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ABSTRACT

This report summarizes the results of an investigation of a
fluidic high-intensity sound generator concept. The investigation
concerned the evaluation of a new type of proportional fluidic
amplifier geometry, the annular slot amplifier. This geometry lends
itself well to compact and symmetric interconnections between sound
generator stages, and connection to a radiating horn at the final
stage. The annular slot amplifier was found to have significantly
higher pressure gain than the conventional planar jet proportional
amplifier, 4 to 12.5 versus 3 to 5. An annular slot amplifier model
was tested over a frequency range from 300 hz to over 2000 hz. Its
control port impedance was studied particularly, and the impedance
as well as the amplifier gain were found to vary with frequency.
The frequency dependence is attributed to a distributed-parameter
feedback phenomenon in the vent region.

An experimental two-stage sound generator was designed,
fabricated and tested. The second stage is an annular slot amplifier
with its critical areas scaled up ten times over those of the first
stage. The first stage control flow source is an electrodynamic
driver of the kind used with conventional loudspeakers. The second
stage power jet area is 5.78 in 2 , and the supply pressure is 10 psig.
The radiating horn is exponential with a cutoff frequency of 180 hz
and an exit diameter of 42 inches.
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SYMBOLS

A Duct cross section area, orifice area in 2

A Control port area in 2

c

(AL) Duct area where pL is instrumented in 2

Amin Minimum duct area downstream of 2

amplifier receiver in

A Area at control port or receiving end 2

r of duct in

A Power jet nozzle area, area at driver
or sending end of duct in 2

(A)t Duct area where Pt is instrumented in 2

a1  A constant to provide a consistent
set of units

c Speed of sound in gas in/sec

cl Gas flow constant for orifice flow (deg R) /2/sec

cd Orifice discharge coefficient dimensionless

D1 Distance from power jet nozzle exit
plane to receiver entrance plane in

D2 Distance from control flow deflector
base surface to receiver entrance plane in

d Distance from control port to first
minimum of standing wave pattern in

E Open-circuit a.c. pressure of an
equivalent generator (rms) psi

f Frequency hz

f Quarter wavelength resonant frequency hz

0
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G Amplifier pressure gain dimensionless

g (Without subscript) Acceleration
due to gravity, 386 in/sec2

gc Control port conductance in 2/sec

gf Transconductance of flow source in 2/sec

9L Circuit parameter, gL = go + g£ in 2/sec

9Z External load conductance in 2/sec

gnc Normalized control port conductance dimensionless

90 Amplifier output conductance in 2/sec

h Transport lag sec

J IF--, dimensionless

K Parameter, K = (r - l)/(r + 1) dimensionlessr r

K19K2 Transfer function parameters dimensionless

L Duct length in

Z Feedback path length in

m Normalized resistive component of
impedance dimensionless

n Normalized reactive component of
impedance dimensionless

P Static control pressure (steady state) psigcs

Pd Absolute pressure downstream of orifice psia

PL Load pressure (steady state) psig

PL' Absolute output or load pressure
L (steady state) psia

P out Output pressure (steady state) psig
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P Supply pressure psig
S

P Absolute pressure upstream of orifice psia
u

P Absolute back pressure on load psia
v

p a.c. component of pressure (rms) psi

PC Amplitude of a.c. effective control
port pressure (rms) psi

p Open-circuit a.c. pressure of a
g generator (rms) psi

PL Amplitude of a.c. component of load
pressure (rms) psi

Pmin Amplitude of a.c. pressure at a
standing wave minimum (rms) psi

Pout Amplitude of a.c. component of
output pressure (rms) psi

PS Duct input or sending end a.c.
pressure (rms) psi

Pt Amplitude of a.c. pressure just down-
stream of interstage transformer outlet

(rms) psi

R Transformer ratio, R = A /A dimensionless

R' Normalized control port resistance dimensionless

RL Load resistance psi-sec/lb
or

sec/in
2

r (Without subscript) Standing wave ratio dimensionless

"r Control port resistance sec/in2

"rf Feedback path resistance sec/in2
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r External load resistance sec/in2

r Amplifier output resistance sec/in2

T Absolute gas temperature deg R

v Phase velocity of wave in/sec

v Propagation velocity along feedback
r path in/sec

W Weight flow (steady state) lb/sec

W Control weight flow (steady state) lb/secc

WL Output or load weight flow (steady
state) lb/sec

WL Added flow component for derivingamplifier output impedance lb/sec

W Supply flow lb/secS

w a.c. component of weight flow (single
amplitude zero-to-peak, or rms, as
specified) lb/sec

wc Amplitude of a.c. component of control
weight flow (rms) lb/sec

w L Amplitude of a.c. component of output
weight flow (rms) lb/sec

wr Duct receiving end a.c. weight flow
(rms) lb/sec

X? Normalized control port reactance dimensionless
Y cAmplifier input admittance in2/sec
oAmplifier iput admittance in /sec

