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icrobarograph Systems

for the infrasonic detection of nuclear ex 0sions

Absiract

This study deals with microbarograph systems for the detection of infrasonic waves, An
essential part of these systems is a noise reducer, which consists of a spatial structure of pipes
or hoses designed to level out the noise from small scale wind turbulence. This is achieved by
spatial integration. Infrasound signals are hardly attenuated. Noise reducing structures are

important for the low noise operation of infrasonic arrays.

In this study quantitative descriptions of complete microbarograph systems are given,
including a theory of porous hose, which is a hose suitable for noise reducers. The relevant
parameters of porous hose have been measured. Together with the details of the
microbarograph itself a detailed theory is given for the design and operation of
microbarograph sysiems.

It was found that commercially available porous hose could almost meet the criteria when
smaller (around 50 meters) noise reducing systems are required. Drawbacks are the sensitivity
to moist and water and the relatively small diameters available that result in high resistances.
Attention is given to non-linear properties of porous hose.

The possibility of completely closed microbarograph systems is also considered. These
involve noise reducers based on elasticity of the tube instead of porosity. A completely closed
system is less sensitive to moist related problems. An elastic tube attenuates infrasonic waves
less than porous hose. In this study the first experience is reported with an elastic noise
reducer tube. We found that in practice porous hose might have strong advantages.
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licrobarograph Systems
for the infrasonic detection of

introduction

After a long period of diminished interest, microbarograph systems for the infrasonic
detection of nuclear explosions are now under renewed study due to the ongoing efforts in the
context of a Comprehensive Test Ban Treaty (CTBT). Seismology, hydroacoustics,
measurements of radionuclides and the recording of infrasonic waves are the four
technologies of the International Monitoring System (IMS) for the detection and wentification
of nuclear explosions under a future CTRT. Infrasound and the detection of radionuciides are
mainly focused on explosions in the atmosphere. Only few research groups have current
experience in measuring infrasound as an observatory practice.

Turbulent wind is the main source of noise in an infrasonic detection system. This conclusion
is based on recent experience and is already published in the literature of the seventies

(Cook. 1971), (Grover, 1971). Therefore, the construction of efficient noise reducers is stil] a
matter of active research. An infrasonic noise reducer is a spatial structure of pipes or hoses
which levels out small scale wind disturbances while leaving coherent infrasound signals of
long wavelength unaffected. The noise reducer is based on spatial filtering and noton a
frequency filter, since the frequency content of signal and noise is comparable. The frequency
range of interest is 0.001 - 20 Ha

In the literature on infrasound a variety of terminology is used to deseribe essentially the same
measuring equipment for the detection of infrasonic waves, such as low frequency
microphones, microbarographs, microbarometers and infrasonic detectors. The noise reducers
are also known as Daniels tubes, line microphones, pipe arrays, pipe filters or space filters.

Array considerations

Microbarograph systems are usually operated in small arrays (Haak, 1996). The base line of
four element arrays, as proposed in the IMS, is chosen between 1 and 10 kilometers
depending on local conditions such as the wind noise, Usually an equilateral triangular
configuration with one centre element is chosen. Square configurations are also a viable
alternative. Should one of the elements be disfunctional, the remaining configurations of a
square array are more satisfactory than those of a triangular array (see appendix 1),

For proper array operation it is required that the amplitude and phase response functions are
equal among the individual sensors. This demand requires that the sensors are physically
identical and that the site conditions such as temperature and humidity are comparable for the
array. Noise reducers and microbarographs form one system in this respect, in which both
parts contribute to the response.



Recent developments

Compared to the late sixties and the early seventies, when the infrasound technique was
developed, it is now relatively easy to set up a proper infrasound monitori ng system. The
advances in computing and electronics make it easy to use off-the-shelf equipment and
software for detection, array processing, data storage and high resolution A/D-conversion.
From the related field of seismology a lot can be learned in this respect. The synergy between
the two monitoring techniques, however, can only be partly extended to the development of
infrasound detectors, The same applies to the mechanics of noise generation. In this study,
therefore, we focus on the detector and in a later study we intend to focus on wind as the main
generator of infrasonic noise.

Microbarographs

Infrasound of natural origin has an acoustic pressure in the range of 0.1-100 dyn/em’. Various

pressure units exist: 1 dyn/em® = 1 pbar = 0.1 pascal (Pa). The atmospheric pressure is about
10¢ dyn/em® = 107 Pa = 1000 hPa = 1000 mbar, with natural pressure fluctuations of 20%. The

broad band frequency range of interest is 0.001- 20 Hz or somewhat more narrowed down to
0.01- 5 Hz. The influence of wind speed v is essentially given by the law of Bernoulli:

1‘,,2’

= constant 3  dp = pv Ay {1}

P

The second part of (1) represents pressure fluctuations as a result of wind speed varlations.
Variations in wind speed dv of 4 m/s at a wind speed v of 8 m/s result in pressure variations
of 40 Pa. These signal and noise figures will determine the design of microbarographs with
respect to sensitivity and dynamic range.
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Figure 1,
Schematic overview of a differeniial pressure.microbarograph.




The differential pressure microbarograph produces an electrical signal proportional to the
difference between the ambient pressure at the input volume and the pressure in a backing or
reference volume (figure 1). A small air leak between the two volumes will lead 1o 2 pressure

equalisation over long periods of time. This determines the low frequency response of the
system. The effect is that the long period pressure fluctuations which are usually substantially
larger then the acoustic pressures, are effectively suppressed. The Pressure sensing component
is a bellows. The differences in pressure between inlet and backing volume for periods of the
order of 1000 seconds are usually small, so the me casuring bellows can be made quite sensitive
to small pressure differences.

The position of the bellows™ top is transformed to an electrical signal with a position sensor
such as a Linear Variable Differential Transformer (LVD T ora capacitance sensor, Both are
in principle readily available low noise devices. Since the pressure forces on the bellows are
substantive, no special care is needed to diminish forces between the transducer and the
sensing element.

The instrument described above has the disadvantage of being sensitive to temperature
gradients between the two volumes. It is therefore good practice to Jocate the entire unit a few
meters below the surface to make use of the enhanced temperature stability at some depth. In
order to reduce the pressure noise even further the backing volume can be filled with steel
wool or vermiculite ( Cook, 1971). The temperature dependence in numerical terms amounts
to 3.4 mbar/ °C = 340 Po/ °C, based on the ideal gas law: dP/dT = P/V. For comparison: the
height gradient of the atmospheric pressure is 12 Pa/m.

A way to overcome this problem is to use a vacuum bellows as a primary sensing component,

This can be fitted with or without a %pmf* inside to counteract the large external pressure. At
a moderate vacuum of 107 Torr (0.13 Pa) the temperature dependence is reduced to

0.45 mPa/ °C, which is quite acceptable, considering the noise and signal levels (figure 2).

The consequence of this choice is that the microbaragraph is turned into an instrument for the
measurement of absolute pressure. The need for the backing volume has disappeared. Now,
the only drawback is the large dynamic pressure range due to slow atmospheric pressure
changes. This exceeds 200 hPa. Fortunately, readily available high resolution 24-bits A/D-
converters and electronic filtering will adequately solve this problem, In the absolute
instrument the femperature dependence of the bellows’ spring becomes important. The best
designs use materials for the construction of the bellows and spring that are hardly influenced
by temperature changes on elastic constants. Furthermore, the relativ ely large movements of
the bellows™ head will need care, with respect to signal induced noise.

A particular problem with both instruments is the mechanical resonance of the bellows as 4
mass-spring system. The transverse oscillations have the lowest frequency. These are easily
removed from the frequency band of interest towards higher frequencies with a spider spring
attached to the top of the bellows. The longitudinal oscillations should also be in a frequency
range above the relevant band width of the instrument. This, however, will limit the
sensitivity of the bellows. Feedback systems will be a solution for both dynamic range and
resonance problems, especially in broad band sensors,
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Figure 2,
Schematic overview of an absolute pressure microbaro ST,

The two types of microbarographs described above are examples of pressure sensing
instruments which use bellows as the primary sensor. They belong to the most rugged and
well established pressure sensing devices. Many other pressure measuring devices are
described, based on various principles such as temperature change of a hot wire due to air
flow or frequency change of a piezoelectric crystal upon atmospheric pressure. None of those
techniques will be able to control each step in measuring 1o the same degree as simple bellows
and position sensors can. Both instruments have, however, rather large volumes. The loading
of the noise reducing structures can be a drawback since the pressures in the instruments will
be lower. The theory is given in appendix 1,

Little attention has been given to the possibility to use a magnet coil velocity transducer as a

detector for the movement of the bellows head. Such a transducer. however. is robust, is very
low noise and gives the instrument a response in accordance with wind noise characteristics.

