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Preface

This report is a continuation of the sequence of studies by Karam
(Ref 11), wilda (Ref 26), and Miller (Ref 14) on blocked and cascaded
pneumatic transmission lines. The primary purpose of this thesis was
the desire to determine the transfer gain characteristics for rectangu-
lar pneumatic lines since pneumatic lines that are rectangular in cross
section predominate in the design of fluidic devices. When this study
was begun, no analyses (such as are available for circular pneumatic
transmission lines), either theoretical or empirical, were available
which predicted transfer gain for rectangular pneumatic lines. However,
it was my belief that rectangular pneumatic lines should exhibit a
transfer gain characteristic similar to those discussed by Karam, Wilda,
and Miller.

To this end, then, this study was directed. During the study I
was fortunate in obtaining a paper by Schaedel (Ref 20) which develops
the theoretical distributed impedance and admittance parameters for
rectangular pneumatic transmission lines by using one dimensional flow
analysis and is based on earlier work by Nichols (Ref 17).

Many people shared in providing valuable advice and assistance
toward the realization of this study. It is here that I wish to take
the opportunity to give special thanks to Dr. Milton Franke, my thesis
advisor, who shaird in this research by offering valuable comments and
advice, to Mr. Earl Criswell in Zone Shop No. 5 who turned my sketches

into a workable, precise test fixture, and to Mr. James Hall of the Air
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Force Flight Dynamics Laboratory who long ago suggested to me that this
1s an area which requires experimental data and study.

Especially, I wish to thank Mr. John Houtz, also of the Air Force
Flight Dynamics Laboratory, for translating the extremely complicated,
theoretical transfer gain equation into a workable computer program
which provided the outputs required. It goes without saying that my
technical advisor, Squadron Leader Ken Hebborn, RAF, provided me with
the technical background and encouragement which made this study a
reality.

Finally, I wish to thank my wife, [ for her patience, deter-
mination, erncouragement, and typing ability. Without her help this

study could not have been possible.

Charles V. Fada
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Abstract

2> The transfer gain (amplitude frequency response curve) of a rectan-

gular volume-terminated pneumatic transmission line was experim~ntally
determined. The cross-sectional dimensions of a 29.454-in.-long line
were 0.254 in. by 0.126 in., and the cross-sectional dimensions of the
volume termination were 2.396 in. by 1.205 in. Several lengths of the
volume termination (7 in. and less) were studied at mean line pressures
of 10, 25, and 40 psig. The sinusoidal driving signal was varied
between 10 and 1220 Hz.

An IBM 7094‘computer program was designed to provide solutions for
theoretical transfer gain curves of the volume-terminated rectangular
pneumatic line. The transfer gain equation, using an electrical-
pneumatic analogy, was formulated using distributed impedance and admit-
tance parameter equations for rectangular pneumatic lines based on the
work of Schaedel. Correlation with experiment showed that the theory
predicted the transfer gain usually within 3 dB and resonant frequencies
within two per cent, as long as line measurements were accurate to

4

within ¥ 0.001 in.

ix
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DYNAMIC CHARACTERISTICS OF CASCADED,

BLOCKED, RECTANGULAR CROSS SECTION PNEUMATIC LINES

I. Introduction

Background for the Rectangqular Line Analogy

In recent years scientists and engineers have investigated several

methods that describe the small signal transfer characteristics or, in
other words, the response of pneumatic lines which have no meen flow to
time-varying pneumatic signals. Iberall (Ref 10) derived the transfer
characteristics for circular pneumatic lines; however, the rigorous
solutions are extremely complex. The circular line transfer character-
istic solutions derived by Iberall have formed the basis for simplified
solutions developed by Brown (Ref 2), Nichols (Ref 17), Rohman and
Grogan (Ref 19), and more recently Bergh and Tijdeman (Ref 1). Watts
(Ref 24) developed a computer program which computes solutions to the
equations derived by Iberall, and Watts verified the computer program
solutions experimentally. Notable among the simplified versions of the
circular line transfer characteristic solutions are those by Brown and
Nichols. The equations devivad by them have been used as models for
further studies by other investigators in pneumatic transmission line
phenomena.

Papers have been published which agree very closely with the
analytical investigations of Nichols and others. Such papers include

those by Karam (R2f 11), Karam and Franke (Ref 12), Wilda (Ref 26), and
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Miller (Ref 14). Miller simplified the electrical analog model developed
py Nichols and showed that the electrical analog model could be used to
calculate the overall transfer gain of cascaded circular pneumatic
fransmission lines having differing impedance transfer characteristics.

Krishnayer and Lechner (Ref 13) have applied curve fitting tech-
niques to the equations developed by Nichols and have determined the
approximate first-order error in Nicht .s' development. However, the
first-order error is small and may be considered negligible for most
engineering purposes.

Considerable work has been accomplished in the derivations of
impedance transfer functions in the very high frequency range for
pneumatic lines having rectangular cross sections. Included among
these works are discussions and investigations by Lord Rayleigh (Ref 22),
Hartig and Lambert (Ref 7), Moore (Ref 15), Morse and Ingard (Ref 16),
and Stephens and Bates (Ref 21). During the nineteenth century, Lord
Rayleigh developed the wave equation solutions for a pressure disturb-
ance propagating through a rectangular tube. However, Lord Rayleigh's
solutions are limited in the respect that only those frequencies above
a cut-off frequency in the disturbance are considered to propagate
through the rectangular duct. All frequencies in the disturbance below

the cut-off frequency are assumed to decay exponentially. The cut-off

frequency is defined as:

f_ =<, (1)

where ¢ is the speed of sound in free air, and b is the width of base of

the rectangular duct (Fig. 1). Therefore, the solutions derived by
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Lord Rayleigh develop the very high frequency transfer impedance char-

acteristics for pneumatic rectangular lines.

Fig. 1. Rectangular Line Dimensions

Schaedel (Ref 20) derived the low-frequency impedance and admit-
tance transfer characteristics of rectangular pneumatic lines having
no mean flow. He linearized the basic three-dimensional Navier-Stokes
equations by assuming time-varying, very low level pneumatic signals.
He based the velocity distribution in a rectangular duct on a paper by
Ebert and Sparrow (Ref 4). The equations derived by Schaedel are
similar to the transfer characteristic equations derived by Nichols for

circular pneumatic transmission lines.

Objectives

Integrated fluidic circuits are connected by ducts having rec-
tangular cross sections. To adequately describe the transfer functions
for individual fluidic elements, it is necessary to determine the
transfer function of the inter-connecting ducts. Schaedel (Ref 20)

has derived analytical solutions of the impedance transfer functions
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for rectangular pneumatic lines. However, these solutions have not

been tested experimentally. Therefore, the following objectives were

selected:

(1)

(2)

(3)

To program the transfer gain characteristics of cas-
caded rectangular pneumatic lines using the dis-
tributed impedance and admittance equations
developed by Schaedel as a model for the computer
program.

To construct a cascaded rectangular line and experi-
mentally determine the transfer gain characteristics
of the cascaded lines terminated in a blocked line.
To compare the experimental data with the analytical
parameters determined by the computer program solu-
tions, thus verifying the pneumatic transmission line

theory developed for rectangular lines.
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II. Theory and Approach

Miller (Ref 4) treated the volume terminated line as a system of
lines comprising a series of lines in cascade ending with the volume
termination. Since Miller's approach proved valid for the lines he
studied, it appeared appropriate to base the theoretical approach in
this study using the same method as Miller. For the purposes of this
study, the volume terminated lines were treated as cascaded lines
having distributed impedance and admittance parameters with the volume

termination treated as a blocked line in the series.

Schaedel's Rectanqular Transmission Line Theory

Schaedel_(Ref 20:35-41) derived the rectangular pneumatic trans-
mission line equations using the electrical-pneumatic analog such thaf
voltage is analogous to pressure and current is analogous to volumetric
flow. The derivations parallel the circular transmission line equations
derived by Nichols (Ref 17).