YotAmplifier output admittance in2/sec

Zc Control port impedance sec/in2

Z Generator impedance (equivalent
constant-area duct) sec/in2
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'I Generator impedance evaluated at
g driver or sending end of duct sec/in2

Zin Duct input impedance (equivalent
constant-area duct), same as Z sec/in2

s

Z Acoustic characteristic impedance
(equivalent constant-area duct) sec/in2

Z Acoustic characteristic impedance evalu-
oc ated at control port end of duct sec/in2

Z Termination impedance (equivalent
constant-area duct) sec/in2

ZI Duct termination impedance evaluated
r at control port or receiving end sec/in2

Z" Duct termination impedance transformed
r to sending end position sec/in2

Z Duct input impedance (equivalent 2
constant-area duct), same as Zin sec/in

ZI Duct input impedance evaluated with
S respect to receiving end area sec/in2

Z11 Duct input impedance evaluated with
respect to sending end area sec/in2

ZT Duct transfer impedance, ZT = Ps/Wr sec/in2

a (Without subscript) Amplification
factor dimensionless

at Wave attenuation constant in-

(Without subscript) Transfer function
factor variable with frequency dimensionless

a Wave phase constant in-t

y Wave propagation constant in-

n t Interstage transformer power loss
factor dimensionless
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SWavelength in

p Mass density of gas lb sec 2/in4

SAngular frequency , w = 27 f rad/sec

TP Power in lb/sec
or

watts
(depending on

context)

ri Power delivered to load by driver in lb/sec

',2 Total input power to driver in lb/sec

Subscripts:

o Quiescent value of variable

X/2,X/4 Variable value at half-wavelength,
quarter-wavelength conditions

1, 2, 3 Variable measured at station denoted
(see Figure 34)
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SECTION 1

INTRODUCTION

This report summarizes the results of a program to investigate the
characteristics of a fluidic high-intensity sound generator concept. The
program follows a previous analytical and experimental effort in which
the feasibility of the fluidic sound generator concept was demonstrated.

Sound generators of this type have application in the testing of
structures and components in a high-intensity sound environment. The
fluidic approach offers potential advantages over current approaches in
the elimination of wear, fatigue, and drift of critical adjustments in
the high-power transducing stage. To meet requirements for acoustic
environmental testing, the sound generator should be an amplifier
system capable of responding to any arbitrary electrical waveform whose
components are within a specified frequency range. This is in contrast
to a variable frequency oscillator system which may be appropriate for
other testing applications. The overall objective of the present pro-
gram was to provide information to support the future design and fabric-
ation of a full-scale prototype. During the present program, three
significant steps were accomplished:

(1) a new type of fluidic amplifier geometry (the annular slot)
was evaluated,

(2) the fluidic amplifier was operated over a broad band of
acoustic frequencies, and

(3) the staging of two of the fluidic amplifiers was
demonstrated in the form of an experimental generator.

These aspects will be described in detail in the main body of the report.
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SECTION 2

ANNULAR SLOT JET AMPLIFIER

2.1 AMPLIFIER DESCRIPTION

The annular slot jet amplifier geometry is shown schematically in
Figure 1. The power jet and receiver are annular slots wrapped around
a central axis. The power jet exits from the supply pressure region in a
direction parallel to the central axis. Also, the plane of the receiver
entrance is perpendicular to the central axis. The control flow is in-
Jected through an annular port inside and concentric with the power jet
exit and receiver entrance. Variations in control flow and pressure
modulate the amount of power jet momentum which is incident on the re-
ceiver entrance.

This geometry lends itself well to compact and symmetric inter-
connections between stages, particularly when large port sizes are used.
In the case of a final stage, the receiver entrance can blend into a
center body horn contour very conveniently, as in a siren. Also, the annu-
lar slot geometry was found to have high a.c. gain values. This will be
discussed in detail in Section 4.