The integration to pressure can be done digitally.

Electret microphones

Electret microphones are not generally used in infrasound detection. The frequency response
of these very sensitive and low price devices extends to periods between 50 and 100 seconds.
A drawback is their variability in low frequency amplitude response and their sensitivity to
moisture. When multiwire cables are used the eleciret microphone can be utilized to build
rather efficient noise reducers, By simply summing the output signals from each individual
electret along a cable in a circle or a straight line the air pressure vanations can be averaged
over an extended area.

Another distinct application of electrets is the study of noise reducing structures themselves,
since the electret microphones are small (~ § mm) and can be inserted into the noise reducer
pipes. In this way amplitude, phase and propagation velocity can be measured in situ.
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Moise reduocers

An infrasonic noise reducer is a spatial structure of pipes or hoses attached to the input of the
microbarograph to level out small scale wind disturbances while leaving coherent infrasound
signals of long wavelength unaffected. The noise reducer is based on spatial sampling and
filtering and not on a frequency filter, since the frequency content of signal and noise is
comparable. The purpose of a noise reducer is to sample an area larger than the turbulence
scale of the wind. At the same time, the dimensions of the noise reducer should be smaller
than the characteristic wavelengths of acoustic waves under consideration.

To distribute the input over a wide area. a network of acoustic wave guides can be used.
Daniels (1959), for instance, proposed a line microphone; a tapered pipe that is coupled to the
atmosphere by means of a series of acoustical resistances at equal intervals along the length of
the pipe. The tapering was introduced to achieve constant impedance along the line. Later
Burridge (1971) gave a theoretical description of a less complicated noise reducing system
that was made of a ring of narrow tubing of uniform bore (see appendix X). The inlet ports
were again equidistant capillaries. Grover (1971) tested such a system with good results,

In recent years noise reducing structures were tested that made use of porous hose in circle or
star configurations (see figure 3). Porous hose or soaker hose is used in gardening to wet the
soil. In the infrasound application it constitutes a distributed inlet port just as the other
properties of the wave guide are distributed. In figure 3 the first 10 meter of hose is standard
fully closed garden hose in order to avoid sampling too densely in the vicinity of the
microbarograph. This also reduces moist problems in the central microbarograph.

Diameter 483 m.

Figure 3.
Schematic lavout of a six-orm noise veducer, The individual
components are nof drawn to scale,
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Figure 4,
Fleld impression of a microbarograph shelter. The streamlined rouf of the
shelter has a styrofoam temperature shield

Figure 4 gives an impression of a microbarograph system in the field. In order to ensure stable
operation under a variety of climates with a minimum of maintenance, great care should be
taken with respect to the housing of the equipment. Under the mild condition of the
Netherlands a concrete structure as in figure 4 has given good results. By burying the system,
including power cables and data transmission lines, temperature stability is gained and the

system is more or less tamper proof,

Some problems may occur. One problem is the influence of moist. water and ice, especially in
the porous hose noise reducing structure. Dirt may clog the micropores when the porous hose
is left unattended on the ground over an extended period of time. Two combined and partial
solutions are proposed by a French research group (LDGY: covering the hose with a small roof
and 1ift the hose slightly (< 1 m) from the surface. See also appendix IX. Although the
mereased wind velocities higher above the surface and the fact that in general the use of larger
windshields is not favourable (Grover, 1971), the influence of a small curved roof might be
small. A completely closed system, however, would be preferable.

An other problem occurs when the housing of the equipment changes the wind patterns
resulting in excess noise when it is made too large. Therefore a streamlined low roof of the
instrument shelter (figure 4) and a grass surface for the noise reducer aren are recommended.

In general the field set-up of the instruments is an important subject where good guidance is
needed, since experience over extended periods of time and in different climates is of
importance. Only a combined effort can lead to optimal solutions, both locally and globally.

To improve the overall coverage of an area. curled and branched patterns of noise reducer
hose can be tested. This will only produce good results when the total length of the (porous)
hose is shorter than the characteristic attenuation length. In the case of branching, impedance
matching is needed at each fork.
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Theory of noise reducers

A basic priciple of the theory of noise reducers is the notion that the structure of hoses or
pipes are wave guides or transmission lines with a characteristic impedance and propagation
constant. Theory assumes that the flow in the noise reducers is laminar. not turbulent. In
general this condition is fulfilled when the Reynolds number is not exceeding values of 2300,
For straight pipes the Reynolds number Rey is defined as:

::z"vm, fivm £ ) 4}‘; o
¥ # wd 5

(2)

Rey =

in which d is the pipe diameter, v,, the average air velocity, g the density, # the dynamic
viscosity, vthe kinematic viscosity and £, the volume velocity. The eritical velocity in nv/s is
2.89/d by rule of thumb, with the wbe diameter 4 in cm (Ower ot al., 1977 p. 773, Given the
acoustic and wind pressures and the characteristic pipe dimensions the flow type 1s usually
laminar in noise reducers. Only exceptional circumstances, such as a 100 Pa PIESSUTe over a
tube with 1 em” cross-section and with an acoustic resistance of one acoustic chm, will lead 1o
velocities of 10 m/s,

The acoustic transmission line is characterized by the specific impedance 7 and the
propagation constant J] Z, is the lossless impedance
: .
R+iel { £ (3)

A L= R+ WL} (G +iwC) Zy= =
{r il N
For low frequencies R corresponds fo the resistance due to viscous losses. 7, is the acoustic
inertance, which corresponds 1o the effective mass of air taking part in the vibration. (G is the
acoustic conductance and is due to heat conduction (Daniels, 1950). In the case of a porous
hose it is also due to the leak. (' is the acoustic compliance, it corresponds to the reciprocal of
the stiffness of air. The analogue with electrical transmission lines is often used in complex
acoustic systems for pragmatic reasons. In figures 5a and 5b an acoustic and electronic
diagram is given of a short transmission line section.

Benade (1968) calculated all the relevant parameters R, L. G and € as a function of tube
radius and frequency, describing a non-porous hose. In a simple experiment suggested by
Grover (19715 for the measurement of acoustic resistances of captllaries, we determined the
acoustic resistance 1/ resulting from the porosity of the soaker hose. This is described in
detail in appendix IL. Now, all the relevant parameters of the various hoses are known.

The one dimensional propagation of acoustic pressure waves in both directions through the
tube approximated as propagation through an acoustic transmission line is given by:

4

i,
g

plxt) = (Ae ey, He Ix} g TP g Gk, Be lotkx), ax
If Z7is written as a general complex number 7=  + iff then s the wave number and @ is

the attenuation constant. In this way the phase and group velocities can be calculated. This
gives a full characterization of the infinite transmission line without termination impedance.
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As can be seen from figures 6,7 and 8, the characteristics of the tube change when the
frequency exceeds approximately 1.0 Hz. This frequency can be altered by adj usting £, L, ¢
and C. In a distortionless line the parameters are adjusted according to R/L = G/C or

RC = LG. Such a distortionless line has the property of leaving the shape of the signal
unchanged during propagation although attenuation of the amplitude of the signal exists. The
purely resistive impedance a distortionless line is equal to that of a lossless line and is given

by Z,. This makes proper termination with a capillary easy.

The currently used porous hose can be made into a distortionless line by reducing the POTOSity
with a factor ten. The attenuation length will increase to circa 100 meter. This can be the
solution for larger noise reducing structures, although standing waves are more prominent at
frequencies above 1.0 Hz. The reduction of porosity can be achieved by partially blocking the
micropores with paint,

A distortionless line has no change in impedance, phase velocity and group velocity as a
function of frequency. There is, however, a change in the propagation constant of the tube.
Only the imaginary part, the wave number, changes with frequency. The use of such lines
should be seriously contemplated for larger broadband noise reducer systerns that can be built
from engineered tube materials.