According to Pai (Ref 18:80), no closed form solutions to the
Navier-Stokes equations are known to exist for the compressible flow
through a rectangular duct. However, Schaedel linearized the Navier-
Stokes axial velocity distribution equation using a series solution to
the velocity distribution equation for rectangular ducts developed by
Ebert and Sparrow (Ref 4:2). Thus Schaedel develops the distributed
series impedance parameter per unif length of rectangular pneumatic
line by integrating the velocity distribution function over the area

and solving for the pressure crop per unit length. In his derivation,
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Schaedel specifies the distributed series impedance parameter Z; to be

(Ref 20:38):
2= & 5,7 (2)
A”a
where
) 1 T'—w
tanh| = + 3a.
Suy) = ), o [1- an {a o éa.“,’v}] (3)
1=) 93(ey + Jagl) -]4,,/012 + jall
a "’v

m, 1=1,2,3, ... (3a)
Thus Zé contains frequency dependent real and imaginary terms, i.e.,
! = v

Zg Ré(u? + JLg (w) (4)

N
Schaedel used a similar method to solve the energy equation so thet

he could define the distributed shunt admittance parameters for rec-

tangular lines. The shunt admittance is specified to be (Ref 20:41):

2aw2eAly-1)5 (wr)

Ye + juweA (5)
WY
where ® e
tanh{lv/ a2 + jau
Sluy) = ), ——3 et Sl I

%,/ af + jai%

=21 -1
Gi 5

ﬂ’i=1,2,3,oon (63)

Therefore, Yé contains frequency dependent real and imaginary terms:

L= Gé(u) + jCé(w) (7)
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The characteristic frequencies v, and Wr defined by Schaedel are

v, = & (8)
and
=2y (9)
Yr )

These characteristic frequencies differ by 2n from those defined by

Nichols (Ref 17:8), wheres

= 2nw

W =
Y(Nichols) Y(Schaedel) (8a)

w = 2n (9a)
T(Nichols) wT(Schaedel)

Rectanqular Line Transfer Gain Equations

Once the distributed impedance and admittance parameters are given
per unit length of rectangular pneumatic line, the electrﬁcal trans-
mission line analog may be used to solve for the transfer gain charac-
teristics of a rectangular pneumatic line. From the telegrapher's
equations as described in Ware and Reed (Ref 23:71-108), the character-
istic impedance Zé is shown to be:

zy = |%s (10)

¥s

and the propagation constant T, where
t = ] ! =
r stvs a, + 38, (11)
For a blocked pneumatic line the transfer gain is given as:

G,n = 20 log,n|—L__|dB (12)
e 10 coshI™ x



1l

A

GE/ME /68-3

where x is the distance between the receiving transducer at the point
at which the line is blocked and any other point on the line. At any

point in the line the input impedance is

[ ZLcoshI‘X-l'Z sinhIX ]

coshr‘x-l-ZLsin hr'X

(13)

For a line terminated in a load the transfer gain has been shown to be

(Ref 14:74)

6® 2K oosiily - .zi sinhl'x -~ (14)
Zix ZO

Guillemin (Ref 6:374) and D'Azzo and Houpis (Ref 5:146) show that the
transfer gain for a series of lines in cascade is the product of the
individual gains, i.e.,

{

! Gy =6, * Gy "Gy o Gy ~(15)

Therefore, it can be shown that the gain between any two points in a

cascaded line is (Ref 14:75)

6= TH[Ztar) Fung)eoshlyny 2y (34y) (yyy)sinhry 1417 (16)
1 211%y Zo4

For the nth line, Eq (14) holds. The capability to calculate the trans-
fer gain characteristic for a pneumatic line is perhaps the most useful
analytical tool for an engineer to use because the transfer gain char-
acteristic is the equation which is easiest to verify experimentally,

by taking pressure measurements at various points in the line where
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PJRMQJ CUTPUT

GdB =20 log10

p(RMS) INPUT

and comparing with the analytical solution:

= 6| &3°

D
1

where
and GdB =20 loglo|G|

ard where © is the phase shift in the line.

(17)

(18)

(19)



ITI. Experimental Apparatus

The test system was bavically similar to the apparatus used by
Karam (Ref 11), Wilda (Ref 26), and Miller (Ref 14). The apparatus
consisted of an electro-pneumatic signal generator, sending and
receiving dynamic pressure-measuring equipment, monitoring equipment,
and the rectangular transmission line under test (Fig. 2). With the

exception of the test line, the equipment is commercially available.

Electronic pa. y f 1
Counter | Wave Charge
Analyzer Amplifier Oscilloscope
Linear E f |
Amplifier
Pneumatic r;s pr?: =
Signal | _Tranzducer
Generator Wave ]'
v b Analyzer
acuum Tube T- Bleed
Voltmeter Orifice
- Pneumatic
Driver CASCADED LINE
Pressure P, Pressure
Air Supply I~ ‘Ip’- £
pp y TranSducer Transduc‘_r
DC Milli- Charge u
voltmeter | Amplifier

——

Fig. 2. Schematic Diagram of Experimental Test System

10
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The Pneumatic Transmission Line

The pneumatic signal generator was connected to rectiangular trans-
mission lines in cascade by a sending fixture containina a bleed orifice
(Ref 26), (Fig. 3). A short length of 0.170-in. ID Imperial Eastman
Poly-Flow tubing connected the sending fixture with the rectangular
line (Fig. 3). The transition from the circular line to the rectangular
was made at the entrance to the rectangular line. The entrance tran-
sition was located about 1/2 in. ahead of the sending dynamic transducer
port. For flowing lines, Eckert and Irvine (Ref 5:27) have shown that
for a rectangular pneumatic iine having a 0.17-in. hydraulic diameter
and a rounded entrance transition, the pressure drop is nearly constant

when the entrance transition length is greater than 1/2 in. The sending

Pneumatic Driver
B - Sending Fixture
C - Bleed Orifice

D - Static Pressure
Transducer (q)

E - Connecting Line
F - Transition Region

G - Dynamic Pressure
Transducer (Ps)

==

| * Fig. 3. Sending Fixture and Pneumatic Driver

(Ps) and receiving (Pr) dynamic pressure transducers and the transducer

ports were contained in the test fixture. Provision for additional

11



Pneumatic Driver and
Sending Fixture

Dynamic Pressute
Transducer (Ps)

Test Line

Dnamic Pressure
Transducer (Pr)

Termination Volume

Liquid Fiil Tubing

Fig. 4. Rectangular Line Test Fixture

ports was made in the line design, but they were not used in this study.
(See Fig. 4.) The dimensions of the transmission line and terminating
volume are shown in Fig. 5, p. 13. The volume termination was designed
so that the volume could be changed by filling the volume with a liquid
through a fill port located in the bottem of the termination (Fig. 6).

Mercury was used in the series of experiments.

Pneumatic Signal Source

The pneumatic signal source consisted of an electronic signal
generator, high-power amplifier, an electro-pneumatic signal generator

and the sending fixture (Fig. 2). The electronic signal generator

12
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contained in one of the wave analyzers developed a sinusoidal voltage

which was amplified by a linear amplifier and then by a matched-gain,

Pressure
Transducer (Pr)

Volume
Termination

Liquid Level
Base Plate

Liquid Fi1l
Tubing

Fig. 6. Volume Termination

push-pull amplifier in the pneumatic signal generator which in turn
drove a piezoelectric flapper valve in the pneumatic driver head.

Since the pneumatic driver functioned only when a gas flowed through
the flapper valve, it was necessary to provide a bleed orifice in the
sending fixture. With a sinusoidal voltage input to the piezoelectric
disc, the disc oscillated sinusoidally between the orifices, causing a
sinusoidal change (AC) in pressure to be induced on the static line
pressure (DC). The sending fixture also contained the static pressure
transducer (PL)’ which measured the line static pressure. The elec-
tronic signal was generated in the electronic wave analyzer at the same

frequency being measured at the dynamic pressure sensing port (Ps)

(Fig. 2).

14
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Dimensional Accuracy

The accuracy of the dimensional measurements is critical; this is
also discussed by Miller (Ref 14:34). The test fixture base and height
measurements were considered accurate to within 0.001 in. * 0.0005 in.
The fixture termination measurements were considered accurate to

+ 0.1 in. (Fig. 5).

