of air leakage even in well-designed buildings. As a 

consequence of these factors, the air infiltration level is often 2 or 3 

times the amount of fresh air actually needed. 

There is a great need for a good method of obtaining flow versus 

pressure characteristics of buildings. At this time, no simple pro-

* References on pages 53~54. 
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cedure exists for a designer or builder to check the quality of the 

workmanship of a new building for the amount of air infiltration. In 

addition, better estimates of thermal performance improvement could be 

obtained with a cheap, fast method of determining the amount of air in

filtration in older buildings. 

The presently available methods for air ~eakage measurements are 

not highly developed. Infiltration meters using tracer gas methods 

are in developmental stages, but measurement results depend somewhat 

on weather conditions. Accurate results can be obtained by the blower 

method, although the test equipment is awkward to use and the testing 

is very time consuming. This method typically requires the mounting 

of a blower connected to the building exterior and the measurement of 

air flow (for example by an orifice plate or nozzle) for various build

ing static pressures. Results can vary depending on operator skill 

and care in making delicate pressure measurements. 

The infrasonic impedance method of testing, under study here, meas

ures the low-frequency acoustic impedance of an enclosure such as a 

house. Basically, by applying slowly changing pressure differences 

(typically in the frequency range of 0.1 to 10 Hz), we can obtain a dy

namic measurement of the building acoustic impedance. The real part of 

the admittance (reciprocal of impedance) is the important parameter to 

determine the amount of air infiltration. To date, we know of no other 

work that has been done with low-frequency acoustic building impedance 

for the determination of air leakage, or for any other purpose. Several 

curious effects have surfaced in our testing. Future study may well 

provide interesting results of building properties, as well as a use

ful method to determine the amount of air infiltration. 



The purpose of our work, then, was to design, build, and evaluate 

an instrumentation system to determine building impedance in order to 

find building air leakage properties. 
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II. THEORY OF THE INFRASONIC IMPEDANCE METHOD 

2-1 Dynamic Pressure - Flow Relationships 

We can gain a basic understanding of the mechanical aspects o~ 

the infrasonic impedance measuring system from a simple description. 

An electrical analogy can then be drawn and a system model developed. 

For an enclosure such as a room, air alternately pumped in and pulled 

out in a very low-frequency sinusoidal fashion could act as our ex

citation. (We would call such a pump a vented pump because it obtains 

air from and discharges air to the atmosphere). If there are no leaks 

in the enclosure the response to the excitation would be a sinusoidal 

pressure change within the whole enclosure proportional to the ampli

tude of the excitation and inversely proportional to the volume of 

the enclosure. If we then considered laminar flow leaks in the enclos

ure, we would see that the response decreased proportionally to the 

leak size. The response for turbulent flow leaks would not be ex

actly proportional to the pressure differential, but analysis of tur

bulent flow leaks will be shown to be a variation of the laminar flow 

case. 

Figure 1 shows a schematic representation of the dynamic air leak

age test equipment. Photographs of the actual equipment are shown in 

Fig. 2 and Fig. 3. Our pump, while providing the same effect as a 

vented pump, was not vented externally but merely compressed and 

rarified the air in the container inside the enclosure and thus respec

tively rarified and compressed ·the air of the remainder of the enclos

ure. The elimination of external venting reduces the complexity of 

equipment set up, which is a major drawback of the blower method of 

testing. 

*', "j.N ,3 Ii 
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Fig. 2. Photographs of pressure source equipment. 
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Fig. 3. Photographs of pressure pickup equipment and electronics. 
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The variable-speed-drive reciprocating piston (Fig. 1) gives a 

nearly sinusoidal excitation of the form* 

v (t) = V sin wt 
s s 

(2-1) 

where V represents one-half the pump displacement and w is the angular· 
s 

speed of the pump. Differentiating Eq. (2-1) provides the volume flow 

rate of the source 

dv 
q (t) = ___ s = V w cos wt 

s dt s 

Thus the amplitude of the volumetric flow source is 

V w 
s 

Some idea of the concept of capacitance as it relates to the 

(2-2) 

(2-3) 

volume of an enclosure such as a building can be obtained if one thinks 

of the "springy" effect of air. As air is pumped into an enclosure the 

pressure increases just as a spring decreases in length when compressed. 