To construct a complete microbarograph system several branches of noise reducer tubing are
connected to a central microbarograph. The volume of the microbarograph is loading the
noise reducing transmission lines; on the other end the line is closed. The total response of the
system can be caleulated. To do so Burridge (1971) assumed a signal present at only one inlet
port of the noise reducer (see appendix VI). The response of the complete microbarograph
system to this stimulus represents a measure for the suppression of a localized gust of wind.

o
3]



Several conclusions can be drawn from the theoretical results. First, the volume of the
microbarograph itself has a strong effect on the response of the noise reducer for frequencies
above 0.5 Hz This effect also depends on the length of the noise reducing structure: here
lengths of 20 m and longer were assumed.

Secondly, the practical length of neise reducer tubes is a direct function of the porosity of the
tube since this parameter determines the decay length of the propagating waves. Tubes shorter
than the decay length will not sample an area large enough, and when the tubes are made
substantially longer, the signal will not reach the microbarograph detector. Cirenlar noise
reducers are not better than star configurations. For details see appendix X The lowest mode
has a wavelength equal to the perimeter of the ring. For star configurations the lowest mode
equals the radius,

Thirdly, the value of the porosity of commercially available hose makes the noise reducing
structure more sensitive to the microbarograph detector with smaller distances. Therefore as 1s
illustrated in figure 3, a system can be designed that uses a combination of both porous hose
and standard closed hose for a better distribution of sensitivity. In our system the crude
approximation is made by using 10 m of closed hose near the detector connected w10 mof
porous hose. This system works fine in practice, provided the readily available tube fittings
and connectors from the gardening industry.

Although it is quite easy 1o use standard porous hose, the question is whether this type of
hose, which is more or less by accident suitable for our purposes, is really the best possible
choice. The current applications are limited 1o distances of approximately 50 meter. The
porosity of the hose depends on the humidity. The resistance increases from 380 acoustic chm
meters in a dry situation to 620 ohm meters and higher in a moderately wet environment.
During the numerical evaluation of various tube parameters it was noted that especially the
diameter of the hose played a crucial role in the attenuation of the noise reducer. A larger
diameter, e.g. 50 mm instead of the standard 12 mm, will increase the attenuation length from
30 to 400 meters.

Closed system noise reducers

From a purely practical pointof view porous hose still sufiers from being sensitive to water
and moist especially when lying on the ground. Apart from having non-linear input
resistances, porous hose also has a resistance depending on the weather situation. This
prompted us to consider a closed tube system. Such a system has the advantage of leaving the
microbarograph itself completely dry, preventing corrosion in the long term at sites near
oceans. [t should be remembered, however, that a hi gh acoustic resistance might be needed o
level the slowly fluctuating static pressure in order to avoid excessive elastic strains on the
tubes. On the other hand noise reducer svstems are possible where the inside pressure differs
from the ambient pressure 1o keep the tube in shape in order to have a fixed elastic response,



Figure 9,
Cross-sections of variows types of closed hose with increasing sensifivity for external pressure
changes from A 1o D. C can operated with underpressure, B and I with CGYSFPrESSHYe.

In figure 9 the basic shapes are illustrated of such hoses. Theidea is that the elasticity of the
hose is used instead of the porosity to transmit pressure changes inside the tube. Now it is no
longer the flow of air into a cylindrical conduit but the elastic response of the hose itself that
transmits the signal. Of cowrse, the wave guide action of the tube is retained. So far we found
that soft silicone tubing works best, also at low temperatures. At -20 °C silicone tube still has
fairly elastic properties. The optimum solution would be if silicone hose could be
manufactured with oval cross-sections (B through D in figure 9) to enhance the sensitivity and
with elasticity constants that are not sensitive to temperature changes. Preliminary
experiments with oval shaped silicone tube of 12 to 20 mm inside diameter and with a wall
thickness of 1 to 3 mm show promising results. The configuration of figure 3 is used with six
arms. A concern is the response to temperature fluctuations in the pass band of the instrument.
Various climates may need different solutions. This also applies to the black coloured porous
hose. An alternative may be the use of fluid filled tubes, which have the additional advantage
of having high phase velocity for compressional waves. In figure 10 some more examples are
given of tubes, which are of composite structure. In appendix VIII the theory is presented of
wave propagation in a closed elastic hose.

[RON— -

Figure 10,
Cross-sections of various types of closed flexible structures.
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Response to noise of a microbaregraph system

When the impedances of both the microbarograph and the hose are known, the total response
of the system to both signals and small scale wind turbulence can be caleulated. In order to
avoid confusion with the response of the microbarograph itself, the absolute microbarograph
is chosen in this section as a reference even, without an inlet tube which is in accordance to
the real sttuation. In essence the response of the six-arm star configuration is that of ane noise
reducer arm loaded by a combination of the microbarograph volume and the impedance of the
other five porous tubes. In appendix V1 4 short theory is given. In figure 11 two noise reducer
configurations are illustrated, which are used in the calculations.

Figure 11,
Uverview of two six-arm star arravs.
-  Both arrays use porous hose only,
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Figure 12,

Absolute value of the response of g microbarograph system including noise
reducer to a 1.0 Pa harmonic pressure over a fength of 1.0 m of 12 pum
diameter porous hose as a function of the distance to the microbarograph.
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In figure 12 the noise response is given as a function of distance of the localized pressure
disturbance from the central microbarograph. The actual numbers correspond to the ratio of
pressures inside the volume of 3.8 liters of the microbarograph and the input DIESSUIe OVer a
length of one meter of the porous hose. In this example the porous hose has a length of 25 m.

From figure 12 it is clear that there is a slight decrease in sensitivity toward longer distances
from the central microbarograph. This dependence will disappear when the radius of the
tubing is larger than 12 mum. Also, it is clear that between | Hz and 10 Hz the response is
more variable. In this frequency range also large phase changes to the signal occur. In
appendix VI a theory is given equivalent to that of Burridge (1971) used to calculate this
figure. This theory produces results identical to that of Burridge when the same systems are
considered. The theory in appendix VI also describes systems with continues inlets.

When porous hose with a larger tube diameter is used, larger noise reducing structures can
also be built. The porosity of the hose could then be adjusted accordingly. For instance an
increase o a tube diameter of 50 mm under the condition of the same porosity per meter will
make the response almost flat as a function of distance to the barograph. For low frequencies
the attenuation depends on the product of R and G (see equation 3). So both parameters can be
changed in order to get the desired attenuation. At high frequency strong oscillations in
sensitivity will occur due to the generation of standing waves in the system.

In figures 13 and 14 the response of such a wider tube system is illustrated. Above | Hz the
strong oscillations are clearly visible (figure 14), The pattern of the oscillations corresponds to
the pattern of pressure of the standing wave as if the source was situated at the detector in the
centre. It is an example of the reciprocity principle. The system is therefore most sensitive to
the outside pressure in the antinodes with high impedance and least sensitive in the nodes with
low impedance of this oscillation mode.
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Figure 13,

Absolute value of the response for low frequencies of o microbarograph system
including noise reducer to a 1.0 Pa harmonic pressure over 1.0 m of 50 mm
diameter porous hose as a function of the distance to the microbarograph.
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The strong oscillations at high frequencies hinder broad band operation of the miicrobarograph
system. It was found that proper termination of the noise reducer tube at the extremities and
even at the microbarometer inlet is essential to avoid such oscillations. As was made clear in
figure 7 the impedance is frequency dependent. Consequently the terminator should follow the
same frequency dependence. A terminator may in practice be hard to realize. From
calculations it becomes clear that terminating with an acoustic resistor with a value of the
characteristic lossless impedance Z, as defined in equation (3), will reduce the oscillations to a
farge extent (figure 15). The terminator puts a dissipative load on the system, therefore the
pressure reduction is larger for noise and signals, The terminator can be a simple small tube or
capillary of the right dinmeter and length. The value of Z, is usually lower than the value of
the inlets. Therefore, the terminator could influence the intake of the signals when it is left
open to the outside atmosphere. A solution to this problem is to surround the terminating
resistance with a volume. In turn the volume will influence the terminating impedance for Jow
frequencies were interference is not a problem. The simplest solution of the whole termination
problem is to use a tube far longer than the attenuation length.