The Monitoring Equipment

The sinusoidal input voltage frequency was monitored on an elec-
tronic counter. The signal voltage was monitored on a vacuum-tube-
voltmeter. The output of the static pressure transducer (PL) was
monitored on a differential millivoltmeter. The outputs of the dynamic
pressure transducers (Ps and Pr) were amplified in charge amplifiers
and sent to two wave analyzers. The wave analyzers were used to deter-
mine the fundamental frequency ﬁMS voltage developed by the charge
amplifiers. A dual-beam oscilloscope was used to provide a display of
the outputs of Pt and Pr' See Fig. 2 for the test equipment schematic.
The display was recorded on film at selected frequencies. Another
dual-beam oscilloscope was used as linear_amplifiers for the outputs
of the charge amplifiers. The outputs of both Y-axis amplifiers were
fed to the input of the second dual-beam oscilloscope, thereby per-
mitting the display and recording of Ps versus Pr simultaneously
(Fig. 7). A mercury thermometer and a precision mercury barometer were
used for measuring ambient temperature and pressure. See Fig. & fgr

monitoring equipment layout.

15
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Fig. 7. Typical Dual-Beam
Oscilloscope Display for Ps and Pr

Air Supply

The air used in these tests was laboratory shop air, which was
double-filtered and was routed through a settling tank before entering

the pneumatic driver head.

16
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IV. Experimental Procedures

The objectives outlined in Section I required that data be
obtained experimentally to determine the frequency response of cascaded
rectangular pneumatic lines. The data were required to test the accuracy
of the analytical model for predicting the frequency resporisé of rec-

tangular lines.

General
Once the tests were begun, power was left on all test equipment to

insure stability of the test measurements. Ambient temperature and
pressure readings were taken during each test run and were monitored
for change when each test run lasted longer than an hour. The experi-
mental procedures used in this investigation were similar to the pro-

cedures used by Karam, Wilda, and Miller (Refs 11, 26, 14).

The Cascaded Rectanqular Line Tests

The data for the cascaded lines were acquired by measuring the RMS
amplitude of the dynamic input pressure signal (Ps) and the RMS ampli-
tude of the output pressure signal (Pr) at selected locations along the
transmission line (Fig. 4). A computer program was used to reduce the
data by dividing the output dynamic pressure by the input dynamic
pressure and then by calculating the gain in dB. This program was a
subroutine to the general computer program for this investigation as
outlined in Appendix A.

The frequencies at which data were taken were arbitrarily selected.

For some tests data were taken every 10 Hz, and for other tests data

18
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were taken every 25 Hz to 45 Hz. However, for the majority of tests
data were taken at points where the frequency response curves exhibited
high gain and low gain, i.e., the peaks and valleys in the frequency
response curve. The data were taken at 20, 25, and 40 psig and the
results of the three runs were plotted with the associated theoretical
frequency response curve as calculated using the rectangular trans-
mission line model. A series of tests were also run on blocked rec-
tangular transmission lines and were similar to blocked line inves-
tigations by Karam (Ref 11). Discussion of the correlation of data is

contained in Section V.

Equipment Considerations

As observed by Karam and by Miller (Refs 11, 14), second harmonic
distortion was observed, particularly during the blocked line tests.
The wave analyzers were used to measure the outputs of the charge ampli-
fiers at the primary frequency being generated. The wave analyzers
were used throughout the frequency range investigated in the series of

tests.

Signal Size
The frequency was varied in this study from 10 to 1250 Hz. The

sending fixture was the same as used by Karam (Ref 11:15). However,
since there was some pressure drop expected in the connecting line
between the sending fixture and the test fixture, a new signal size
was arbitrarily chosen to be 10 volts RMS applied into the pneumatic
driver's push-pulljamplifier. This gave dynamic pressure readings

somewhat higher than those quoted by Miller (Ref 14:35).

19
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V. Results and Discussion

Detailed results of the experimental results may be found in
Appendices B, C, and D which contain the theoretical frequency response

curves and the experimentally determined data points for each curve.

The Rectanqular Pneumatic Transmission Line Model

A review of the objectives in Section I shows that a computer
program was required which provided solutions to Eqs (2), (5), and (14)
end analytical data which predicted the frequency response of volume
terminated and blocked rectangular pneumatic lines. Another objective
was to experimentally verify the gain equation [Eq (14)].

The rectangular pneumatic transmission line frequency response
computer program for the IBM 7094 is described in detail in Appendix A.
The program provides solutions to the transmission line distributed
parameters at selected frequencies, line pressures, line lengths, and
line terminations. A subroutine to the computer program provides
solutions to Eq (14) from experimental data. The analytical data and
experimental data are then plotted through a computer subroutine on
graph paper for direct verification of the theoretical data with the
test data.

Correlation of Rectanqular Transmission Line Model with
Data Presented by Schaedel

For this study, it was considered expedient to compute the dis-
tributed impedance and admittance parameters, Eqs (2) and (5) and then
compute the gain equation, Eq (14). However, the computer program was

checked for correlation with data presented by Schaedel by comparing
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the computer output data with the line wave length attenuation graph
presented in the paper by Schaedel (Ref 20:51). Since the design
aspect ratio of the test line was 0.5 or 2 depending upon how height
and base measurements are selected, the computer output data should
provide data points which coincide with the 0.5 aspect ratio curve
presented by Schaedel (Ref 20:51).

A portion of the Fig. 11 presented by Schaedel (Ref 20:51) is
shown in Fig. 9 along with data used from the computer print-out of the
solutions to Eq (11). The data was taken at selected gauge pressures
and arbitrarily chosen frequencies. Note that uybv is the freguency
ratio described by Schaedel (Ref 20:38). The attenuation per wave
length in the line is:

(a,y) = 54.575 ;_1 dB (20)

1

_which is discussed by Schaedel (Ref 20:43) and by Nichols (Ref 17:12).
The computer data used from solutions to Eq (11) provide line attenua-
tions and phase shifts per unit length which coincide with the 0.5
and also the 2.0 aspect ratio curve in Fig. 9. As expected the computer
program model provides solutions for the distributed impedance and
admittance parameters and also computer solutions for ay and ﬂl which

may be used in Eq (20).

T' e Rectanqular Transmission Line Model and the Blocked Line

rigure 10 shows a sample plot for a blocked rectangular line.
The solid line represents the frequency response as calculated by rec-
tangular pneumatic transmission line computer program, and the x'-

represent the frequency response as calculated from experimental data.
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Although the plot is similar to the blocked line plots presented by
Miller (Ref 14:39), the termination does have an effect on the fre-
quency response. During the experiment it was discovered that it was
impossible to accomplish an actual blocked line test because mercury
was foxced into the receiving transducer (Pr) with the effect that all
pressure variations at the receiving transducer (Pr) were damped out
and thus not sensed by the transducer.

In the blocked line tests, a short length of line was added beyond
the receiving transducer (Pr) to assure that mercury would not be
forced into the receiving transducer (Pr). The computer program was
designed to treat the additional length of a line as a volume termina-
tion when calculating the data to the frequency response curves.

A large deviation was found experimentally at 1010Hz but may have
been attributed in part to second harmonic distortion.

An attempt was made to duplicate the experimen-w.al test at 1010 Hz,
but not all the test conditions could be duplicated, such as the ambient
temperature and pressure. A display of the dual-beam oscilloscope was
recorded during the test and is shown in Fig. 11. Note how the second
harmonics appear to cancel the fundamental at the sending transducer
(Ps) and partially at the receiving transducers (Pr). The second har-
monic was measured for both the sending (Ps) and receiving (P,) trans-
ducers. Harmonics were noticed to occur more often for the blocked
line tests than for the volume-terminated tests. Iberall (Ref 10:92-
93) discusses second harmonic distortion caused by nonlinearities of
pneumatic lines. Excluding the harmonic distortion prcblem, the error
in gain as calculated by the computer is about 2 dB at 780 Hz, 800 Hz,

1050 Hz, and 1200 Hz. The mdximum frequency error is ebout +10 Hz at
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Fig. 11. Harmonic Distortion Display at 1010 Hz.

xl = 29.454 in., X2 = 0.592 in., X3 =0,
PL = 25 psig, Ps at 1010 Hz = 4.1 mV,

Ps at 2020 Hz = 2.45 mV, P at 1010 Hz =
10.2 mV, Pr at 2020 Hz = 2.5 mV

1200 Hz. These errors are fairly representative, as can be seen in
Appendix B. However, some scattering of data is noted, particularly
in the 40 psig plots.