An annular slot amplifier model was designed and constructed to
determine experimentally the characteristics of this type of amplifier.
The results of tests with a large amplifier (0.2 to 0.4 in 2 power jet
area) of the more conventional straight slot geometry were used to guide
the design of the annular slot model. * The straight slot amplifier had
been constructed under the previous fluidic sound generator effort, and
the tests were run both during the previous and the current efforts.

Figure 2 shows a cross-section of the annular slot model. Views
of various bolts have been omitted for the sake of clarity. By the use
of shims, the distance Dl, the power jet-to-receiver distance, can be
readily varied. Also, the distance D2 can be varied by the use of shims
to alter the control port geometry just upstream of the jet interaction
region. The mean diameters and widths of the power jet and receiver
annular slots are less convenient to vary.

The basic dimensions of the annular slot model were selected to be
large enough that adjustment and instrumentation would not be difficult,
and so that a power level at least as high as that of the previous straight
slot model would be obtained. However, it was desired that the model
size not be too large, since this would impose a difficult requirement

Reference 1.
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on the dynamic control flow source. The receiver annulus basic
dimensions are:

outer diameter 2.833 in

inner diameter 2.584 in

mean diameter 2.708 in

area 1.06 in 2

slot width/mean
diameter 0.046

The area of 1.06 in 2 is slightly larger than the receiver area of the
straight slot model, which was 0.80 in 2 . The slot width-to-mean dia-
meter ratio of roughly 5% is small enough that the jet deflection
phenomena are largely two-dimensional rather than three-dimensional.
This introduces the least amount of complexity in changing from a
straight slot geometry to the annular slot geometry.

The power jet annulus basic dimensions are:

outer diameter 2.738 in

inner diameter 2.600 in

mean diameter 2.669 in

area 0.58 in 2

The mean diameter of the power jet annulus is slightly smaller than the
mean diameter of the receiver annulus to allow for an anticipated
divergence of the cylindrical power jet stream.

The ratio of receiver slot width to power jet slot width is 1.8.
Initially, the power jet was only half as wide, making the ratio of
receiver slot width to power jet slot width twice as large, 3.6. The
latter value was close to a value of 4.0 which was found to give good
results in the straight slot model. However, after some initial
testing, the power jet annular slot was widened to its present dimensions,
and the amplifier performance was substantially improved. The exact
reasons for the improvement are not known. It is suspected that the
increase in momentum flux which could be modulated at the receiver
entrance contributed to the higher gain and range of the amplifier. Also,
better alignment of the power jet stream with the receiver annulus may
have resulted when the power jet slot width was increased.
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Two basic shapes of control flow deflector were tested: the one
shown in Figure 2 and the other shown in Figure 3. Several variations
were made on the base or maximum diameters of these control flow
deflectors.

It is seen from Figure 2 that the receiver slot is formed by an
outer group of parts or housing, and an inner cylinder group of parts.
The inner cylinder group of parts is positioned by means of three
equally spaced support posts. One of these is indicated in Section B-B
of Figure 2. Fairing wedges are provided for streamlining purposes. In
addition, six sets of fins are provided in the receiver slot to aid in flow
straightening and to prevent any circumferential acoustic standing waves.
One set of fins is shown in Section A-A of Figure 2.

Three vent paths were provided through the inner cylinder support posts.
Their purpose was to make the pressure under the base of the control flow
deflector essentially equal to atmospheric pressure. During the testing,
it was found that the paths were too small to have any appreciable effect
on the pressure in the region under the deflector base. The construction
of the amplifier model parts did not allow the vent path areas to be en-
larged significantly. Therefore, the amplifier model can be considered
as having an essentially isolated region under the deflector base.

The output flow cap collects the receiver outlet gas. When a down-
stream load orifice or valve is connected to the output flow cap, the static
characteristics of the amplifier model can be measured. The output flow
cap has too much volume under compression for meaningful dynamic tests.
Therefore, the output flow cap is replaced by a concentric tube load which
is an extension of the receiver annulus. This will be discussed further
in Section 4.

2.2 INITIAL TESTS AND ADJUSTMENTS

The first tests to be performed on the annular slot model were steady
state tests to determine the shapes of the control flow deflector and the
combinations of the DI and D2 distances which gave the best output pressure
versus control pressure characteristics. Amplifier geometries which were
favorable from the viewpoint of the steady state pressure characteristics
were then considered candidates for evaluation under dynamic conditions.