Both enclosure and spring can be modelled by an electrical capacitance 

[Ref. 5]. As long as the linear dimensions of an enclosure are small 

compared to the wavelength of the infrasonic excitation, a lumped parameter 

approach is valid. Enclosure capacitance can then be defined as 

c llV 
llP (2-4) 

where a decrease in volume,llV,causes an increase in pressure,llP. Pro-

vided we have a reversible adiabatic condition (a good approximation), 

* (Note: All symbols, units and definitions used in the text are pro
vided in Table I, page 9). 
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q (t) 
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TABLE I 

SYMBOLS AND UNITS 

Description 

Pickup diaphram area 

Acoustic capacitance 

Electrical conductance 

Air leakage parameter 

Air leakage parameter 

Atmospheric pressure 

Volumetric flow rate 

Volumetric source 
amplitude 

Back side Fotonic 
sensor sensitivity 

Frontside Fotonic 
sensor sensitivity 

Enclosure or building 
volume 

Volume of pickup 
chamber 

Half of source 
displacement 

Voltage 

Capacitance current 

Conductance current 

Source current 

Air leakage exponent 

Volumetric capacitance 
flow 

Volumetric leakage 
flow 

SI Units 

2 
m 

mho 

5 m /N-sec 

N/m2 

m3/sec 

m3/sec 

m/V 

m/V 

3 
m 

3 
m 

3 
m 

volts 

amperes 

amperes 

amperes 

3 
m /sec 

3 
m /sec 

Common Units 

mho 

ft 5/lb-min 

lbs/ft2 

ft 3/min 

ft 3/min 

J.lin/mV 

).lin/mV 

ft 3/min 

ft 3/min 



TABLE I (Cont'd) 

qs (t) 
3 

ft 3/min Volumetric source m /sec 
flow 

vf Fotonic sensor volts 
voltage 

v (t) Source volume 3 
ft 3 m s function 

y Adiabatic exponent 

/::,P Incremental change N/m2 Ib/ft2 
of pressure 

f,V Incremental change· 3 
ft 3 m 

of volume 

f,p (t) Time varying pressure N/m2 Ib/ft2 
difference 

f,p Sinusoidal pressure N/m2 Ib/ft2 
m difference amplitude 

~ Angle that pressure radians 
lags flow 

w Source shaft speed rad/sec 

wI Break-point frequency rad/sec 
(linear) 

w2 Break-point frequency rad/sec 
(general) 
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PVY = Constant (2-5) 

where P is the pressure, V is the volume and Y is 1.401 (the ratio of 

specific heats for air). It can then be shown from Eqs. (2-4) and (2-5) 

that 

V 
C = yp (2-6) 

For the very small pressure changes we are dealing with, P remains es-

sentially constant at atmospheric pressure and, as expected, the capci-

tance is proportional to the volume. 

In much the same way that volumes of air can be modelled as elec-' 

trical capacitors, leaks in enclosures can be modelled as electrical 

resistors. The model becomes somewhat more complicated here as the re-

sistance to flow is usually nonlinear and depends on the dimensions of 

the openings. In addition, associated with the mass of air moving 

through an opening, there is an inductive effect which is also dependent 

on the dimensions of the openings. Our lumped parameter approach makes 

an exact theoretical formulation of resistance and inductance impos-

sible, but the concepts allow useful analyses to be applied to our 

model for predicting behavior and interpreting results. Formulations 

for certain geometries of leaks and conditions have been developed for 

resistances and inductances [Ref. 6]. In general, our basic circuit 

model of an enclosure such as a building will be as shown in Fig. 4. 

This will be modified to show new parameters as they become important 

or to explain certain experimentally observed results. 

If we now look at the response of an enclosure to a sinusoidal vol-

ume flow input time-varying pressure 6p (t), using Eq. (2-4) we obtain 



i (t) 
s 

i (t) 
g 

r------------------r----~------~----~+ 
i (t) 
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e(t) 
c 

G 
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Electrical Hechanical 

i (t) 
s 

q (t) s 

i (t) q (t) 
c c 

i (t) 
g 

q (t) 
g 

C C 

G K or K1 

e(t) flp(t) 

Fig. 4. Electric circuit model of building parameters. 
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Differentiating Eq. (2-7) and substituting in Eq. (2-2) yields 

d 
dt 

(2-7) 

(2-8) 

If we assume the enclosure to be tightly sealed, then all the air flow 

is into the enclosure (no leakage) and q (t) becomes q (t) so that 
s c 

Eq. (2-8) now becomes 

(2-9) 
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which is the relationship of flow and pressure for an acoustic capaci-

tance. Equation (2-9) is analogous to the current-voltage re1ation-

ship for electrical capacitors where q (t) is analogous to current, and c 

6p(t) is analogous to voltage. 

Previously it was indicated that the individual leaks in a bui1d~ 

ing would be difficult to model theoretically and, in fact,. actual experi-

mental results differ from predicted results [Ref. 7]. An equation of 

the general form 

Q = K (6p) 
n 

(2-10) 

has been shown to provide a close approximation of the flow (Q) for 

real buildings [Ref. 8]. In Eq. (2-10) Q and 6p are steady state vol-
" .... 

ume flow rate and pressure difference. respectively. Usually n is 

in the range of 1/2 to 1, and K is an experimental constant. Fully 

developed laminar flow yields n = 1. When applying sinusoidal time

varying excitations Eq. (2-10) becomes 

(2-11) 

-
~'--'---~'~~-~"----'~~~--_~'~0N'I7_~~::'*' __ " 



where q (t) is the time-varying leakage flow rate for an enclosure 
g 

having negligible volume. Provision is made not to take the root 

of a negative number in Eq. (2-11) by utilizing the magnitude of the 

differential pressure and obtaining flow direction by the factor 

IIp(t)/llIp(t) I. 
By combining Eqs. (2-9) and (2-11) we fip.d the effect on an en-

closure with both volume and leakage. Then 
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q (t) + q (t) q (t) (2-12) 
c g s 

and by substitution 

d lip (t) I In edt L1p(t) + K !L1p(t)! L1p(t) = qs(t) (2-13) 

which is, in general, a nonlinear differential equation. A closed form 

solution is not easily obtainable for this equation. However,. by exam-

ining the limiting cases and by approximation we will gain some insight 

into the expected results. 