With the above considerations all elements are available for the design of a proper noise
reducer. In order to have a smooth impedance as a function of frequency, the starting point is
a distortionless line. This condition results in the value for the input conductivity & being
more or less {ived and independent of the tube diameter. This can be understood in the
following way. L/C is mainly dependent on the elastic properties of air and on the tube
diameter 4, it is proportional to //d'. In a distortionless line B/C is fixed. If Poseuille type
viscous flow is assumed, K is also proportional to /7. 1t follows that G is independent of the
tube diameter in a distortionless line, with L/C = R/G. The real part of the propagation
constant e.g. the attenuation constant & of equation (4) is given by R/Z,,. In good
approximation the attenuation is a function of the tube diameter only in a distortionless line.

First, the arm length of the array should be selected, e.g. 100 m in figure 15, Then the
accepteble change in sensitivity along the arm is chosen, e.g. 10 - 20%, depending somewhat
on the frequency. Then the resistance R can be calculated from the known attenuation
constant. Using the known resistance &, the diameter of the tube can be found. In figure 15 the
diameter of the tube is 50 mm.

When the noise reducer tube branches into two tubes of the same diameter, proper termination
can be achieved by a resistive element in each branch with a value of 7/3 Z, (see figure 16).
When in total & branches come together in one point the resistive element has a value of
(N-2)/N Z, . This is also the solution to terminate the six hoses properly at the inlet of the
microbarograph, provided its volume is small.

Figare 16,

Reflection free termination

of a branch,
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With proper termination the objective that only pressure waves towards the microbarograph
should occur can be achieved. This was also Daniels’ design goal when he designed his line
microphone (Daniels, 1959). The conclusions above are also valuable in the case of a discrete
inlet port noise reducer with uses capillaries instead of porosity as long as the system can be
approximated as a distributed inlet system, i.e. with small separations between the inlets. This
is usually the case. In a second phase of this study an experimental verification under field
conditions is proposed.

Response to signals of a microbarograph system

When the response of the system is considered with r :spect o propagating signals, it should
be realized that for most low frequencies the wavelengths are larger than the noise reducer
dimensions. In this case the noise reducer and barograph can be lumped together in a discrete
component system. In figure 17 the symbolic analogues are given both in acoustic and in
electronic terms.

C 1

Figure 17,
Acoustic scheme and electronic analogue of a complere microbarograph system at low
Srequency.

The response is 1.0 with the measured values for the total input resistance R, of the porous
hose, the tube resistance &, |, the tube inertance {inductance) L and the compliance
{capacitance) C of the volume of the microbarograph. For low frequencies the input pressure
is therefore equal to the pressure inside the microbarograph we have tested, as in figure 3.

For higher frequencies or for wavelenghts comparable with the dimensions of the noise
reducer, a different approach is taken. First it should be realized that the response of the
microbarograph due to a point source of 1.0 Pa applied along the arms of the noise reducer as
a function of distance d(x, ) is the same as the pressure ratio that would oceur if a source of
1.0 Pa is situated at the microbarograph and the pressure just outside the tube is followed.
This is known as the reciprocity principle between source and receiver. The theory is dicussed
in appendix VI; figures 12 - 15 illustrate Afx, o).
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The reciprocity principle can be taken one step further. If the response s needed from plane
incoming acoustic waves, then a calculation of plane waves re sulting from a source at the
central microbarograph gives the same answer. In terms of an ar ay, the arms of the noise
reducer are treated as continuous array elements. In the case of discrete inlet ports the inlets
are treated directly as array elements. The response function A of the microbarograph and
noise reducer 1s given by
N 7
Avw, py = { A, ¥y ¢ PGy v ith ol (3)
;Xé’ ¢
The integral is taken over the porous hose section of the noise reducer {7y, ¢ 18 the sound
velocity in air, p is the slowness vector. Figure 18 illustrates the response function (Al fora
six-arm noise reducer system with a radius of 25 m at a frequency of $ Hz The arms were
terminated with a high impedance. At frequencies lower than 5 Hz the response is almost
independent of azimuth. The amplitude of the response function is near unity, Figure 18 also
shows that the sensitivity at higher slowness, or lower apparent velocity, is rapidly decreasing.
This effect is stronger at higher frequencies. Here the function of the noise reducer as a spatial
filter or a slowness filter becomes clear. A strong wind of 20 m/s has a slowness as high as

50 s/km and falls outside the range of this figure.

H/ R

X8

R

10,0 ot :
10,9 -5.4 0.0 5.8 6.9

Figure 18,

Power of the response function of a siv-arm noise reducer
system with a radius of 25 m ot a frequency of 5 Hz. The
horizontal and vertical axes are the two components of
horizontal slowness in sfkm. The orientation of the arms
is the same as in figure i 1.
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Adiabatic to isothermal transition

It has been known since the determination of the sound velocity in air that sound in free space
behaves as an adiabatic process: this means without exchange of heat with the surrounding
medium. In sound propagation the wavelength scales with oscillation period, therefore in free
air sound is adiabatic. This assumption is no longer valid if pressure wave propagation is
studied in narrow tubes or volumes where heat conduction effects may not be neglected. In
this case a transition to isothermal behaviour can be observed.

A tull description of noise reducers tube is given by HBenade (1968). He describes sound
propagation in tubes with an “exact” theory, with viscous effects depending on volume
velocities and with kinetic energies, that correspond to resistive effects {R}. He also describes
thermal energy losses that are due to failure of adiabaticity at the walls, associated with the
potential energy of compression. These correspond to conductive effects (G).

In fact there are two more or less independent processes: a thermal process and a viscous
process. Each of these processes involve boundary layers. The two processes originate from
the same root, according to the kinetic gas theory. Both processes are connected by the mean
free path of air at ambient temperature and pressure. Viscosity and thermal conductivity are
both proportional to the mean free path. The two boundary layers are numerically only
slightly different. For viscosity there is a transition from the Poiseuille description at low
frequencies and small tube diameters to the Helmholz-Stokes description at high frequencies
and large tubes (appendix V). The Poiseuille description is associated with the isothermal
regime and the Helmholz-Stokes description is connected with the adiabatic regime.

The analytical approach of Benade is valuable but can only be applied to systems with simple
geometry. When studying more complicated systems are to be studied, such as a
microbarograph of complex geometry, an experimental approach is more suitable to obtain the
relevant parameters,

Within the pass band of the infrasound system both the noise reducer and the microbarograph
have a transition to isothermal behaviour. As explained above an experimental solution has to
be found for the microbarograph. Appendix VII describes the classic experiment of Clement
and Desormes, which measures the time scale of this fundamental phenomenon. Of course,
the two transition frequencies between adiabatic and isothermal need not be the same for the
noise reducer and the microbarograph. The results are of importance for proper design and
calibration of microbarograph systems.

The experimental results indicate that for a microbarograph of regular size, time constants are
involved of the order of seconds. This depends on the size and the filling of the instrument. In
a microbarograph with a volume of 3.5 litre a time constant was measured of 4.2 seconds with
the method using a volume change of 30 ml. This time constant corresponds to a frequency of
0.04 Hz. For non-porous tube of 12-20 mm diameter it was calculated that the transition
oceurs between 0.1 and 1.0 Hz. Larger tube diameters result in lower frequencies for the
transitions. This effect shapes the frequency response of the microbarograph system.

P



Conelusions

Microbarograph systems for detection of infrasonic signals generally consist of a pressure
detector, the microbarograph itself and a noise reducer. With respect to the microbarograph
detector a variety of instrumental solutions exist that will meet the specifications. Careful
design of a microbarograph should not only include the classic parameters such as low
instrumental and electronic noise, good high frequency response and temperature stability, but
should also be guided by the connection to the noise reducing structure. This involves the
complex input resistance of the microbarograph,

Noise reducers are not as thoroughly investigated. Today it is still hard to find a noise reducer
that is easy to construct, that is robust in various environments and that is low priced. In this
paper much atiention is given to porous hose as a good noise reducing tube that could meet
the above criteria. We measured that commercially available porous hose had an acoustical
resistance of 380 cgs acoustic ohm for a length of one meter, Together with already known
values from the literature for other parameters, this value was used for a theoretical
description of a complete microbarograph system. Porous hose of this type could almost meet
the criteria when smaller (circa 50 meters) noise reducing systems are required. Drawbacks
are the sensitivity to moisture and water and the relatively small diameters available that result
in small attenuation lengths.

Completely closed noise reducers are under development, possibly with favourable robustness
and lower in price. These systems still have to be tested under various environmental
conditions.