Figure 4 shows the results of typical tests. Here,

Pout = output pressure (steady state)

P = static control pressure (steady state)cs

For the control pressure, the distinction is made between static press-
ure and total pressure. The static pressure is that measured at a tap
in the wall of the duct approximately 4 inches upstream of the control
port. The total pressure is that measured at a pitot probe in the
control port and on the center line, pointed upstream. Because the

6
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Figure 3 -Alternate Control Flow Deflector
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control port gas velocity reaches a Mach number of 0.06 maximum,
averaged over the control port area, the corresponding difference
between the static and total pressures is 0.04 psi maximum. This is
5% of the typical control pressure level of 0.8 psig. However, ununiform
velocity distribution over the control port area could affect the instru-
mented total pressure substantially. Large discrepancies were, in fact,
observed occasionally between control static and total pressures. For
purposes of consistency, control static pressure has been used exclusively
for the data in this report. A similar difference between the output
static and total pressures prevails in the amplifier receiver. The dif-
ference can be as much as 10% of the output pressure level, with the loads
used. Total output pressure was not instrumented during the testing, and
the output pressure data reported should be understood to be static pressure.
This is measured at a tap in the outer tube wall of the concentric tube load,
1.19 inches downstream of the receiver exit.

Desirable amplifier characteristics are high pressure gain (i.e.,
the steepness of the curves in Figure 4) and a large and nearly linear
range of Pout variation. Testing showed that with either type of control
flow deflector, best results were obtained with D1 = 0.536 in. and D2 = 0.
These results were evidenced by the linear range and slope of Pout versus
Pcs plots obtained in numerous test runs in which the distances of Dl and D2
were varied. These plots always had the general form of those in Figure 4,
but did not have as large a linear range of Pout variation, and in some cases
did not have as steep a slope in the linear range, as the plots shown in
Figure 4 for DI = 0.536 in. and D2 = 0. The sensitivity to the D1 dimension
is not great, and a variation of ± 0.020 inch is tolerable. Such a variation
yields about as much change in Pout versus Pcs plots as can be expected from
the repeatability between runs with Dl fixed.

In Figure 4, the maximum Pout points corresponds to zero control flow,
or a blocked control line. It is seen that a positive control pressure of
approximately 0.75 psig results. This is due to a portion of the high velocity
power jet spilling inward toward the centerline rather than outward to the
atmospheric vent region, thereby pressurizing a blocked control line. The
flattening-out of the curve at low values of POut is due to the power jet
being entirely diverted from the receiver by the control flow. We may observe
in Figure 4 that the standard control flow deflector gives very high values
of incremental pressure gain, while the alternate control flow deflector gives
lower gain but better linearity. Both geometries were judged worthy of dynamic
testing.

Dynamic testing (to be discussed in Section 4) was done using both the
standard and alternate deflector geometries. The standard geometry deflector
gave dynamic output pressures on the average 15% higher than those of the
alternate geometry deflector under otherwise similar conditions. Therefore,
most work was done with the standard geometry deflector, and all of the test
data in the rest of this report pertains to the standard deflector.

The gains as evidenced in Figure 4 are considered unusually high for a
jet amplifier. For the alternate deflector geometry, the pressure gain is
12.6, and the standard deflector yields a local incremental gain approaching
infinity. Conventional planar jet proportional amplifiers under similar load
conditions have pressure gains of approximately 3 to 5.

8
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Another set of steady state tests was performed to obtain data for
mapping the amplifier load and control characteristics. The schematics for
these tests are shown in Figures 5 and 6.

To obtain the steady state characte~ristics, the load valve opening
was varied while adjusting the control bias valve so as to maintain a
constant control pressure. The variable load valve setting can be thought
of as a means of setting load lines upon the characteristic curves of the
amplifier. Knowing the flow-pressure relationships for the loads, the
static characteristic curves of the amplifier can be determined for
constant control pressure, or for constant control flow. Constant
control pressure was selected for defining the characteristic curves of
the amplifier.