2-2 Frequency Response - Linear Analysis 

If we first consider Eq. (2-13) when n 1 (laminar flow), and for 

this special case designate K = Kl , then 

(2-14) 

Substituting Eq. (2-2) into Eq. (2-14) yields 

d 
C dt L1p(t) + Kl L1p(t) = Vs w cos wt (2-15) 

This is a linear first-order differential equation. 

Analysis of Eq. (2-l~ yields a steady-state solution of the form 

L1p(t) = L1p cos (wt - 4) 
m 

(2-16) 
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where 6p is half the peak-to-peak variation in 6p(t) and is given by 
m 

and 

1 -1 wC 
If = tan -

Kl 

(2-17) 

(2-18) 

Equation (2-16) provides our expected sinusoidal waveform for6p(t). Kl 

(the real part of the acoustic admittance) is the parameter containing 

the air leakage information. 

A convenient form in electrical engineering for this type of re-

sponse is a Bode plot, which is a plot of the logarithm of amplitude 

versus the logarithm of frequency. Figure 5 shows a normalized Bode 

plot for n = 1 and gives the expected frequency response of buildings 

having laminar flow leakage. At high frequencies the capacitance domi-

nates so that Eq. (2-17) simplifies to 

v s 6p =-
·m C 

(2-19) 

This is understood by realizing that at high frequencies of excitation, 

the air is alternately compressed and rarified and has very little time 

to leak in and out., At very low frequencies, however, the leakage be-

comes dominant and very little capacitive effect is noted and so Eq.(2~l7) 

simplifies to a straight line on the Bode plot 

v s 6p = - w 
m Kl 

(2-20) 

It is this portion of the curve, the low frequency asymptote, where our 

air leakage data lies since it contains the factor Kl while the high 

frequency asymptote, Eq. (2-19), depends only on the capacitance for 
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a given excitation. Moreover, this result shows that under the assumed 

conditions, air leakage measurements must be made at relatively low fre-

quencies, typically less than one Hertz. 

The break frequency (w2) we define as the frequency of the inter

section of the low frequency asymptote Eq. (2-20) with the high fre-

quency asymptote, Eq. (2-19). The break frequency is shown on our 

normalized graph, Fig. 5. 

2-3 Frequency Response - Nonlinear Analysis 

Following the same approach as in the linear case (n = 1), we shall 

approximate a solution for the nonlinear equation, (n I 1), of Eq. (2-13). 

In the high-frequency situation, the capacitive term will again dominate 

and so we obtain the same asymptote as for the linear case .. At low 

frequencies, the capacitive effect can be neglected and we are left with 

6p (t) 
K 16p(t) I 16p(t) In = V w cos wt 

s 
(2-21) 

Realizing that the positive and negative extremes have the same magni-

tude, we will look only at the positive extreme of 6p(t) so that 

then 

V w 
s 

Taking the logarithm of both sides of Eq. (2-23) yields 

9-nI6p(t)I max 
9-n w 

(2-22) 

(2-23) 

(2-24) 
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Plotted on log-log paper then we expect a straight line with a slope 

of lin. The value of n obtained from a Bode plot of experimental re-

suIts gives us some indication of the type of flow (laminar or turbu-

lent) which we could expect to find in the openings in the enclosure. 

However, our main objective is to establish a good method of finding 

K, our air leakage parameter. Our Bode plots. tak~ on the shape of an 

ideal single-pole high-pass filter in the laminar flow (linear) case. 

The break frequency in the linear case occurs when 

(2-25) 

and in the nonlinear case when 

(2-26) 

We see that the nonlinear case reduces to the linear case when n ; 1 

as expected. 

The details of the numerical solution of Eq. (2-13) can be found 

in appendix A. Figure 6 shows plots of our approximate solution to 

Eq. (2-13) for different values of n. 

The application of Eq. (2-26) allows us to determine our value of 

K and thus the air leakage from a given enclosure. The basic procedure 

is as follows: 

1. Measure the enclosure dimensions for determination of volume. 

2. Determine volume of excitation signal V (standard volume s 

source remains the sam~ for all tests), 

3. Run a frequency response of the enclosure. 

4. Plot output (Bode plot). 

5. Determine break frequency (w) and n. 
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Fig. 6. Change in slope of low frequency asymptote as n decreases, 
approximate solution. 
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6. Calculate leakage parameter from formula, Eq. (2-26). 