As discussed in Section II, both real and imaginary parts of the
distributed impedance and admittance are frequency dependent [Eqs (4)
and (7)]. Table I 1lists some of the characteristics for a 29.454 in.
long pneum-~tic transmission line which is terminated in an additional
0.592 in. length of the same line.

By comparing the shape of the frequency response curve (Fig. 9)
with the line parameters (Table I), it is noted that for the anti-~
resonant condition of the line at 10 Hz the line capacitance is much

smaller than at resonance which is 1000 Hz. Other resonance peaks
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Table I

Rectangular Pneumatic Transmission Line Parameters versus Frequency
b, = b2 = 0.254 in., h, = h_ =0.126 in.,

1 i "R
PL = 25 psig, Temp. = 86 F
Frequency )
Line Parameters 10 Hz 1000 Hz
R, psi (1.52) (10”4 (8.33)(10”%)
$ cis
Ly» Bel-sec (6.88)(10™%) (5.91)(1072)
G, cis -3 5 -2
§r Gi8 (3.02)(10 7) (2.58)(10 ©)
psi
1+, cis-sec (3.97)(10’2) (3.66)(100)
$" psi
-4 -3
o 40 DEP (7.77)(10 ) (4.92)(10 °)
in
-3 -1
Brg? rad (5.24)(10°°) (4.65)(10° ")
Sl 7
4 4
C, 4in_ (1.198)(10") (1.35)(107)
sec
c, in (1.377)(10%) (1.377)(10%)
a’ = ] .
sec

occur at 110 Hz, 335 Hz, 560 Hz, and 785 Hz. As expected the attenua-
tion per unit length increases for increasing frequency as does the
phase velocity. The phase velocity increases from 0.872 c, at 10 Hz to
0.98 Ca at 1000 Hz. The gain peaks decrease with increasing frequency
also attesting to the fact that the attenuation is increasing with

increasing frequency. Therefcre, a blocked pneumatic transmission line
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has a frequency response curve which is similar to an open circuit

electrical transmission line. This phenomena is known as the "Ferranti

effect" (Ref 23:100).

The Rectangular Pneumatic Transmission Eine Model and the
Volume-Terminated Line

As discussed in Section YI, the rectangular transmission line ter-
minated in a volume was treated as a group of cascaded lines terminated
in a blocked rectangular line. The cascaded lines were treated as a
series of three lines. Line one was the line under test between the
sending dynamic pressure transducer (Ps) and the receiving dynamic
pressure transducer (Pr)’ Line two was the short piece of line between
the receiving dynamic pressure transducer (Pr) and transition point of
the transmission line under test with the volume-termination. Line
three was the rectangular volume-terminated line (Figs. 4 and 5).

Thus, the load impedance of line two is the input impedance of line
three and the load impedance of line one is the input impedance of

line two when terminated in line thiee. Using Eqs (13) and (14)
iteratively solves for the gain of line one. Since the equations
defining Z; and Y; are extremely complicated formulae, it can be seen
that it is practically a necessity to use a computer program to provide
solutions to the gain equation, Eq. (14). Since dynamic pressure in
the line is analogous to voltage (AC), then pressure at any point in
the line is directly proportional to the input impedance at that point.

Figures 12, 13, and 14 are typical frequency response curves for
volume-terminated lines. Theresponse curves show that the cascaded
lines interact as expected. Typically, for the 7.394 in termination

(Fig. 12) at 15 Hz the input impedance at the dynamic sending transducer

27
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(P,) 1s (6.20)(107%) - j(3.71)(1072) and the input impedance at the
dynamic receiving transducer (Pr) is (2.32)(10-4) - 5(3.62)(10-2),
resulting in a positive gain at 15 Hz. However, at 105 Hz the input
impedance to transducer (P_) is (8.94)(1071) - j(5.11)(10'3) and the
input impedance to transducer (P ) is (2.46)(1072) + j(1.88)(10'4),
resulting in a large negative gain at 105 Hz. A similar effect is
noted between 915 Hz and 920 Hz. At 915 Hz the input impedance at
transducer (P_) is (2.31)(107%) - j(8.4)(i2™%) and the input impedance
at transducer (Pr) is (5.34)(10-3) . j(3.39)(10_2), resulting in a
slight positive gain. At 920 Hz the input impedance at transducer
(Ps) is (2.06)(10-2) - j(4.8)(10-2) and the input impedance at trans-
ducer (Pr) is (2.28)(10-3) - j(1.83)(10-3), resulting in a negative
gain. These effects noted are the result of the line changing from a
capacitive input line at resonance (15 Hz) to a resistive line at
antiresonance (105 Hz). Similar effects for varying volume terminations

were noted by Miller (Ref 14:43-45) and by Wilda (Ref 26:19-22).

Analysis of Results

The experimental data agree quite closely with the analytically
computed data for both blocked and volume-terminated rectangular
pneumatic transmission lines. However, scattering of data-was obserQed
as noted earlier. With reference to Fig. 12, it was known that the
measurement of the termination point must be very accurate. To check
the possibility that the measurement may have been incorrect, the
termination data for Fig. 10 was varied plus and minus 0.1 in. The
frequency response curves in Appendix D depict the results of this

variation in parameters study. It was found that a volume termination
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of 7.3 in.more accurately describes this particular line study than does
the nominal 7.394 in. termination which was assumed to be accurate.

As discussed earlier, data scattering may also have been attributed
in part to second harmonics; however, this experimental problem could -
not be predicted in advance of each frequency tested. The pneumatic
driver was known to develop strong harmonics at about 400 Hz and 800 Hz
plus or minus 50 Hz (Refs 11, 14, and 26). A third source of data
scattering was believed to be caused by some erratic readings of the
wave analyzers at temperatures above 80°F. Most of the short volume-
terminated line experiments and all the blocked-line experiments took
place in ambient temperatures above 80°F and relative humidities in
excess of 60%.

Although time did not permit additional blocked line tests, the
results for both the blocked-line tests and the volume-terminated tests
strongly verify the theory as developed by Schaedel and which is used

as the model for the computer program.
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VI. Conclusions

1. The rectangular pneumatic transmission line theoretical model
predicts the small signal frequency response of non-flowing rectangular
transmission lines usually within 3 dB over the range of 10 Hz to
1220 Hz. In some cases the model was considered accurate to within
1 dB. The computer model was also shown to accurately predict the
following small-signal parameters for rectangular prneumatic lines:

a. .Input impedance

b. Characteristic impedance
c. Attenuation constant

d. Phase constant

e. Free speed of sound, c,
f. Propagation velocity, ¢
g. Resonant frequencies

2. The theoretical model was not designed to predict effects of
the second harmonics, which were particularly troublesome during the
blocked line tests.

3. The accurate measurement of the line termination lengths and
also the accurate measurement of the test iines are critical factors
in obtaining good agreement between the theoretical model and the

experimental data.
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VII. Recommendations

l. The rectengular pneumatic transmission line computer program
was designed to solve Eqs (2) and (5) by iterative te._niques and
further analysis should be directed toward:

a. simplification of Eqs (2) and (5) such that a computer
program is not a mandatory requirement to solve the
transfer gain equation [Eq (15)]

b. extension of the computer model study to frequencies
above 1250 Hz up to possibly 30,000 Hz.

2. This study considered rectangular lines in cascade; howevs.,
further investigations should consider rectangular line tuning devices
such as those tested by Miller (Ref 14:32) for circular pneumatic
lines. Since most fluidic devices use interconnecting channels which
are rectangular in cross section, such a study will assist the designer
in properly constructing tuned interconnecting pneumatic lines.

3. A study should be performed whi¢h determines the capability of
the rectangular pneumatic line parameters for lines very small in crosc
section, in the ranges of 0.001 in. by 0.003 in. to 0.005 in. by 0.01 in.