2.3 LOAD LINES

Before proceeding to discuss the results, some general comments on
load line techniques should be noted. Let us use an arbitrary set of char-
acteristic curves as shown in Figure 7. The amplifier output flow, which
is equal to the flow into the amplifier's external load, is plotted on the
vertical axis. A characteristic curve is the locus of all combinations
of output flow and load pressure for some specified, fixed internal con-
dition of the amplifier, without regard to nature of the load. In the case
illustrated in Figure 7, the fixed internal amplifier condition is the
constant value of control pressure, Pcs* The curves are somewhat idealized
(straight line sections are used) for ease of discussion. The plot can be
divided into characteristic regions, i.e., those regions where the slopes
of the curves are negative and those where the slopes are positive. In the
region where the slopes are negative, the device is said to have an
output impedance which is positive; i.e., and increase in load pressure
(an increase in back pressure on the amplifier) causes a decrease in
output flow. This effect is, of course, true for any passive resistive ele-
ment (orifice, pipe, etc). Passive flow restrictors are by definition
positive resistances. So it is, then, that in the region where the
amplifier characteristic curves have negative slope, the output impedance
is defined as being positive. Mathematically, the negative partial
derivative of the load pressure with respect to the load flow defines
the output resistance, r0.

r = -IPL-
0o WL P = constant

CS

Conversely the output conductance go, is given by:

•WL 1
go= -P =--rP = constant 

ro
Cs

10



CONTROL PCONTROL

BIAS (STATIC) PSUPPLY PLOAD

V ,VAL E 
v •r -.

FLOW METER
(LOAD FLOW)

CONTROL LOAD

BLEED VALVE

VALVE 
(..D••

(0
0

Figure 5 - Test Schematic for Load Characteristic Map

PFLOWMETER

PCONTROL

(STATIC) PSUPPLY PLOAD

FLOWMETER
(+ CONTROL FLOW)

CONTROL BIASVALVE r--,,-

S~LOAD

BLEED

FLOWMETER VALVE

(- CONTROL FLOW)

a9

Figure 6 - Test Schematic for Control Characteristic Map
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In the region of the curves where the slopes are positive, the
output resistance of the amplifier is negative. In this region the

device behavior is contrary to that expected from passive resistances,
i.e., an increase in back pressure causes an increase in flow. The
effect is opposite to that of positive resistances, hence the device

is characterized as having a negative output impedance. Physical
reasons leading to the establishment of negative resistance will be
discussed later.

Given the characteristic curves, load lines may be constructed across
these curves so that the device output may be described for a given load.

A load line is the locus of all combinations of output flow and load
pressure for a fixed load condition, without regard to the nature of the

amplifier. It can be seen that for a given value of Pcs and a given
load condition, the resulting steady state values of WL and PL are
defined by the intersection point of the relevant characteristic curve

and load line.

Again for ease of discussion, a straight line relationship is
assumed between flow and pressure drop for the load. (Physically, such
a load could be realized by using laminar flow restrictors.) For a
linear load:

P'L - PV PL

L RL R L

where:

WL = Flow rate, lb/sec

P' = Output pressure of the amplifier, which is upstream
pressure to the load, psia

PV = Back pressure on the load, held constant and for
discussion here equal to atmospheric pressure, psia

RL = Load resistance, psi-sec/lb

PL = Gage pressure upstream of the load, psig

Load lines for various values of RL are shown plotted over the charac-
teristic curves in Figure 8. The greater the slope of the load line,
3WL/3PL, the lower the resistance of the load.

13
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Taking first the regions of positive output impedance, the operation

of the amplifier with a load is easily followed from point to point while
changing control pressure. For each control pressure there is a unique
operating point found by the common point of crossing of the load line,

and the characteristic curve for the control pressure used. Referring
to Figure 8, if load line 1 is used, then, as the control pressure is
increased from "o" to "a" the operating point moves from "e" to "f," and

so on. Using the load line, transfer curves may be constructed showing out-
Put flow, WL, as a function of Pcs; or load pressure, PL, as a function of
PCs*

A particularly interesting region of operation occurs for load line 4.
As the control pressure is increased and the operating point enters the neg-
ative resistance region, the slightest change in control pressure causes
a very large change in output pressure and flow. The gain is nearly
infinite. Where the characteristic curve and load line are tangent the
gain of the device is infinite. For load line 5, as control pressure is
increased to a value "c" operating point "g" is obtained. A slight
increase in control pressure beyond "c" causes the operating point to
jump to point "h." If a plot of PL versus Pcs were made, the plot would
show hysteresis.