In general step 2 need only be done once and step I can be elimin

ated altogether if the frequency response is run high enough to get 

onto the "flat" portion of the Bode plot. Usually, however, a volume 

estimate is made as a system check. 



III. EQUIPMENT DEVELOPMENT 

Work in the area of low-frequency atmospheric pressure changes 

has been very limited, consequently we know of no suitable equipment 

on the market which fills our needs. Calculations showed that the 

equipment needs to operate over a range of about 0.1 to 10 Hertz with 

a source displacement (V ) of at least 0.003 M3 (.1 cubic feet). More 
s 
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displacement might be needed for larger structures and in areas of high 

interference from noise. A pressure sensor sensitive enough to detect 

2 -4 changes of 0,12 N/M (5 x 10 inches of water) or less was needed in 

leaky buildings for low frequencies and small pump displacement. This 

is more than 250 times the sensitivity of a typical barometer. These 

specifications are not rigid, but serve mainly as a guide in our equip-

ment development. Trade-offs, such as a decrease in pickup sensitivity 

being'offsetby a la~ger source volume, could be made whBre needed. 

In principle, the use of a more sensitive pickup permits the use of a 

smaller source displacement. 

3-1 Source Equipment 

The volumetric flow excitation signal was provided by a d-c motor 

driven diaphram pump shown schematically in Fig. 1. A scale drawing, 

equipment specifications and the motor control circuit diagram are 

provided in Appendix B. Flexibility in pulley ratios and voltage con-

trol of the d-c motor allowed a frequency range of 0.1 to 10 Hertz. 

The crank mechanism (from a 3 H.P. lawnmower engine) provided a nearly 

sinusoidal diaphram motion. Our source displacement was determined by 

multiplying the diaphram area by one-half the stroke of the crank mech-

anism. Because of the construction the source displacement is not ad-

justable. A diaphram, as opposed to a piston type pump, was used to 
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prevent leakage of air between the inside of our rigid container (55 

gallon drum) and the outside when the air inside was compressed or rari

fied. 

3-2 Pressure Sensing Equipment 

Microbarographs have been developed using chambers on both sides 

of a thin diaphram with capillary tubes conne~tin~ both chambers to 

the atmosphere [Ref. 9], The chambers act as acoustic capacitances and 

the capillary tubes as the resistances. Together they provide mechanical 

filtering of the atmospheric pressure changes applied to the diaphram. 

By correct adjustment of the capillary tubes, any frequency range of in

terest may be observed. Utilizing this concept our pressure sensor 

contains a single chamber and one slow leak to provide a single-pole, 

high-pass filter characteristic. This high-pass characteristic helps 

block slow changes in barometric pressure and noise at frequencies be

low 0.05 Hertz which might otherwise obscure the excitation signal. 

Ideally we would like a much sharper high-pass characteristic (more 

poles) than is provided by the mechanical filter but this is not easily 

achieved mechanically. 

Diaphram displacement can be sensed several ways. Capacitive 

coupling (electrical) and optical sensing are the two methods that are 

easiest to use and are the most accurate. We chose the optical sensing 

method for the simplicity and flexibility it provided.~n the choice of 

pickup diaphram material. A depth-sensing light probe called a Fotonic 

sensor (See ~quipment section Appendix B) allowed diaphram displacements 

as small as one micro inch to be measured. The pressure sensor was de

signed to allow the chamber volume behind the diaphram to be varied, thus 

keeping diaphram displacement in the linear range of the optical sensor. 



This allows adjustment to be made for buildings of different volumes. 

The Fotonic sensor has a characteristic curve shown in Fig. 7. 

The back side (negative sloping) portion of the curve has a nearly 

constant slope between 30 and 55 mils (distance between light probe 

and diaphram). This region of constant slope is referred to as the 

back side linear range of the Fotonic sensor. The sensitivity (Sb) in 

this region is 116.0 microinches per millivolt. The front side (posi-

tive sloped portion) of the curve has a linear region of greater sen-

sitivity (~ = 5.8 microinches per millivolt) but this was used in only 

a few tests. The pickup diaphram displacement was so large in most 

case~ the diaphram moved out of the linear range of the front side 

causing nonlinear signals. Care was taken on back side measurements 

to keep the pressure sensor chamber volume small enough to remain in 

the linear region and large enough for a reliable signal. 

For our smaller volume enclosures (less than 50 m3), we used a pick

up volume of .0062 m3 and for the larger enclosures (greater than 50 m3), 

3 a pickup chamber volume of .018 m gave us a small enough reliable sig-

na1. We found that operating over less than half the linear range as-

sured us that no noise signal superimposed on the source signal would 

drive the Fotonic sensor into the nonlinear regions. 