4. An investigation should be performed on flowing rectangular
pneumgtic transmission lines since most fluidic devices require flowing
gases for the transfer of information, and the study should include the
effects of turbulent flow. The theoretical analysis should also be

expanded to include the effects of flow through the rectangular line.
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Appendix A

Development of a Rectangular

Pneumatic Transmission Line Model Computer Program

This appendix contains the discussion on the rectangular pneumatic
transmission line model computer program. The computer program as
written by Houtz (Ref 9) solves through iteration techniques the dis-
tributed impedance and admittance equations [ Eqs (2) and (5)]. To con-
serve computer time, an approximation for the complex hyperbolic tangent

function was used. It can be shown that (Ref 25:1048)

tanh(x + jy) = _tanhx + jtany (A-1)
1 + jtanhx tany

The computer subroutine for the hyperbolic tangent was modified such
that for values of x greater than 3, tanhx = 1.0. In order to maintain
finite computations, the computer subroutine was directed to ignore

values of y whenever

y=2 ;ln,i=(l,2,3,. ) (A-2)

If y equaled odd multiples of w, then the program was directed to pro-
ceed to the next frequency for calculation. This did not occur for the
frequencies selected in the cases investigated for this study.

Once the complex impedance and admittance parameters are solved per
unit length, the computer program provides solutions to the propagat!on

constant [Eq (11)]. With the propagation constant solved, the computer
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program then proceeds to provide solutions to the input impedance at
each line, the load impedance at each line, and finally the transfer
gain equation for the transmission line undergoing test [Eq (14)].

Although the computer program provides solutions to Eq (14), it can
be modified to provide solutions to the general gain equation, Eq (16).

The program is on the remaining pages of this appendix; and the
format for the data is on the last page. The. format for the data is as
followss

Caxd 1: Casefnumber card

Card 2: Minimum gain in dB to be plotted by the Calcomp plotte.;
gain in dB per inch on the graph

Card 3: Length of transmission line in inches between the dynamic
sending transducer (P ) and the line transition point (il + 22); length
of the volume termination in inches (i3); length of transmission line in
inches between the dynamic receiving transducer (Pr) and the line tran-
sition point (iz)

Card 4: Base of the transmission line in inches; base of the ter-
minating volume in inches

Card 5: Height of the transmission line in inches; height of the
terminating volume in inches.

Card 6: Line pressure in psig

Card 7: Ambient temperature in °F; ambient pressure in inches of

2 _ OR; the

mercurys viscosity in psi-sec; the gas constant,in?/sec
specific heat ratio of airy; the dimensionless Prandtl number
Card 83 Number of data points; subroutine call identifier for the

legend to be plotted by the Calcomp plotter
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Card 9: A maximum of 44 character word printed at the base of the
graph by the Calcomp plotter :

Card 10 and on: Experimental data--frequency at which data was
takens Pr in millivolts RMS; Ps in millivolts RMS.

The ratio of specific heats for air as used in this study was for air at
40 psig, 80°F, y = 1.4065; at 25 psig, 80°F, y = 1.4047; and at 10 psig,
80°F, ¥ = 1.4029 (Ref 8159).

Information printed out for each increment of frequency is fre-
quency in Hz, R;, ;, C;, G;, s 51, Wy Wps transmission line and the
terminating volume. The transfer gain for the line undergoing test
and the input impedance Zi’ and characteristic impedance Zo for each
line are also printed out. The adiabatic speed of sound c, is printed

out for the specific case under study.

39



(TO¥V) 130S=VD
OHY/WVO#HEd=T19dV
(481%3Y)738d=0HY

*099+d41 =401
9d+1d=38d
O=N
I=0NI
1=1D1

0=9dN S
9d#216%°=9d
S 0L 09 (°02°11°9d) 41
9=14Ql
SdJ=(6)XAD8
1D30=(T1)AQD8

Nv8=(1)Xad9 ]

gel=1 % 0OQ

OIS*NYO*IYNHWY*Od*41(50T¢G)aVIY

Id(s0T¢S)AvIY

CI9HV* T19HVY(G0T*S)AVY3Y

23Svave13asvevIisoT¢g)ay3y
(0°2139) LVYWYO4 S0l

€1Q¢Z10°T11A(S0T¢G)QaY3Y
1H8Q¢0180(S0T¢G)Qv3y 2

2¢T0G6¢T10G (SVD1) 41
(2T19)1VWIOS 00Tt
SVD1(001¢5)av3y 1

(XVWN¢YLVQ)S101d 1IVD

009=XVWN

/7°0621/H4 viva

/ SdD H9/SdD Viva

/ 80 H9/1130 viva

/ H9/3NVI8 Viva

(009)VYLIVQ ¢(000T)IOWO ¢{000T)BA *(T)AQDE *(6)XAD8 NOISN3IWIA

/€681€82°9/1d1 vivd
ADIACLYXCHEW 3IYTIWOS Did8IS

GE/ME/68-3

Computer Program for

The Rectangular Transmission Line Model

Figo A-lo




GE/ME/68-3

(YYITSSAICWYOCTNNMEMS TYWS S THVCNWY S INABSTNAVEWLI )UISA TIVD
3NNILNOD
yY31¢(29¢0%) OL 09
(HYIT ¢ THOMEMS TYWS ¢ TUVCNWY S ITNZGSINZVYSWLI)IY3ISZ T1VD
(ASWLI)YOLINI VD
Axldl=M
MO+A=A__
T+N=N
*0=A
*6=MQ
*0=219HY
*0=23Svavy
*0=Z2NNM
*0=Z2NWOM
*0=2yVv
eTl=10I
. T=0QN3A
8 01-09 (°0°*3N°cIqQ) 4dI
8 0109 (°0°3N°ZIQ) dI
Z=aN3JA
Z2UVY/dW3L=2NNM
TAV/dW3L=TNNM
(9IS*#91S)/dW31i=dW3l
2YVY/dHWIL1=Z2WOM
THV/dN31=THNOM
NNV#°*H=diW3l
23SVEY/2Z219HV=2VYKWS
T3SVEVY/T19HVY=TVKWS
¥8d/*1=Sd3
Z19HVY%23SVEY=23Y
T19HY»13SVE8VY=TYV
OHY/NWV=NNYV
21Q/VO10=2Nd
11Q/VO10=1INd

<Yy

(0}

8

Computer Program for

The Rectangular Transmission Line Model

Figc A'l 3

(Continued)

41



(dW31¢Z29YVIXNISH T1IVD

(dW3L¢TOYV)IXSODOH T11VD

ZIQ#ZNV=dW3l

(YW3ILCEWILZNYZBEZNYZV)dWOLY T1TVD
(ZNASCZNAVZNZQ*2ZNZV*9YWIL1¢EWI L) AQdWD 1TVD
ZN18/1d1l=20aRWVY

(YdW31¢EdW3ILCTNL1BCZNV)IdWOLY T1TVD
(ZNAGCZNAVEZNZA*ZNZVSHdWIL S EdWI 1) dWAKWD T1TVD

. . 3NNIL1NOD
JYy3ar¢(2s¢o%) 01 09
(YYIT*SAIWYOCZNNMEME ZYIWS ¢ ZUVENIWY S ZNAGCZNAVEWLI I YISA T1IVD
INNILINOD

YYy3r¢(0g¢0%) O1L 09

(HYITCZWOME M ZYNS ¢ ZUV S NNV ZNZEZNZVEWLI 1 ¥ISZ 1TVD
. . %6 01 09
(BWILCLWIL*HWILCEWILCZWILCTW3L)AQAWD T1TVD
*0=9W3lL

*TI=eW3l

(YWILCEWIL¢BW3L* LW3L)IHSOOdY T1IVD

TIO=»TIN1G=%W31

TIO#TNV=EW3l

aNdde (8H¢9%) OL 09

(ZW3ILCTW3LCTNYZBC INYZV)IGWOLY VD
(INABCTNAV¢ INZB¢ INZVZHWIAL¢ TWILYADAWD VO

(A°/7 Z)1¥0S

IN18/1d1=TANWY
(ZAW3L¢TINILCTINLGCTNV)dWOLY VD
(INAGSINAVCINZBC INZV¢ZdWI1¢ TdW3IL1) dWdWD VD

2s

0s

8%

94

(PR VRV

D

(A = Z)1¥0S O

o 3NNILNOD
YUII*(H4¢0%) OL 09

Yy

2

Computer Program for

The Rectangular Trunsmission Line Model
(Continued)

Figo A“l.