A microbarograph system should be regarded as a whole: noise reducer and pressure detector
are integral parts of a complete measurement system. In broad band applications it is
important to realise that the high frequency part of the spectrum deserves special attention
because here the volume of the detector and the noise reducing structures are interacting,
resulting in a strong influence on the response. A true broadband system, in the frequency
range of 0.001 - 20 Hz is very well possible given proper termination of the noise reducer.

Theoretical considerations of this type are important in the design and the calibration phase of
instrumental development, since true field tests and calibration of these instruments is tedious
and time consuming.

2]
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Appendix I Theory of the absolute microbarograph

The theory of the differential pressure microbarograph is given by Burridge (1971). The
theory of the absolute instrument given here uses a comparable method and notation. Starting
with the application of Boyle's Law to the gas inside the microbarograph with volume ¥ and
with ambient pressure P, the following general expression is obtained after logarithmic
differentiation with respect to time:

v
£ ] V = constant E’W’W“;; = { {Boyie) (N
4

P is the pressure change of volume V as a result of an external pressure change P,. F,
represents the volume {lux leaving the inlet. The acoustic resistance of the inlet is R. See
figure Al 1.

Inlet

(=
}34 ,é"i{};e

;/‘f

YVacunm
Bellows

]

Figure AT 1,

Schematic diagram of an absolute microbarogroph, The volume is V,
P15 the ambient pressure. P, is external pressure, P is the internal
pressure change, F, is the volume flux, R is the resistance of the inlet
port and b is the volume change per unit of pressure change of the
belloyws.

The formulation above corresponds to isothermal processes. Strictly speaking, this is only
valid for processes with an efficient heat exchange with the surroundings, such as low
frequency processes in narrow volumes. In other cases, however, it is more appropriate to use
the equations for adiabatic processes instead of Boyle’s Law;

, PV , ,
ey V= constant ;m + gf.;; =0 y= {,‘{}fﬁfy {Adiabatic} {1a)
4
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Using equation (la) it then follows that;

5 3 PP . PR
ﬁ g «":;i{ 4 Y o 8 with V= B : GV = hdP {:‘5}
P, v TRy R |

The volume of the microbarograph can be seen as being in communication with the pressure
outside through an air piston. When the inside pressure P increases the volume also increases.
This explains the sign of the second equation in (2).The constant & is defined as the volume
increase dV of the bellows when the pressure increases with one unit of pressure dF. The
response and the input resistance of the system are given by:

P &
J 4 e g’?:Nw:t 3)
2, &

For the time dependence a harmonic signal can be used: d/dr = iw.

L2 Y ?f” ‘o @)
P, v RV "Ry Y

The response is finally given by:

D= ! where PR )
IWR(VIY) &+ 1 P,V '

To calculate the input impedance it follows from (2) that:

5 2
Eil + }x‘%ﬁ Yyt = where P = RE +P 0)
P,y v o

Eliminating the pressure 2

RF, P, bRE, bp F

e I % Yl by 2 where P o= J%F£ f’é {7
P, P, v v v
After division by F, and d/dt = jw and using (3), the input impedance is given by:
- o
O= LI (8)

(Vi @
The negative sign of the impedance £21s due to the choise of the sign of ¥, It is clear that the
impedance is the sum of a resistance R and a complex volume term. If b is set to zero, it
follows that the volume term is given by:

i ,
{

2, = (9)
Y odwviyie,) Y
This term is identical to the more usual formulation:
) , 2
L, = - L. ! - g where ¢? = y-2 (i
wC jeVipe?) iw(ViyP ) o

To determine the frequency band to which the adiabatic or isothermal theory applies,
experiments can be performed like those of the classic Clement and Desormes experiment for
the measurement of y = (/C, in physical chemistry. See appendix VII.
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Appendix IT  Determination of the acoustic resistances

The acoustic resistance is defined just like Ohm’s Law £ = V' /7 -

P
R = . 1
dvide (b

R, is the acoustic resistance, P is the pressure differcrce across the resistance and @v/di is the
volume velocity. The measurement of R, involves determination of £ and dv/dr.

The measurement of acoustic resistances follows the same procedure as the classical
experiment in physical chemistry for the determination of gas viscosity. Figure All 1 shows
the instrumental set-up after Grover (1971). In the experiment water from a reservoir is fed
with a slow but constant flow into the expansion volume through the inlet valve to generate a
constant pressure by which air escapes through the “device under test”, This can be a porous
hose or a capillary inlet port. The water reservoir is set a few meters higher than the water
level in the expansion volume to generate a constant water pressure at the inlet valve, By
lowering the water reservoir below the water level in the expansion volume, the experiment
can be performed with underpressure instead of overpressure. The set-up with water from a
reservoir is to ensure a constant temperature in the experiment since the water is allowed to
settle at room temperature.

Device under test

Expansion
Volume

Warer level

inlet valve

Figure A1 1.
Instumental set-up for the determination of acoustic resistance.

[
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The equipment can measure the volume velocity by timing the volume change with the aid of
the graduation on the expansion volume. The pressure 1s measured with the U-tube
manometer.

From the theory (Moore, 1972) it is well known that for gases capillary flow in a the is
described by Poiseuille’s Law, which is given by
av  EPSPYat

; 2)
dt ieine,

av/dt is the volume velocity measured at pressure Py, P; and P, are fore and back pressures
respectively, 7 is the viscosity of air (182.7 micropoises at 18 “Cy. a is the radivs of the
capillary with length /. In this experiment P, is equal to P,. With P = Pr-Prand Py = P,
equation (2) becomes:

dv zPa”  mPiat  gpa’ £ o
,.m...n.m jond . ol - ; fig - I } {3}
di 2in i6inp, 8in 28,

The second term is small for acoustic pressures. Within the limits of small pressure
differences P the equation reduces to the familiar Poiseuille value for incompressible fluids:

Toavidt gt =

In figure Al 2 the experimental results are plotted for a porous hose (Soaker Hose made by
Hoze Lock or Gardena) of 1 meter length and an inside diameter of 12 millimeters, The
results for a 5/8 inch hose (by Moisture Master) indicate a lower resistance.

4048

2400 ’ /

2000

oo

FPressure difference in Po

)

£ Y 2¢ kL4 £ 34

Volume velocity in om’ss

Figure AIl 2.

Pressure difference versus volume velocity o determine the acoustic
resistance of a porous hose with a length of 1.0 m and an inside diamerer
of 12 mm felosed civcles). and 16 mm (5/8 ink fopen circles) .
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Figure Al 2 clearly shows a quadratic dependence instead of the expected linear dependence.
Note, however, that a porous hose has a distribution of complicated capillaries that constitute
the acoustic resistance and has not single straight capillaries. So a purely parabolic velocity
profile across the diameter of the capillaries, as simple theory proposes, might be disturbed.
Furthermore, there is a pressure drop as a result of fluid velocity given by Bernoulli’s Law:

ap =

£ (dvidy* (5
S i

This quantity is known as the kinetic energy correction (Schoemaker et al., 1967). In practice,

4P is subtracted from the overall pressure difference 2. This is the main contribution o the

quadratic dependence between the pressure difference and the volume velocity.

Finally the above theory assumes laminar flow. It has established empirically that for a long
round straight tube laminar flow is observed when the Reynolds number does not exceed the
alue of 2300. In this case the Reynolds number Rey is defined as:

dv,, dv, p éj;ﬁ

|14 # wd 1

In which d is the tube diameter, v__ the average air velocity, o the density, 7 the dynamic
viscosity, vthe kinematic viscosity and 7, the volume velocity. For small d or for high volume
velocities the flow can easily be turbulent instead of laminar,

From figure AIl 2 for the 1 meter porous hose (12 mm) the acoustic resistance &, at low
pressure was measured as 3.8 107 kg/ ms, in cgs-units: 380 acoustic ohms. At 1000 Pa
pressure difference the resistance is of the order of 500 acoustic ohm meters, Measurements
were also performed on wet and moist porous hose in order to estimate the decrease in
porosity due to the water content. The resistance increased from 380 to 620 acoustic ohm
meters in a moderately wet situation. For the 5/8 inch hose the resistance was measured as
100 acoustic chm meters.