The diaphram used in the pressure pickup was mounted over a4 inch 

diameter hole using a thin grease film. Since our pickup displacement 

is caused by the compressibility of the chamber ai~ it was necessary 

that the diaphram be ideally massless and have zero elasticity. The 

-5 use of the grease film to hold a very thin (1 x 10 m) plastic dia-

phram material allowed the diaphram tension to be held at a minimum 

and the mass to be negligible. We shall call this type of setup a 
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limp diaphram. Comparing the theoretical high-frequency asymptotic 

value calculated from the enclosure volume and our experimental value 

from the Fotonic sensor, we found good agreement provided the diaphram 

did not become too loose and distort as it deflected. 

Using a paraboloid approximation for the diaphram deflection vol-

tUne (1/2 the volume of a cylinder of the sam~ ba~e area and height), 

we find the following conversion formula from Fotonic sensor output 

(vf in mV) to enclosure pressure difference (~p) 

~p (3-1) 

The Fotonic sensor sensitivity is represented by Sb(m/V). Ad is the 

pickup diaphram area; V is the pickup chamber volume; and the factor 
p 

of 2 arises from the paraboloid approximation. Equation (3-1) was 

used to convert all raw data to the pressure difference data plotted 

in the result section. 

3-3 Pressure Sensor Electronics 

Additional electronics were added to the optical sensor output to 

condition the signal into a more readable form. The most important 

portions of this equipment were the low-pass filtering sections. The 

optical pickup would pass frequencies past 40 kilohertz and thus pro-

vide great amounts of noise on our infrasonic signals. The electronic 
" ... 

low-pass filtering of the signal was much simpler than adding a chamber 

to the pressure sensor for mechanical low-pass filtering. Sharper cut-

off (more poles), to eliminate undesired frequencies, can be provided 

more easily by electronic filters than by bulky mechanical filters. 

This method appears to be best unless the noise superimposed on the 

source signal exceeds the linear range of the optical sensor or the 
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limp range of the diaphram, either of which calls for a mechanical 

solution (e.g. by varying the pickup volume). In addition to the low

pass filtering, high-pass filtering and amplification of the signal 

were provided for. (A circuit diagram and description of the elec

tronics package is provided in Appendix C). 

Much higher orders of signal processing ~an be envisioned and in 

particular, some type of synchronous detector system is recommended to 

obtain signals from noise in the low-frequency end of our testing 

range. By utilizing a source electronic phase signal, synchronous de

tection could be used and is currently under development. If our sig

nal-to-noise ratio becomes too poor for this techniqu~ the source 

volume would need to be increased. 



IV. TEST RESULTS 

4-1 Test Areas 

The infrasonic impedance tests were run in enclosures of different 

volumes and varying degrees of leakiness and under different weather con~ 

ditions. Our testing sites are listed and named here for the reader's 

convenience: 

(1) 700 ft 3 Darkroom, Room 302, Link Hall 

(2) 1800 ft 3 306C Link Hall 

(3) 5200 ft 3 Skytop Apartment, 229 Chinook Drive 

(4) 5000 ft 3 117 Saybrook Lane Part I 

(5) 9000 ft 3 117 Saybrook Lane Part I and II 

The first two enclosures are located in Syracuse University's engi

neering building, Link Hall. The third enclosure is one of the many iden

tical electrically-heated apartments in the University's Skytop complex. 

These apartments are relatively new (1973) and are of a preforme~ con

crete prefab design. The last two enclosures are part of what might be 

considered an average house,tested with the basement closed off. Part I 

and II of the Saybrook Lane dwelling represents the whole house (except 

basement) while for Part I alone,the three bedrooms were sealed off 

from the remaining living area and not included in the test. 

Most of the initial development was done in the ~·ctarkroom of Link 

Hall. In addition to the dynamic tests, static tests, using the blower 

method, were run on most of the.enclosures as a check on dynamic test 

accuracy. 

4-2 Infrasonic Impedance Tests 

Figure 8 shows the frequency response of the darkroom. The two 
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asymptotes intersect at break frequency f2 = w2/2~ = 0.7 Hertz. The 

low-frequency asymptote has slope lin = 1.3 thus n = 0.77. Substitu

tion of ~2 and n into Eq. (2-26) allows us to calculate our air leak

age parameter K. 

The darkroom test shows experimentally that the shape of the fre

quency response is basically that predicted by our theory. 

The frequency response of Room 306C is shown in Fig. 9. The low

frequency asymptote has slope lin = 1.57 or n = 0.64 and the break fre

quency is at 0.65 Hertz. During this particular test, the door was taped 

to allow very little leakage of air in or out of the room. If the door 

were untaped we would expect a shift in the response to indicate the 

additional leakage. Since the room volume and source displacement do 

not change, the high-frequency asymptote should be the same in each 

case; but the low-frequency asymptote should shift upwards in frequen~y 

in proportion to the increase in leakage. Fig. 10 is the graph shown 

in Fig. 9 and in addition we show the shifted response of Room 306C with 

the door untaped: A change in slope would generally be expected along 

with the shift because no control is made on the type of flow in the 

added leaks. 