The discussion above relates to constructing transfer curves once
the characteristic curves are known. Load lines may be used to find the
characteristic curves as follows. Controlling by PCs to successive
constant values while varying the load line continuously from 1 to 6,
the various characteristic curves can be traced out, with certain
exceptions. These exceptions do not negate the presence of a continuous
characteristic curve. Rather, changes in location of the load line and/or
dynamic compensation are required to find the balance of the characteristic
curves. These exceptions all occur in the negative resistance region.

Methods of obtaining the complete negative resistance sections of the
characteristic curves can be discussed by considering load lines 3, 4, and
5 or 6, In the case of load line 3, there is a unique crossing point,
"k", for the load line and the characteristic curve. This point can
be realized experimentally providing the system is dynamically stable. To
show whether the system is stable requires knowledge of the energy
storages in the circuit under test. For the setup shown in Figure 5,
usually a large volume exists between the amplifier and the load valve,
so that the dominant energy storage device is capacitive. To examine
whether an operating point is stable, one assumes a dynamic state Of PL
at a value above or below that for point "k". Assume instantaneous
values at point "x" for the load and point "y" for the amplifier, at a
dynamically increased value of PL- Since the flow through the load
(point "x") is larger than the flow from the amplifier (point "y") the
additional flow must be coming from the capacitance and the rate of change
of load pressure must then be negative in sign. With a negative rate of
change of load pressure, operating points "x" and "y" are moving toward
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"k" as the arrows show. If we select points "w" and "z" as instantaneous
operating points for a dynamically decreased value of PL, then the flow
leaving the amplifier (point "w") is larger than that flowing through the
load (point "z") and the capacitance must be charging, and the rate of
change of load pressure is positive. Therefore, points "w" and "z" will
move towards point "k". Thus, point "k" is a stable operating point and
can be measured experimentally.

The opposite is true for load line 6. Point "'" is an unstable
operating point since selecting instantaneous values off of the point
will yield rates of change of load pressure that drive the system to
either point "m" or "n". To determine the characteristic curve in the
negative resistance region between points "n" and "m", it is necessary
to back-pressure the load orifice so that the load line passes from below
and up through the negative resistance region, as depicted by load line 7.
Using a back-pressured load now causes operating point "'" to be stable,
and it can be measured experimentally.

Load line 4 presents an interesting situation, as mentioned earlier.
Here a slight change in loading towards load line 5 causes a very rapid
reduction in load pressure, PL. The gain is very high. Operation of an
amplifier of this type would use a load line which lies somewhere between
3 and 4 in order to obtain high gain while still having a stable amplifier.

In the test data to be shown below, some negative resistance regions
were not mapped by using the necessary special load lines (like 7), as
these regions would never be used in the final system. Reasonable estimates
can be made, however, from knowing the locations of points like "n" and "m".
The curve in the negative resistance region will be close to a straight
line drawn between such points.

While on the subject of load lines, there is, of course, no doubt
about their utility in deriving steady state characteristic curves. In
operating the amplifier dynamically, it must be determined over what
range of frequencies the characteristic curves and load lines are valid.
Considering first the load line, if the loads used are taken
as properly terminated transmission lines, then the load line representation
is valid over all frequencies for which the load behaves like a transmission
line. The only question left is, "are the characteristic curves valid for
the same range of frequencies?" The answer to this question rests in how
the amplifier is mathematically modeled, and in recognizing whether
critical dimensions in the amplifier are shorter than, say, one-tenth of
a wavelength at the highest frequency to be used.

In the case of dynamic modeling, all energy storage mechanisms at the
input and receiver of the amplifier must be identified and modeled either
as lumped or distributed systems, depending on the frequency. If these
energy storages, inertances, capacitances, or sections of lines are all
identified, then the portions of the amplifier left for analysis include
only the jet interaction region. As long as the jet interaction region
length is a small fraction of a wavelength, the static gain characteristics
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of the amplifier will be preserved. The steady state characteristic
curves can then be used to define amplifier gains and those portions
of the amplifier input and output impedances related to the amplifier
jet interaction region.