Higher overpressure results in larger resistance. so non-linear etfects will be important. As
explained above this effect is caused by the air veloci ty through the capillaries. When a certain
resistance value can be obtained in different ways, the non-linear effects can be diminished by
using capillaries that are as wide and long as possible to lower the average air velocity, Note
that in the differential pressure barograph the leak resistor between the two volumes in this
instrument can be a source of non-linearity,

Other methods of measuring porosity are described in Zwikker et al. (1949), including a
method with 2% accuracy based on an analytical balance (Leonard, 1946),



Finally, special attention is given to gas viscosity. Air has the property of being compressible,
Theretore the equations that deal with gas viscosity are slightly different from that of
incompressible fluids. Derivation of the equation for gas viscosity in & narrow tube starts from
Poiseuille’s Law for an incompressible fluid:

d _ wa’ (PP )
dt  &n i o
The molar rate flow (roles per unit of time) is given by:
dn Podv Pomat  dr. wat APy ,

dt RTdt RT 87 dz. 16nRT  d

with PV = nRT. The distance along the tube with length / is denoted as z. In {8} the third term
with dP/dz is the differential pressure drop along z and is derived from (P P in (7).

Since conservation of matter requires that the mole rate of flow be constant along the tube,
d(P?)/dz must be constant in the last section of (8). Accordingly we can write:

apy) (PP o
dz H
With this we obtain:
dn  F(PIF e 10y
dt 161nRT

When the volume velocity is measured at pressure 7, , the reverse operation as in {8)is
followed. Then going back volume velocities:

. mP P alt
v, I (1

dt 6inp,

Using this, the equation for gas viscosity is derived. In practice the quadratic term is small
compared to the effects of flow velocity as described with Bernoulli’s Law.

Leonard, R. W, Simplified Flow Resistance Measurement,
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Appendix HI  drray responses of riangular and square arrays leaving out one element

The following illustrations show array responses of triangular and square arrays leaving out
one element. The objective is to show the better performance of square arrays in this respect.

1.0
noh
8.8
~S. g
dwan ” - 26,6+ b .
~§G.5 ~E @i 5.4 H R -i6.8 -5.8 (IR N fcR 4
Figure AT 1. Figure AIH 2.
Response of triangular array minus the corner element. Response of squure array minus the corner element.
# T L2
® # t B
Flgure AN 6.
Arvay layouts for a square (left) and a triangular array
{right}. The smallest distance between the array
elements is the same jor the two configurations.
The open civcles represent missing elements. The arvow

6.0 i ee +e foa Indicates the smallest distance between array elements,
. . fne this exomple the smallest diviance is 1000 m.

Figure A1 3.

Kesponse of triangular array minus the centre element,
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Figure 411 4, Figure AIIT 3
Response uf a complete friangular arrav, Besponse of o complete square ovray,

The above figures show various responses of arrays that can be used in an infrasound
detection system. Figures AIll 4 and Al 5 show the responses of the complete triangular and
square arrays respectively. Figures A {, AIIT 2 and AIlL 3 give the responses of triangular
and square arrays with one element missing. The figures A1l 1 through AIIL 5 all plot the
power of the response versus horizontal slowness in s/km along the axes. All TESPONSeS are
calculated for a wavelength of 3 km or a frequency of 0.11 He, Frgure AL 6 gives an
overview of the array configurations. The smallest distance is 1000 m.

There is a trade off between the slightly better resolution of the triangular array and the lower
performance when one element is missing. In all cases the proposed arrays have rather poor
responses due to the very limited number of elements.

In an array two distances are important. The smallest distance between the array elements
determines the distance between the main lobe and the side lobes, The largest distance in the
array determines the resolution of the main lobe. In any comparison between arrays there is a
choice leaving one of the two distances the same. This arcument also colors the discussion on
how large an infrasonic arrays must actually be, When the number of elements is fixed to four.
alarger array will enhance the resolution while at the same time the side lobes are found at
lower values of slowness. The whole pattern of the array response is reduced. The pattern is
shaped by the product of wpr.

For example, in figure AIIL 7 the response of a six-element array is depicted. A full discussion
of these types of arrays is given by Haak {1996). It is clear that a six-element array has a better
separation between side lobes and the main lobe irrespective of the overall dimension of the
array. Figure AL § illustrates the array configuration,
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Appendix IV Short theory of sound propagation in tubes

In this appendix the simplified theory of sound propagation in tubes with rigid and non-heat
conducting walls is given. It is assumed that the particle velocity is the same over the entire
cross-section of the tube, i.e. plane waves, that the friction is proportional to the particle
velocity and

that the diameter of the tube is considerably less than the wavelength, This derivation follows
Rschevkin (1963},

Consider a small volume element dv = Sdx bounded by two planes x,and x, = x, + dx.
Traversed by a longitudinal sound wave the layer of particles with coordinate x, is shifted by a
quantity £ See figure ALV 1 for details,
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Figure AIV i.
Longitudinal particle displacement inside a tube.

The wave equation of sound propagation can be derived from the forces that are present in the
process. The inertial forces are given by the mass and the acceleration of the volume element:

:}2
e (1)

el
gt~

Fo=pdxS

The frictional forces are assumed to be proportional to the particle velocity:

aof 8u I :
F o= rﬁszm ro= 1 Poiseuille ; r = f,?p;m} o Stokes-Helmholiz (2}
° [eis 2" & o

The parameter r is the friction coefficient. The Poiseuille dependence of » is applicable to
small diameters or low frequencies. The Stokes - Helmholtz dependence of r is applicable to
large diameters or high frequencies. The tube radius is o
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The force due to the difference of pressures on both sides of the volume element amounts to-

e g P g, .
X

The pressure can be rewritten in the assumed adiabatic process with the following relations:

v a& 7 7oy .
g} AT T K ,,.:.;f« ; & o }/'F§3 s ;*i}{: - : }f R o {%}
dv O K Vodp '
For a gas the bulk modulus is indicated by &, P, is the static pressure and ¥ is the
compressibility. The total force on the volume element can also be written as:
S
F =& K2 Ay {5}
Juy i ,
X

Now the equation of motion can be derived taking into account both pressure and frictional
forces. For the moment thermal effects are neglected. The equation of motion is given by:

:;2 x ) 33 re )
pSAxZE s Ax % - k5 4L -y )
ot ot Jx ¢ 4

In order to get an equation per unit of length (6) is divided by 4dx: to get an equation i terms
of pressures instead of forces (6) is divided by §:

-3 - ol

[ [ 27y P
Pt T g

ot ot Ox ¢

In order to get an equation in terms of volume fluxes £, (7) is differentiated with respect to

time and the equation is again divided by §;

P 1 kO, ®

S ot S 8’

This equation can now directly be com pared to the Telegraphist’s Equation, see also
appendix V, given the expressions for » and « -

y g o 2 2
LIL, 8 pe’ FF N
8 3% pgt Ot S o? (9}

The analogue expression for an electronic circuit reads:

I o il
G It O Oy 3

The volume flux f'can be associated with-an electric current £, The parameter A is the
inductance per unit length, the coil in the circuit or the inertance per unit length in the
mechanical representation. R is the resistance per unit length. ' represents the compliance per
umit length, the condensator in the circuit,
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The same type of equation applies to the pressure of the system. Starting from particle
displacement we can go 1o volume flux with:
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or to pressure with:

k% (12)

p= K
ox

S0 the equation of motion in terms of pressure reads:

2 w1 &
gf}‘ < i {,3 (jﬂ;_z; £ ’

The tollowing relations are derived by comparing equations (9) and (10):

& : 2
A = «@ " B = Ww’fiw N Mfi e mg'.}.ﬁ% { ‘z 4}
s wa* ¢ 5 )

The solution of the equation of motion is a wave:

oty -
¢ gwg“’ e (1%

Ra

where ¢, is the particle velocity, [7is the propagation constant and @ is the frequency. ["can
be written as & + {f. The real part characterizes the attenuation of the wave amplitude per unit
path length and is known as the damping factor. The imaginary part is the wave number,
which determines the phase speed, hence in tubes dispersion oceurs. Ican be found with
equations {15y and (12}

I'=\pr +iwp fiw/K) {16)

For the pressure wave in the tube moving to the right we find using equations (7) and (12}

- ot b PO ’
pix g = ;ﬁ;fﬁ@ﬁmm rriwp 5 pp =z ; z= %J{) a7

Since this equation contains the pressure and the particle velocity, (17) also defines the
specific acoustic impedance (pressure/particle speed).

In part reproduced from: Rschevkin, S. N., The theory of sound, Pergamon Press, 1963.