42




14I+101=101

66 01 09 (1DI°17°N) dI

(d1l¥)0T90TV#*02=d9

(dW31)140S=dly

CHILuZW3L+THIL»TWILl=dW3L

CWI1-9YWIL1=2W3L

TW31l-EW3L=TW3i
(OWILSGWILCBWIL ¢ LWL ¢ZWILS TWIL)dWIWD TV
(TNYZ8¢ INYZVCENIZBCENIZY*SWIL* LWIL)AQdWD T1TVD
TIGNS*TOYV=9W31

c. - I18SO#298V=gW3L
gNzuh.aIub w:wh.hzwhoczwh.MZMP.aza:u TIVO
(INIZS¢TINIZVCENIZACENIZVSBWIL*LWIL)AQdWD I1TVD
TIGNS%#29dV=2ZKW3l

TI8SO#TOYV=TW3lL

(dW31¢Z9YVIXNISH 1VD

— (dWILCTOYVY)IXSOOH TIVD

(EI0-TIA)»TNV=dW3L
(dW3L)INIS=TIGNS
(dW31)S0D=118SD

(€I0-TIQ)=#TINL1B=dW3 L

Computer Program for

(Continued)

43

GE/ME/68-3

1d 7 2d 40 NOILVINDIVD NI938 DO
(INLICETQCINVEZNIZES2NI2VS INYZAS INYZYSENIZESENIZV)NLZIVD _1IVD

2N NIZ 40 NOILVINDIVD NI938 O
aath.nao.~z<.Nz~Nm.szN<.aZ&Nm.nZ«N(.AzaNm.dsz<vzuNJ<u 1IVI

IN NIZ 30 NOILVINDIVD NIY38 O

.NQ&(.uO&(.NZMNﬂ.NZ&N(.NznNmoszN<_atntU 1IVD
oo - (HYNILCENILCZWILC TNIL4ZOUVTOAUVY)IAGAKWD T1TVD
dW31#TOUY=9YKW3L

dW3L429UV=ZW3IL

(SW31)NIS=dW3L

e -dA3ANZONV=ENWIL

dW31#TO¥V=TW3l

(SW3L1)SCO=dW3l

ZIAxZN1g8=SHW31

Figo A'lo
The Rectangular Transmission Line Model



(#°213dl= 2N O Z rHOT¢XE ¢»°213dl= 21
N O ZHBSXS ¢#°ZT3dT= IN O Z FrHOTSXE *%°ZT3dT= IN O ZH8 ¢XZT)1VW¥OA
ZNYZA¢ZNYZY S INYZB¢ INYZV(G06¢9)3LIFM
- {9°213dT= Z N A rH6 ¢X¥% ¢%°213di=1
Z N AHL X9 ¢9°2T3dT= T N A H6 *X% ¢4°2T3dT= T N AHL_ *XET)IVWYOS
‘ ) ZNAG¢ZNAVCINAGS INAV(906¢9)ILIYM
($°213dT= Z N Z rH6 *XY% ¢49°213di=1
Z N ZHL *X9 *H°213dT= T N Z H6 $X% ¢H°2T3dT= T N ZHL *X€T)LVWYOS
INZG*ZNZVSINZE* INZV(906°9)3114M
(°2T73dT= 2N V13GH6 *X¥ ¢4°*°213dT= IN Vi1
IBH6°XY $H°2T3dT= 2N VHAIVHOTSXE $9°2T3dT= TN VHIIVHOT $¥OT)LVWNOJ
ZNLGCTNLG ZNY*INV(E06¢9 )31 1M
(#°213dT= dOHH ¢X6 *%°213dTl= ZN VAEWVIHITT
$XZ ¢9°2T73dT= IN VASWYIHIT*XZ *9°213dT= CIYIH9 ¢XET*CHI) LVWYOS
dOSZONY S TAWVSA(TO0649)3L1MM
2 aNdIN¢ (96¢8G) OL 09
(9°213= ZHHY 1
SXE ¢H°2T3I= THHY SXE ¢H°Z2T3I= 28HY ¢XE ¢H°2T13= [GH® ¢X6 ) LYWYO4
Z19HVE T19HV¢Z3ISVEAV¢ TISVEVY(608¢9)IL 1M
(9°213= 2 LAHY9 ¢XT ¢%°2T3= T L1MH9 ¢XT ¢9°213= 2 OMH9 I
SXT $9°2T3= T OMHISXT ¢H°2T3= SAIHG ¢X2 ¢9°ZT3= NNHY? X6 )LVWHO4
ZONME TNNMS ZHOMS THOMSSAICNNVI(TTIB*9) 3L I UM
(#°213= € THG *XZ ¢4°213= 2 IHG ¢XZ 1
¢H°2T3= T THG X2 ¢9°2T13= ZNJHG ¢X2Z ¢H°*°213= INJHG ¢X8 ) LVWYO4
€1Q%21QTIQ*ZNSISTNS(L08¢9)ILIYM
(9°2T3= VOHY $XE ¢9°213= VOSHG ¢1
XZ $9°ZT13= YRAOHG $XZ ¢4°213= JYHH $XE ¢H°213= NWHH ¢X6 ) LYWYO4
'y - VOSOISCRVOC Y NNV (G089 ) 3L IYM
(#°273= ZVHHSXE ¢9°2T13= TVHY T
SXE *9°2T3A= VEHY 6XE ¢H°2T3= JIHY SXE ¢9°2T3= NdHY ¢X8 ¢OHT) LVYWYOS
ZYUVE TYVOOd  41¢Td(T089) 3L I UM
(EI¢ ON I
JOVAHBEXLS €T 3SYDHS*XOT*AONLS 3INIT NOISSIWSNVYLHEZXOT ¢ THT ) LVWYOI
OdN*SYDI(T109¢9)3113M
\ . . T+9dN=9dN

GE/ME/68-3

506

906

%06

€06

106

9

ss

608

118

L08

s08

108

109

Computer Program for

The Rectangular Transmission Line Model
(Continued)

Figc A'lo



GE/ME/68-3

0=101 89

(H¢0¢T¢NGA*OWO)INIT T1IVD

Ad=(2+N)8Q

XA=(Z+N)9KO

NIWA=(T+N)€Q

NIWX=(T+N)OWO

(COTSXACNIWX*¢*0¢GZ°9¢HG-¢XADG¢*0¢*0)SIXVY 1IVD
(*0T¢AQ"« [WAC*06¢°6¢9¢4A0D8¢°0¢°*0)SIXY 1IVD s9

dIW¢ (89¢59) 0L 09
(9VZT)I1VWY04 TOT

(8¢T=I¢(1)XAD8)(T10T¢5)QVIY

BWST¢SLdAN(00T¢S)AQVv3Y
T+YIN=YW 29

0=d1W

°*002=Xa

*O0=NIWX

1H8Qd=AQ

018A=NIWA

0% 0L 09 (HJ*L°A) dI

A=(N)OWO
d9=(N)8d 6s

(°213dT= T N A FH6 *X% ¢H°Z2T13dI= T N AHL I
X9 ¢H°2TAdT= T N Z FH6 ¢X% ¢%°2T3dT= T N ZHL SXET)LVWHO3 GG6

INABSTINAVETNZBC INZV(SG6¢9)311UM
(#°273dT= TN V138HE ¢X¥% ¢4°2713dI= IN VHAIVHOT*XOT)LVWNO4 €56

INLBCINV(EG649)3LIYM

{%°213d1= d9HH 1
X2 ¢5°213dT= IN VAEGWVIHIT ¢XZ ¢%°2T13dT= O3¥JIH9 ¢XET ¢OHT)LVWHO4 166
dOCTAWVYCA(TS6¢9)3L UM 8s

- 6s 01 09
(#°2T3dT= €N NI Z FHTIT ¢XZ ¢%°213dT= €N NI ZH6 ¢XTT)LVWYOd 606

ENIZGCENIZV(606¢9)31TuM

(#°2T3dT= ZN NI Z FHITI*XZ ¢%°213d1= ZN NI
I ZH6¢XY ¢9°2T3dT= TN NI Z CHITSXZ ¢%°2T3dT& IN NI ZH6 *XTT)1lVWYOH LO6

ZNIZG¢ZNIZV INIZ8¢INIZV(L06¢9)311YM

)