The added leakage in the enclosure seems to have caused another and 

unexpected change in our frequency response. We find the response ex

ceeds the value of the high-frequency asymptote therr'£inally settles to 

the asymptotic value at a much higher frequency. The best explanation 

for this overshoot in the frequency response curve seems to be that a re

sonant effect is taking place as almost any other effect would cause a de

crease in the response. Our explanation of this overshoot is an inductive 

or inertial effect caused by the mass of air as it flows in and out of 
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the enclosure. Our circuit model, shown in Fig. 3, could be modified by 

including an inductance in series with the nonlinear resistance. Fig-

ure 11 shows the frequency response of such a circuit for different val-

ues of inductance. The addition of the inductance generally complicates 
1 
1 , ourmodel~s response but it does not shift the break frequency, and our 

analysis can proceed ignoring the inductance ~s l~ng as a good aproxi-

mation for the low frequency asymptote can be obtained. 

When testing the larger volumes at Skytop and 117 Saybrook we found 

our signal-to-noise ratio was smaller, as expected. This caused greater 

scatter in the data and less sensitivity to changes in the amount of 

leakage. Figure 12 shows two test curves from Skytop. The first curve 

(the lower one) was taken with the kitchen and bathroom vents closed 

off. When the vents were opened our performance curve shows a slight 

shift in break frequency. Had the open vents been larger, or had they 

contributed a greater part of the leakage, a more definite shift would 

have ocurred. 

The curves in Fig. 13 show two tests on different volumes at 117 

Saybrook Lane. As with Skytop, the leakage was so large that the high-

frequency asymptote was never reached. As in all cases, however, this 

asymptote can be calculated from the source and enclosure volumes. If 

the angular speed of the source were large enough, the experimental and 

theoretical values for the high-frequency asymptotes Gould have been used 

as a system check. In all cases we had close agreement except in small 

volumes where we believe wall movement may have decreased our pressure 

difference in the enclosure. The mechanics and effects of wall move-

ment could be modelled by a series RLC circuit in parallel with the 

capacitor in Fig. 4. 
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4-3 Blower Test Results 

Figure 14 shows the test results of the blower method on Room 306C 

Link Hall. This graph is characteristic of the data obtained for all 

the enclosures tested using the blower method. The data shows more 

scatter than expected and work is underway to increase the accuracy of 

the blower method results. 

4-4 Discussion of Results 

Table II shows some of the important parameters and test results 

of the enclosures. To provide a standard for compariso~the leakage 

is calculated at 24.9 N/m2 (0.1 in water) and shown in the last two 

columns for both the blower and infrasonic impedance methods. The val-

ues of C are calculated from our volume estimate,S and may be in error 

due to building irregularities and contents. Agreement with high-fre-

quency asymptotes show the capacitances to be fairly close, however •. 

The break frequency and n values come from curve approximations of the 

pressure response graphs. The n values compare very well, the largest 

error being only about 13%. K is calculated using Eq. (2-26) for the 

infrasonic impedance method. Once K has been established,the flow can 

be determined for any pressure using Eq. (2-10) and a graph of flow 

versus pressure (as in Fig. 14) can be obtained. 

2 In the comparison of our flow at 24.9 N/m (0.1 in water) on ~able 
............ 

II, there is considerable error. The error exists mainly in the larger 

enclosures where the data is more scattered and less reliable. The 

blower and infrasonic impedance. tests were run under different condi-

tions for 306C. When the infrasonic test was run with the same condi-

tion as the blower test,a break frequency of 0.38 Hertz was obtained 

3 and a flow of 0.014 m /sec resulted. This is very close to the blower 

,$ UWWW%Akk",MM::a::; Xi JC 
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II 
I 

Darkroom 

306C Link Hall 

Volume 

m3 

20 

50 

"I Skytop 150 
229 Chinock Dr. 

I 
i 
i 

1
117 Saybrook Lane I 142 

I Part I 1 
! 

1117 Saybrook Lane I Part I and II 
255 

I 

Acoustic 
Capacitance 

m5 /N 

-4 1.4 x 10 

3.6 x 10-4 

-3 1.1 x 10 

1.0 x 10-3 

-3 1.8 x 10 

TABLE II 

Break 
Frequency 

Hz 

0.7 

0.65 

2.8 

3.8 

3.0 

n 

Infrasonic 
Tests 

0.77 

0.64 

0.70 

0.84 

0.89 

* Flow at a room pressure of 0.1 inch of water. 

n 

Blower 
Tests 

None 

0.65 

10 •66 

0.74 

0.87 

Ie. 

Infrasonic 
Tests 

I -3 I 1.2 x 10 

-3 3.1 x 10 

-2 2.5 x 10 

-2 2.6 x 10 

-2 3.6 x 10 

Blower 
Test Q* 

m3/sec 

None 

0.013 

0.22 

0.16 

0.30 

»v">"'"~:">"<" 

I 

I 
I 
i 

Infrasonic 
Test Q* 

3 m /sec 

0.015 

0.024 

0.23 

0.46 

0.63 

I 
I 

J 



test result. At Skytop good agreement resulted even with scattered 

data. At 117 Saybrook Lane,infrasonic impedance data was scattered 

and blower test problems make both data sets unreliable. No blower 

test has yet been run on the darkroom to compare values. There may be 

significant error in blower test results for very low flow rates as 

the flow at these low rates is less than exp~cted from Eq. (2-10). 