Appendix V. Theory of electric transmission lines

Consider an electric transmission line with distributed inductance £, capacitance () resistance
£ and conductance (7, as given in figure AV 1. The voltage and current changes across the
line element length dr are: {Telegraphist’s Equations)

i:,i o »{(i’ﬁ ~RE= (R v i@l)¥ f:{ m o im GV G Y {13
ox ot o ot '

When harmonic dependence of time is assumed ¥ and 7 are given by
Vs et I=1e {2)

&

Eliminating ¥ (or /) in equations (1), the second order differential equations are obtained:

3y - / — .
i - = 1T with I'= J(RATWLIG +wC) (3
ox”

{7is the propagation constant. The solution of {3) is given by:

I T »
@x - {Ag "‘t??!f%“ ggx;x}@zwz }r . {/g? ?’ E‘{' ) gmh‘ 3;4;;3

The solution for the current J is found by using the solution for ¥ and equation (1}, Zis the
characteristic impedance of the transmission line, defined as the ratio of voltage and current;

7 o Rriwl (5}

Bk L%

oa| | == ca

Figure AV 1.
Tramsmission e elesent,

See also: Carter, G. W, and A. Richardson, Techniques of circuit analysis, Cambridge, 1972,
and Owen, G. W, and P. W. Keaton, Fundamentals of Electronics, Vol. I, p 254, Harper
International Ed., 1966.
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Appendix VI Noise reducer response

In this appendix an alternative to the theory as put forward by Burridge (1971) is presented.,
The theory describes a complete microbarograph system. The two alternatives differ in
approach. Here a theory is given that treats specifically one arm of the noise reducer, together
with the other side branches and the microbarograph. The caleulations are somewhat more
consistent with standard theory and calculations of porous hose with a continuous inlet are
made easier. In figure AVI 1 an overview is given,

Figure 4VI 1.
Acoustic scheme of the microbarograph and noise reducer,

The first step is to caleulate the pressure inside the tube as a result of one unit harmonic
pressure outside. This outside pressure is applied at a distance /, from the microbarograph
inlet and it is assumed to be limited to one meter in length. In a continuous system no discrete
inlet ports exist as is the case in the Burridge article:
Z, |
P o= (H

H #3 -
R +Z
i H

In this equation 2, is the pressure just inside the tube, P, is the external pressure, Z, is the total
impedance at this point just across the point of entry defined by /, and /, which add up 1o 4.
The impedance R, is given by the porosity of the tube. In this study it is determined as

380 cgs acoustic units for one meter (see appendix I1). The total impedance Z, is given by the
impedances of the two branches of the line to the left and to the right from R, both

terminated with their own terminating impedances:
A
- i
‘5; B - .2 »
VARV

i 3




£, and Z;, are the two impedances of the two branches of the noise reducing structure as seen
from the point of pressure input. Both impedances are terminated with characteristic loading
impedances. Z, depends on the impedance Z, of the tube itself, the propagation constant /" and
a infinite impedance terminator when a stopper at the end is applied:
cosh{l1)
2 s
3 s "
; ? gmfz{f;’z}

Por the other branch of the noise reducer arm the calculation is more complicated, it involves
not only the input impedance of the barograph &, but also the loading impedances Z,, of the
five other branches of the noise reducing structure:

Zysinh(L'1y+2Z, cosh(l'l})

LY Zycosh(II )+ Z, sinb(] 1) "
£, is given by:
27,15 cosh({'l)
g; - £ ; % " B Z’{} et {5}
O AN g sinh{d1) ’
B §
Now P, is set to be 1.0 Pa. Then via (1) P, is given. Afier that P, can be calculated via:
. EG L2 t 1
P,=P feosh(L] )+~ sinh(11 )] )
gi
Finally :
A4=DP, ; Resp= 4 (73
' 1.0 Pa )

D is the response of the microbarograph itself as given in appendix I and 4 is the response of

the complete microbarograph system to a unit pressure pulse at the input of the system. In this
formulation it is dependent on the distance /, from the microbarograph. It is also a function of
frequency.

With the reciprocity principle the response of the system can be caleulated to plane waves as a
tunction of slowness and azimuth. The response function A of the microbarograph and noise
reducer is given by:

Afw,py = [@{E{‘m&_ﬁ} e 'PTEE  with P !

ny
The integral is taken over the porous hose section of the noise reducer {nr}, ¢ is the speed of
sound in air, p is the slowness vector,

(5)

o
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Appendix VIL  Experiment of Clement and Desormes

This classical experiment in physical chemistry can help to determine at what frequency the
adiabatic regime changes over to the isothermal regime. In short this experiment measures the
C/C, ratio by a three step process. First a volume of gas is given an overpressure. The second
step is a fast expansion during which the temperature changes. The third step is a slower
equalisation of temperature. In this step the temperature is monitored by the pressure of the
gas.
For a reversible process under adiabatic conditions, the energy change of a gas is given by:
dE = ~pdV (1)
For a perfect gas the equation of state for pressure p and volume Vis:
pV=nRT &)

The constant K is the universal gas constant, » is the number of moles and 7 the temperature.

While £ for a perfect gas is a function of temperature alone, the energy change is given by:
dE = C dT (3

In which C, is the heat capacity at constant volume. Substitution of equations (2) and (3) in
(1) will resultin

. 2
Cv£§ =~ R ﬁ; (4)

After integration and changing the extensive parameters to: ¢, = (', /nand v = ¥/ n. The
following relation is obtained:

7, v,
R O (5
T, v,

This equation is fundamental to the experiment.

Now the experiment can be carried out. First the volume v, is given a pressure of P, and is
allowed time to stabilise to temperature 7). In the second step the gas is expanded
adiabatically and reversible to a pressure P,. The state of the gas 4 will then change :

A {}}1 3‘?‘,;?}) - A {FZ’VZ’?“«Z“} {g}}
Now:
T P,v
2 FERS .
A . 4 {7}
I, P,



Substitution of {7) into (5) gives:

2, e *R v, ¢ v,
Rl SR R A (%
£, &, v, e, '
with for a perfect gas:

6 =€, *R ©
In the third step the system is given time to adjust to the ambient temperature 7, and the
temperature is measured by monitoring the pressure at constant volume:

A(P, v, T,) - 4 (£,v,.7,) {10
Now applying Boyle's Law to the first and the third step both at temperature 7

v, P ;

vy
Insertion of (11} in (8) gives:

£ 7 nP ~n P,
Yin—=-in—2 ; y=—t 2 (12)
P P, af,~lnp, o

In practice the experiment is simple when the absolute pressure microbarograph is used. The
noise reducer tubes inlets of the barograph are closed except one. A piston is attached 1o the
inlet such as a syringe. With this the pressure step can be generated. When the pressure is
changing from P; to P, the time response can be measured and can be fitted to the function ¢
(see figure AVIL 1), The time constant is /. 1t is essential that the microbarograph is free of
any leaks.

p?
™~
r T
3 s,
£
Yime
Figure AVIF 1.

Pressure vs time in the Clement and Desorme experiment,

in part reproduced from: Shoemaker, D. P., and C. W. Garland.
Experiments in Physical Chemistry, p 61- 67, 2ed., McGraw-Hill Kogakusha, Itd., 1967.
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Appendix VIITL Wave propagation in a closed flexible tube

When a pressure wave is travelling through a flexible tube, the walls are responding to the
pressure with a change of the radius. Derivation of the equations for wave propagation in a
flexible tube starts with the electric analogue of an acoustic transmission line with the
differential equations for pressure and volume flux

“{ifi ke ”i%—i ~ }‘g};“ ““{f%‘ + a‘{ﬁ},}j ::w =

Uy ot eiy

H

elastic tube there are two contributions to the transverse flux £ an elastic contribution of the
tube wall and an inertial contribution of the moving mass of the wall.

Focussing on the second part of (1), describing the fluxes f per unit length, an expression can
be found for the yielding of the tube by the inside pressure p. If the stiffness of the tube wall
K, 1s defined as:
&
. v {2}
The cross-section of the tube i3 8§, so K, is the ratio of the pressure change and the fractional
change in cross-section. The volume change over a short length of tube dx is:

av = duds = &5 3)
K -

Differentiation with respect to time and notation per unit length result in an elastic flux:

“few s op 8

e f&; p { 4
oix K, o K ‘ A)

The complex elastic admittance per unit length ¥, is therefore given by:

of Jox L
—— =L iw (5)
; K (5

¥ =

[4

So equation (1) can read with Gp = 0 and including the compressibility of air:

oa L1 Op )

= F St (6)
ox et Koot

The inertial contribution due o the moving mass of the tube wall can also be calculated. In

this example a constant wall thickness d,, of the tube is assumed. The complex inertial

admittance per unit length ¥, is given by:

e

oY 2R ) . .
COffox AT sna 1 (2mal 4nS 7
o » dw{)gigi d.piw m i@ i )
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The density of the tube wall material is g, a is the radius and m is the mass per unit length,
The numerator of (7) is the volume change with time per unit length. The denominator is the
inertial force per area; the inertial pressure.