Computer Program for
c

The Rectangular Transmission Line Model
(Continue

Figo A"l ]

45



(A)1YOS=X
9x8+VaV=A

dWILlxG®=diW3l
(B¢VEdW3L)TONY T1IVD
(BeveASX)dWOLY 3NILNOYBNS

aN3

do1is

31074 1vVO

T 0L 09

(€-¢0¢0°01)107d I1IVD

YN (T6429) OL 09
(BASTCT-¢T*N*B8A*OWO)INIT TTIVO
AQ=(2+N)8Q

XQa=(Z+N)OWO

NIWA=(T+N)&Q

2 1 NIWX=({T+N)OWO
S1dN=N

3NNILINOD

03¥4=(1)9WO0

do=(1)80

(G°2T4d% *¢G1 *¢XL)1VWYOJ
d9¢2d*TdcO3U¥4¢1(602¢9)3LTUM
(2d/1d4)0T90TV#°02=d9

(0°213¢) LVYWIOS
2d*T1d*03¥d(€0T¢5)AV3Y

/dDHZ $XOT $2dHZ ¢XOT ¢TdHZ XOT ¢OIYIHY $Xy SNHT ¢XOT ¢OHT)LVWYOS
(L02¢9)3L14M

(E1 ON JOVAHE ¢XS *9V8 ¢XG ¢VIVA JUNSSIUIHET ¢XOT ¢THT)LVWHOS
OdN® (8¢ T=¢ (£)XAI8) (SOZ9)3LIYM

T+9dN=9dN

05+137=131

09 01 09 (137°171°1) 41

S1dN¢I=1 OL OQ

(OHT1

AD3QLYX 6N oV D1481s

10s

1é

oL

602

€01
09

Loz

s02

Computer Program for

The Rectangular Transmission Line Model
(Continued)

Figo A‘lc

QPBPATR A Spen



GE/ME/68-3

N3Nni3y

V#G°®=9YY

g+v=V

(X-)dX3=9

(X)dX3=V

(X¢0¥VY)XSODOH 3INILNONANS

aN3

NIN13Y

V#S° =93V

g8-v=vY

{X-)dX3=8

1 : : (X)dX3=V
ax.0m<~xzmwr INILNOYBNS

aN3

N3NL3Y

dW31/720=2D

Z8%1V-2v¥%18=2D

dW3L/TDO=1D

Z28#2V+IgnTV=1D

28#28+T8%18=sdW3 L
(28¢T8¢2VETL¢2D¢TD)AAIWD 3INI LNOAUBNS

-E < _ 5 . anN3
Ni3NL13y

19#2V+28x1V=A

28%ZV-19%TV=X

(2BTECZVETVEACX)dNDWD INILNOYBNS

aN3

N3NL3IY
(dW3L)S0O%X=X
(dW3L)INISxX=A
ﬁvamcw X

- AD3Qe LYX* ¥6N dv D1dJ31$

AD3Q¢ LYXHoW 3v D148IS

AD3Q¢ LYX* HoW AQvY D1481S

A3 LYX  H6W gv Dl48ils

S

Computer Program for

The Rectangular Transmission Line Model
(Continued)

Fig) A-lo

47



GE/ME/68-3

A Y

ST OL 09 (°T°*
*°0

0T 0L 09 (°T*
°0

S 0L C9 (°1°
°00

(O¥YEAr IU9INI
AD3QC LYX 96

vié(02¢szZeo¢

0T 0L 09._¢*

s 0L 09 (°

17°1S1) 4d1
0T1/93v=1S1 01
0% Ol1 09
8=3dr
17°1s1) dI
06/93V¥=1S1 S
Oy 01 09
ol=3ir
171°1S1) 41
01/93v=1S1
3NILNOYENS
W 9INI D1431S
aN3
NJN13Y SE
.. D=1d=D__ 101
st 01 09
o==D s2
se 01 09
1d-2=> 0e
¢ge) O1 09
T+81+Vi=V] _ sl
0=81 ol
sT 01 09
Z=81
0°19°9) 41l L
O=Vv] S

~ 4L 01 09___ . _ .

I=VI
0°lo°v) 41
(DINVLV=D
(v/78)S8vY=D

/7926Ss1%1°€/1d vivd
(8¢V¢D)IONY 3INILNOYEBNS

AD3qe LYX 6N

oV D1481S
aN3

Computer Program for

The Rectangular Transinission Line Model
(Continued)

Fig. A-1.

e, —



GE/ME/68-3

TWI 1% 13YV=138V

(WVO#1D4)/dNI L »0U A% (*T-WVO) xVYNL#°Z=TW31
3NNTLNOD

LYGHrWIV=CWIV

LYV+T13Yv="134V

Yyy31¢(g¢0%) 01 09

(HUIT¢ LYV LYV LOSCOYICYNLEAIWNSA TTVO

rel=3% 01 OQ

*0=rWIV

*0=13YVv

. Sd3xV#DYd=dW31l
(HUTTSAICWYOCLOI*OYICYNLEVENSrWIVEIIYYEr)IYISA INTLNOYENS

01

ND3Q* LYX ¢ HeNW AY¥3S D1481S

aN3

NidN13Y
(YWILCEWIL*ZWILCTWILrWIVEIIYY)IAQDWD VD
*0=2KW31

(YNLxVxV)/Ne®*Z=THW31

FHIV=9W3l

A3Yv=eW3lL

INNILINOD

LYB+FWIV=THIYV

LYv+134v=134Y

yy3Ir¢(geo¥%) OL 09
(HY3T€1YFC LYV EWODICOYSCYNLEAIWNSA VD
r<lt=3 ol 0Q

*O=rWIV

*0=133V

(HUITCWONISOY JSYNLCVENSrWIVEIIYVEr)IN3ISZ INILNOYANS

AD3Q¢ LYX oW Z¥3S Dld8ls

aN3
NyNn13Yd
Y=Ar

O% 0L 09
9=3r

0%

01

0%
st

Computer Program for

The Rectangular Transmission Line Model
(Continued)

Figo A‘l .

49



GE/ME/68-3

¢T 01 09 (°*g-°19°D) dI

0e 01 09

°0=9

*1=Vv

0t OL 09 (*g°171°D) dI

Z=¥31

(¥Y31¢Qq¢O¢9¢VIHNVLILY INILINOYENS

AD3QeLUX*H96W  XJVYNLIH DL1JGIS

aN3

N3NL13Y
(PW3ILCEWIL*BWILCLW3142ZWIL*TWIL)AQAWD TIVD
WOVHWS #DSdIV=9W3L

0SdIV#DSdIV=eW3L

8BW3l-=8W31

LAWIL-°T=LW31

(OGW3LOGWILCZWILC TWIL*BWIL*LWIL)AQAWD T1TVD
3NNTILNOD

dqY31¢(0e<0%) 0L 09
(YYIAT*OWILCSWIL ZWILC TWIL)IHNVLICY T1IVD
TW31l#YW3L1=G9NW3L

TWIL#EWIL=GWIL

YWS/°T=TW31l
(TW3LCZW3IL*HWILCEWIL)IWOLY T1TIVD
0SdIvV=2ZW3l

HOVWS=TW31

HOWOX VWS sWOVYWS

190/9W0O=Y49NWO

1dV#1dvV=0Sdv
IdxS*#(*T-(1#2)1V0Td)=1dWV
/7926519%1°€/1d vVivd

(HYIT¢ZWILCTWILC 190OWOS VWS ¢ I )WNSA 3INILNOYBNS
AWNS D1481s

AD3Q LYX Y6
an3
- NYN1L3Y
dW3L+TWIL#CWIV=TWIY

0t

O%

O¢

0%

Computer Program for

The Rectangular Transmission Line Model

Figo A-lo

(Continued)