The low reading might be caused by leakage into our blower system. 
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V. PRESENT WORK AND RECOMMENDATIONS 

5-1 Experimental Work and Recommendations 

Under development now is a system using a type of synchronous de-

tector to obtain a strong, accurate signal even in a no~sy environ-

mente A photo detection setup will feed source phase information to 

our electronics for higher level processing of th"e pressure sensor sig-

nals. 

The blower system needs work to determine the reasons for the scat-

ter in data. Results of blower tests are discontinuous when nozzles (for 

flow measurement) are changed. More accurate blower tests would show if 

the error truly is in,the infrasonic tests. 

A redesign of the source with a two-speed or three-speed gearbox 

and direct drive would make frequency range changes easier and perhaps 

a broader frequency spectrum possible. 

Increasing the source volume would provide better signal to noise 

ratios in larger buildings and perhaps improve the results there. 

5-2 Theoretical Work and Recommendations 

Wall movement has been evident in several locations. The exact ef-

fect the movement has had on our results is not entirely understood. Work 

will need to be done to determine whether our modeling of the wall move-

ment as a series RLC leg in our circuit model is correct and if it··affects 
~ .... 

our results. 

The overshoot seen in Fig. IO,is believed to be caused by an induct-

ive (inertia) effect of the air in the leaks. The model of this will 

need to be proved and perhaps development of computer programs might help 

process data as our circuit model becomes more complex. 
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VI. CONCLUSION 

The infrasonic impedance of a building, as far as is known, has 

never been used before our work to determine the air leakage property 

of a building. In fact, we believe, the tests On our enclosures rep-

resent the first time infrasonic building impedance has been measured 
. . 

for any purpose. For small enclosures the results follow the theory 

very closely and agree with the tests made by the conventional blower 

method. Up to now, when working in larger volume enclosures, the 

smaller signals received yield more scattered data and give results 

which are large by a factor of two or more compared with the blower 

tests. The values obtained for n, the reciprocal of the slope of the 

log-log plot of the low frequency asymptote, showed excellent agree-

ment between the blower and infrasonic methods. The largest error was 

only 13% eyen for scattered data and large enclosures. 

The infrasonic impedance testing method has several advantages 

over the conventional air leakage testing methods. An infrasonic test 

with present apparatus can be run in much less time, commonly 20 minutes 

compared to 90 minutes or more for blower tests. Less time is needed 

for equipment setup as no external venting is needed. Less operator 

skill is needed once equipment is set up, leaving less room for error. 

The infrasonic impedance tests have demonstrated that air leakage 

can be measured in small volume enclosures. The system shows promise 

of good correlation between the blower and infrasonic test results when 

used in larger volumes. 



APPENDIX A 

Solution of Equation (2-13) 

Equation (2-13) is repeated here for the convenience of the reader. 

d t.p(t) 
C dt t.p(t) + K It.p(t)I q (t) 

s (A-I) 

The above nonlinear equation is easiest solved numerically on a 

computer. An iterative scheme using the Taylor series expansion was 

developed to calculate distinct values of the solution in the region of 

the break frequency. Values were also calculated in the asymptotic re-

gion as a check on our program.· The program: was also used to calculate 

values in the linear case and, as expected, the values obtained agreed 

with those predicted by Eq. (2-14), the linear equation. 

The nonlinearS.teady state normalized numerical solution was then 

approximated by the following equation: 

lIn w 
t. p (t) = r===::;:;::=h + w2/ n 

.. 

(A-2) 

where t.p(t) is the amplitude of the response for a given angular fre-

quency wand exponent n. Equation (A-2) has the same asymptotes as the 

nonlinear case and reduces to our linear equation when n = 1. 

Figure .A-l shows a graph of Eq. (A-2) and also a series of points 

calculated by our computer solution of Eq~ (A-I). In the worst case, 

agreement is better than 5 per cent and consequently we shall use the 

approximation curve Eq. (A-2) as our solution. Figure 6 shows graphs 

of our approximate solution for different values of n . 

. . . . 
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APPENDIX B 

Volumetric Flow Source and Equipment 

Figure B-1 shows a scale drawing of part of the pressure source 

diaphram pump. For simplicity the gearbox pulleys, motor and controls 

are not shown here. The specifications of most of the equipment used 

are given in Table B-1 and the motor controi circuit is shown in 

Fig. B-2. The use of a d-c motor with armature voltage control allows 

wide speed variation in order to give a broad frequency response. Ideal~ 

ly, a voltage-source drive would keep the motor speed constant regard

less of the cyclic torque fluctuation imposed on the motor by the pump. 