Going back to (1) Gp = 0 can be replaced by the reciprocal sum of the two contributions:

ysyi . ; -§
TP iWS(K ~maidn)p %
Lt

In this approach the damping of the second order system is neglected. It can be reinstalled by
introducing a term proportional © p, since damping involves a force proportional to volume
flux £, Equation (8) introduces a resonance frequency with the value:

, K A7

wﬁ» oy

9)
i

The resonance frequency should be higher than the frequency range of interest, otherwise the

response of the closed tube will be far from flat. In any case the elastic vielding of the wall

will result in a slight dispersion of the transmitted wave.

Since there are now two stiffnesses involved they can be described together, 30 Cin
equation (1) as defined in equation (6) can now also be written as:

* 2 >
5 wi & . > s e’ e
C, = — with @ = W) o (o
pe’ wl-w’ midr

Where @, is the resonant frequency of the wall stiffened by the air inside. For frequencies
between @, and @, the propagation of acoustic waves is strongly attenuated.

With soft tube, such as silicon tube, the resonance frequency is usually higher than 50 Hz. In
this case no substantial effects of the wave propagation can be seen for frequencies lower than
10 Hz. However, note that, the phase velocity of closed pipes and hoses is lower toward lower
frequencies.

The stiffness of the tube wall K, was measured for a silicon tube of 12 mm inside diameter
and a wall thickness of 2 mm. The method used was to fill the tube with water over a length of
one meter. The pressure applied to the hose was + 50 hPa, the fractional change of fength of
the water column equals the fractional change of the cross-section, since the water volume is
constant. The stiffness K, was measured to be 2.0 10° Pa. This is in good agreement with the
value of the Young's modulus £ for silicones, which is related to £, by
: gd}i’ g
P (an

¥ 2a

In part reproduced from: Morse, P. M., and K. U. Ingard, Theoretical Acoustics,
p 475 and 688, McGraw-Hill (1968).
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Appendix IX Noise reducers with a roof

Changing from experimental to observatory conditions, stability of operation is needed over
extended periods of time. The need for robust solutions to the moist problem increases. With
the introduction of porous hose this became even more apparent. In the course of several vears
we tried different solutions. At least one conclusion was that a lot of testing still has to be
done and otherwise that new ideas are often more brilliant than useful. Today we still lack a
robust and easy to construct solution to the problem of outside measurement of low level
pressures with the aid of noise reducers of considerable length. Reducers that employ
capillaries instead of porous materials are not much different in this respect. In several
systems we saw a slow change of sensitivity in time. The typical interval between
maintenance operations was one vear.

For remote parts of the world and in areas of severe climatological conditions, maintenance
operations can be a problem. Therefore any robust solution or improvement will be of help to
achieve a stable operation over the years. One such solution may be the construction of a
small roof over the noise reducer. This solution was first proposed by the infrasound group at
LDG. We propose a lower version; figure AIX 1 illustrates this experimental roof.

The roof has several advantages apart from being a shelter to rain, snow, hail and frost. The
roof structure lifts the whole noise reducer 10-20 cm from the ground and therefore avoids
direct contact with dirt and moist from the soil underneath. When the roof structure is lifted,
higher the stronger winds will introduce excess noise. The roof structure is also a protector
against small animals such as rodents. Porous hose and flexible closed hose are both
vulnerable in this respect.

Apart from the mechanical protection described above the roof is also a good radiation
regulator. In sunny weather the roof protects against direct heating by solar radiation and on
nights when the sky is clear it prevents excessive cooling by radiation from the noise reducer
itself. In this way a milder micro climate is created around the noise reducer.

Figure AIX 1.

Impression of a roof over a noise reducing structure, Only the roof and the support of the
hose continue all along the porous hose T. Other parts, such as the grownd spikes and the
roof support wires are present al intervals of one meter.
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Appendix X Circular noise reducers

Cireular noise reducers are described by Grover (1971} and Burridge (1971). Both authors
core to the conclusion that circular noise reducers are a good alternative to the more
complicated Daniels line microphone. Apparently the easy construction of a circular noise
reducer was an important factor. No comparison was made at the time with noise reducers in
star formations. The length of tubing is approximately the same for a six-arm star formation
and a circular noise reducer of the same radius. In this appendix the results are presented of
the full slowness dependence of a circular noise reducer tube after Burridge. Rayleigh (1945)
discusses circular tubes with respect 1o modes, but not for a continuous frequency range.

The structure of the caleulations is llustrated in figure AX 1. From the inlet two branches lead
1o the microbarograph detector, in general of unequal length. The inlet itself is acting as a
piston driving the system continuously at a given frequency. The geometry of the system and
the propagation constant determine the overall pressure distribution as a result of the pumping
action of the piston. The inlets are leaks. The microbarograph is represented as a volume.

T,
Indes port M,M’///f“’/";;:m N\\%

~ e ,m .
\NNNM Mivvobarograph

Figure AX 1.
Schemaric leyout of a cireular noise reducer
(after Rayleigh).

In figure AX 1 the situation is depicted in a way that the microbarograph is reached along two
paths of different length B and C. The phase difference at E result in a certain amount of
interference. The pressure at the microbarograph is sensed through the resistance between E
and F. Besides the interference a pressure wave may be reflected back to D through the two
braches B and C. Constructive interference can occur when the path length is equal 1o the
wavelength. Destructive interference is noticed with half wavelength differences.

Inlet ports are attenuating the propagating waves inside the tube. Low inlet port resistances
will cause strong damping and will resultin a rapidly attenuating propagating wave in the
tube. In case of low damping a fully developed mode structure is seen at high frequencies. A
proper design should avoid ring diameters which are too large in order to have a
straightforward response of the noise reducing structure.
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The angular dependence of the sensitivity is given in figure AX 2. The calculation was done at
a frequency of 1 Hz and for a ring with a perimeter of 360 m, with 120 inlet ports , every 3 m
of 120 acoustic ohm resistance. The tube had a cross-section diameter of 50 mm. For
comparison with respect to the scale of figure AX 2: the slowness of a horizontal sound wave
is approximately 3 s/km. It is clear that the overall pattern is asymmetric. At wavelengths of
the order of the diameter of the ring the angular dependence s strong. This is in marked
confrast with a noise reducer in a star formation. At lower frequencies the pattern of angular
dependence becomes more symmetrical. For applications in an array, ring shaped noise
reducers should have their microbarograph detectors positioned identical, all in the same
direction with respect to the midpoint of the ring. This avoids systematic timing errors.

.
/«:iﬁi%ff::\x
/i/ O\
| )
| } /

o e e T : e, e LT L j?;'gg;rg . ?jr‘fb:
8.0 5 a0 58 0.8 . L .
Symemetry of a civeulor noise reducer.
Figure AX 2.
Power of the response function of a circulor noise
reducer. The horizontal and vertical axes are two
components of horizontal slowness in s'km.

In figure AX 3 the ring-shaped noise reducer is shown, the barometer is attached to the bottom
of the ring. The axis 4 - 4" is the axis of mirror symmetry. All the physical properties have the
same symmetry, such as the pressure modes in the ring. It follows that in 4 and in 4 "there is a
pressure maximum i.e. an antinode. Of course, the other solution - a pressure node at 4 and in
A" - is also possible. This mode, however, will not produce a signal to the microbarograph;
because of the symmetry no volume flux will occur at 4. Thus the impedance in 4 is infinite.
The ring-shaped noise reducer is therefore equivalent with a reducer with two branches, both
terminated with a stopper.

Burridge, B., The Acoustics of Pipe Arrays, Geophys. J K. astr. Soc., 26, 53-69, 1971,
Rayleigh, J. W. 8., The Theory of Sound, volume 11, § 264, p. 63-66, Dover, 1945
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