30



E/ME/68-3

-
I

(dW3L1)INIS=TIBNS
(dW31)S0D=T18S)
TIa*TN18=dW31
(dW316ZOdVIXNISH 1IVD
(dW31¢TO¥VIXSODOH VD

CTIQCTINVEZNIZA¢ZNIZVCINYZA¢ INYZVCINIZBC¢INIZVINIZIVD 3NILNOYBNS

TIA#INV=dW3l
: (INL1ST
AD3A LYXE 96N IV 0148198
aN3
NJNL3Y ot
g-=98

0T 01 09 (°0°39°9) dI
(AINIS%Z2W31=8
(A)SOO#TW3IL=Y

(X*ZW3L)XNISH VD
{(X¢*TW3L1L)XSODH VD
(A*X¢8¢V)IHSODdV 3NILNOYENS

AD3QC LYX* 6N 1S1S1 D1d491s

anN3
N3N13Yd

(YWILCEWILCZWILCTWIL¢E*VY)AQGWD TIVD
AxX=9W31

*I=eghW3l

A=2KH31

X=TW31

0ec Ol 09

1=431

0z 01 0 (*0g°1°V) 4dI

(A)Sav=V

(Q)SOD/(QINIS=A

{D)HNVLl=X

0¢g 0L 09

.O"m
*T—=V

o¢e

o¢

ST
21

Computer Program for

The Rectangular Transmission Line Model

Figo A-lo

(Continued)

51



GE/ME/68-3

aN3

NiNi3y

(INYZG* INJZV*ZWIL1CTW3L1¢TINIZB¢INIZV)dNdWD 1TIVD
(BWIL¢LWIL*HWILCEWILZWIL¢TWIL)AAQAWO T1TVD
IW3L+8W3L1=8W3L

SW3Ll+LW3Ll=LW31L

CNIL+9WIL=yW3IL

TW31+EW3L=EN3L

(TIGNS“YZ¢28¢2ZV 9W3L*ENIL) dNDWD TIVD
(TIGNS*UZ¢TBCTV¢BWILEL "'} dNdWD VD
(HZ¢TIBSD¢28¢2V*ONILCGWIL) dWdWD VD
(YZ4TIBSO¢TACTVZWILC TWILIAWAWD 1IVD
8W31+9W31l=28

LWIL+GW3L=2V

YW3IL+ZW31=19

EWIL+THWIL=TYV

(¥Z¢TOUVSTNYZO¢ TNUZVBWIL¢ LWIL1)dWdRD T1TVO
(YZ¢Z2OYVEZNIZH*ZNIZVE OWIL*SWNI L) dWAWD VD
(YZ 429UV INHZBC INYZV¢HYWIL¢EWIL) dWdKWD T1TVD
(YZSTOYVEZNIZE*ZNIZV¢ZWIL1¢TH31)dHdWD T1TIVO
. . *0=32

Comg ster Program for

The Rectangular Transmission Line Model
(Continued)

Fig. A-1.

52



GE/ME/68-3

1 : T4

. . = e Prae, ._ .. .S8°% ... e2°8 . . *021L
G°Ge 9°01 *000T1

gL*2 G8°¢ °068

*6¢ %°g *0LL

€°¢ &AL *069

8L°¢ 13 Al *0LY

. - Sk 4 3 g% 2059

° °c *0¥%¢

SL*S 3 Al ‘GyYy

s*92 26°0 *0ce

s°8¢ %5°0 *062

29°¢ €6°0 *oee

EY = — == sy*z . . ___€0°1 . *s2e.
se°¢ I°1 *0zZ¢"

L°81 G6°1 *091

1 G/ £°8 *GSYy

S1°1 gZ°sg °sg,

1 A 9°6 *sl

- S s S UL -1 S .e%6l IR O
89%080~-0%-0°1-T¥-VAV

A o¢

00+3Z%T#8°0+10+3690%T1°0+90+3 . TL42°0+80-396.92°0+

66°6 coeel

20+3L1262°0+20+300028°0+
20+30000%°0+
10+30502T1°0+00+300921°0+

5 o e e e e i e . ] O#3096€£2°0+00+300€£G62°Q+
00+30ST165°0+T10+300001°0+20+39¥00€°0+

20+300002°0+20+300008°0~-
ov1

Computer Program for

Figo A-ln
The Rectangular Transmission Line Model

(Continued)

53



Appendix B

Plots of E:perimentally Obtained Frequency Response Points for
Blocked Rectanqular Pneumatic Lines Correlated with

The Freguency Response Curves as Solved by the

Rectanqular Pneumatic Transmission Model Computer Program

This appendix contains the experimental data taken from a series of
tests for blocked rectangular pneumatic lines. The data include the
frequency response curve for each case as soived by the rectangular
pneumatic transmission line model computer program. The x's are the
experimentally determined data points, and the smooth curve is the com-
puter solutions to the transfer gain equations.

The distance between the dynamic sending transducer (Ps) and the
dynamic receiving transducer (Pr) is il in inches. The distance from
the receiving dynamic transdu.er (Pr) to tne blocked point of the trans-
mission line is Y2 in inches. The base is b in inches with the sub-
script identifying the line. The height is h in inches with the

subscript identifying the line.
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Appendix C

Plots of Experimentally Obtained Frequency Response Points for

Volume-Terminated Rectanqular Pneumatic Lines

Correlated with The Frequency Response Curves as Solved by

The Rectanqular Pneumatic Transmission Line Model Computer Program

This appendi: contains the experimental data taken from a series
of tests for volume-terminated rectangular pneumatic transmission lines.
The data include the frequency response curve for each case as solved
by the rectangular pneumatic transmission line model computer program.
The x's are the experimentally determined data points, and the smooth
cuzve is the computer solution to the transfer gain equation.

The dictance between the dynamic sending transducer (Ps) and the

dynamic receiving transducer (Pr) is X, in inches. The distance from

1
the dynamic receiving transducer (Pr) to the point at which the trans-
mission line transitions to the volume-terminated line is i2 in inches.

The length of the volume-terminated line is i3 in inches. The base is
b in inches with the subscript identifying the line. The height is h
in inches with the subscript identifying the line.

As discussed in Section V, the measurement of the termination
length was considered to be in error by as much as + 0.1 inch. The

effects of measuring the volume termination length in error by £ 0.1 in.

are shown in Appendix D.
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Appendix D

Plots of Experimentally Obtained Frequency Response Points

for Volume-Terminated Rectangular Pneumatic Lines

Correlated with the Frequency Response Curves

as Solved by the Rectangular Pneumatic Transmission Line Model

Computer Program which Includes the

Volume-Terminated Length as 3 Variation in Parameter

This appendix contains the experimental data taken from the same
test depicted in Figs. 10 and C-22. The test is for a volume-terminated
rectangular pneumatic transmission line at 40 psig with a termination
length considered to be 7.394 in.

The variation in the termination length is the variation in
parameter while holding all other data, including experimental data,
constant. The data include the frequency response curve for each case
as solved by the rectangular pneumatic transmission line model computer
program.

As discussed in Section III, the transfer gain equation is sen-
sitive to accurate length measurements of the pneumatic lines. It was
believed that the accuracy in determining the fluid level in the volume
termination of the test fixture described in Section III could not be
measured with any beter accuracy than 0.1 inch. Therefore, the
termination length of 7.394 inches as marked on the termination volume
test fixture at a test pressure of 40 psig was chosen as a representa-

tive case to demonstrate the sensitivity of the transfer gain equation
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to line length inaccuracies. The termination length of 7.394 in. was
marked on the test fixture, and an attempt was made during the test to
place the mercury level as near the mark as possible. Also, it was
desired to search for the most accurate length which seemed to provide
the best curve fit.

The termination length of 7.394 in. was varied + 0.1 in. from the
nominal value. It was found that a termination length of 7.3 in.
describes best the experimental data as computed by the computer program

(See Fig. D-l)o
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