The reactor in the armature control acts to smooth the full-wave-recti

fied current from the diode bridge. Further speed changes can be made 

by pulley and belt changes on the motor and gearbox allowing an even 

wider frequency response. Typically two pulley changes gave a range of· 

0.1 to 10 Hertz when used along with. the d-c motor control. Slower 

speeds of the motor would cause the source signal to become slightly non

sinusoidal. 
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Fig. B-1 Scale drawing of pump source (No motor, 
gearbox, belts or controls are shown). 



TABLE B-1 

Equipment 

1. Fotonic Sensor MTI Model KD-38 
Mechanical Technology Incorporated 
968 Albany-Shaker Rd., Latham, NY 12110 

2. Two channel high speed recorder 
Gulton techni-rite electronics Model TR-722 

3. DC Generator (used as shunt motor) 
Westinghouse type FK Frame D185 
style l172247-B 40 Volts 2000 RPM 

4. Speed reduction gearbox 
Ohio Gear Co. #8HU- 5 1/6 C 
reduction ratio 5 1/6 to 1 

5. Crank mechanism 
3 H.P. lawnmower engine 
stroke 1.5 inches T.D.C. to B.D.C. 

6. Pump diaphram 
1/32 inch gum rubber. 

7. Pickup diaphram -5 
Saran wrap plastic film thickness = 1 x 10 m (.4 mils) 

8. Belt ratios- variable by pulley changes in series with 5 1/6 to 
1 gear reductio~ 1.3 to 1, 2.8 to 1, 4.1 to 1, 5.4 to 1 

46 
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APPENDIX C 

Signal Processing Circuit 

Figure C-l shows the electronics package used to pro~ss the sig-

nal from the optical pickup. Connection is made from the Fotonic sen-

sor pickup by a shielded lead to the input buffer. Included in the 

buffer is a high-pass filter with a break frequency (pole) at 0.018 

Hertz. The high-pass filter attenuates noise at frequencies below our 

range of interest and also provides d-c blocking. Th.e d-c blocking is 

needed becaus~as shown in Fig. 7, the linear range of the back side of 

the Fotonic sensor has a d-c offset of about 0.8 volts. 

The second section of the electronics is an adjustable-break-fre-

quency two-pole low-pass filter. Switch Sl allows this stage to be by

passed completely for calibration or if filtering is not desired. Rot-

ary switch. Rl allows different resistances to be used in order to shift 

the break frequency for maximum filter benefit. 

The next section is a four-pol~low-pass filter with break frequency 

at 7.2 Hertz and switch S2 to bypass this filter if higher frequency ex

citations are used. Both low-pass filter sections are Butterworth de-

signs and provide no overshoot and a maximally-flat frequency response. 

Figure C-2 shows the frequency response of our entire electronics pack-

age with the adjustable two-pole filter pole at 7.2 Hertz and a gain of 
............ 

one. 

Following the filter stages are the amplifier and output buffer. An 

operational amplifier LOp amp) voltage follower prevents filter loading 

and feeds an inverting amplifier. The high~pass filter on the amplifier 

output provides blocking of the accumulated d-c offsets of the type 741 

op amps while the follower prevents loading and acts as a chart recorder 

l:~ 
'1!!!!,!/I!III!iJi.""''''' .... '''''"'''" _________ ... -.----...... .. 
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I-t- 4 Pole low pass filter +1+ AmPlifiJr and output buffer 

Sl - 2 pole fi1~er switch DPDT 

S2 - 4 pole filter switch DPDT 

Rl - 3 pole rotory switch 
R = 2.2, 10 

R2 - 2 pole rotory switch 
R = 1,2,4,10,15,20,30,50 (1%) 

Fig. C-l 

I 
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I 
R3 - 10K Trimpots 

All resistances in kohms 

All capacitors are 2.2 ~F 

All operational amplifiers are MC174lCP 

Signal Processing Circuit. 
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Fig. C-2. Frequency response of total electronic package. 



driver. The amplifier section provides step gain by means of rotary 

switch R2 which switches in different valued feedback resistors. 

The entire circuit package was designed with flexibility and ex

pansion in mind. The buffers are included so as to assure no loading 

of stages which might provide incorrect results. The package works 

quite well although the high-pass filter sectio.ns r:equire about 10 sec

onds to stabilize to steady-state values. 

Figure C-3 shows a schematic of the electronic power supply. De

sign.was a simple full-wave-rectified, integrated-circuit-regulated 

supply. The circuit is fuse-protected and designed for 1 ampere at 

plus and minus 15 volts d-c. 



s, 

All diodes ar 1N4004 

C1 - 5600 ~F 25VDC 

C2 - 2.2 ~F 

Sl - SPST 

, 

Fig. C-3. Power supply. 

C::J,. 

C:l, 

F1 - 1 amp fuse 

AI - LM 340-15 

A2 - LM 320-15 
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T1 - Stancor 36 v CT 1 amp Transformer 
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