2.4 STATIC CHARACTERISTIC MAPS

In running the steady state tests, the standard control flow deflector
was used, and the DI and D2 distances were as cited previously. Figure 9
is the resulting load characteristic map. The individual curves are loci
of constant static control pressure. These curves were faired in as the
best smooth paths among many individual data points. The broken portions
of the curves denote regions where instability and jumping between
operating conditions was encountered, as discussed above. Thus, in the
broken portions of the curves there is more uncertainty concerning the
actual loci of operating points than in the solid portions of the curves.
The solid dots on the curves denote points where there is no net inlet or
outlet control flow, i.e., the control bias valve and control bleed valve
of Figure 5 are both shut. These blocked control line points will
sometimes be referred to as "self-bias" points.

The data was run using gaseous nitrogen as the working fluid. The
standard control flow deflector was used, and DI was 0.536 inch; D2 was 0.0.

It may be noted from Figure 9 that the self-bias point for a static
control pressure of 0.75 psig corresponds to a load pressure of 3.1 psig.
This is at variance with the data of Figure 4 where the self-bias point is
0.75 psig for static control pressure and 2.6 psig for load or output pres-
sure. The variance is due to minor unavoidable changes in alignment
which accompanied several disassembly and reassembly procedures. These
minor alignment changes shifted the operating conditions. However, the
conclusions drawn as to optimum setting remain unchanged.

Several interesting things can be seen in the annular slot model load
characteristic map. First, in the range from about 2 to 3 psig load
pressure, the curvatures are such that a tangent line will lie below the
curve near the tangent point. In conventional planar jet proportional
amplifiers, the curvatures are such that a tangent line will always lie
above the characteristic curve. Figure 10 compares qualitatively the
annular slot and the conventional planar amplifier. The load line
represents a fixed flow rate versus pressure drop relationship for the part
of the pneumatic circuit downstream of the amplifier receiver. The inter-
section of the load line with a solid curve corresponding to a fixed
static control pressure defines the amplifier's steady state operating
point. It can be seen that in the case of the annular slot amplifier, parts
of the characteristic curves can be nearly parallel to the load line.
This makes possible a much larger change in the load pressure for a given
change in control pressure than in the case of the conventional planar
amplifier. Thus, high values of pressure gain are to be expected of the
annular slot amplifier if it is properly loaded.
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A disadvantage of characteristic curves shaped as in the case of the
annular slot amplifier is that operating points giving moderately high
load flow and load pressure simultaneously are excluded. Thus, the annu-
lar slot amplifier cannot modulate as high a power into a load as can a
conventional planar amplifier having the same power jet size and pressure.
This appears to be the price paid for the high gain capability and is con-
sidered a favorable trade-off for at least the first stages of a sound
generator system.

The annular slot model control characteristic map is shown in Fig-
ure 11. The zero flow horizontal axis is the locus of the self-bias points.
It may be noted that there is a variance in the self-bias static control
pressure and load pressure combination for Figure 4 and Figure 11. The
reason is the same as for the variance cited previously in the case of
Figures 4 and 9. It is seen in Figure 11 that the constant load pressure
curves have positive slope in the left-hand part of the map, but negative
slope in the right-hand part. In conventional planar amplifiers, the
slopes are always positive.

We might point out here that the load and control characteristic
maps can be used to find the input resistance of the amplifier for a
given output load. First, a load line is drawn on the load characteristic
map. Then points marking the excursion of the operating point along the
load line with changes in control pressure are cross-plotted on the
control characteristic map. The slope of the curve connecting the oper-
ating points on the control map defines the control port or input
resistance. When we perform this procedure with the maps of Figures 9
and 11, we obtain the low frequency or d-c control port resistance.
However, this, is not necessarily the same as the control port impedance
at acoustic frequencies. Thus, a dynamic study of the amplifier charac-
teristics is necessary.

The steady state test results described above generally define the
nature of the annular slot amplifier. It differs markedly from the
conventional planar proportional jet amplifier in the shapes of the
curves of the characteristic maps. The physical reason for the difference
has not been positively identified, but it is believed to be related to
a regenerative feedback phenomenon in the vent region. By regenerative
feedback, it is meant that some of the energy in the deflected power jet
is, in effect, fed back to the control region. The phase relationship
is such that as the power jet moves to increase the output pressure, the
energy which is fed back causes increased movement of the power jet in
the direction to further increase the output pressure.

In any case, the possibility of achieving a high gain makes the
annular slot amplifier very attractive for the sound generator application.
The next phase of the investigation concerned dynamic testing to see if
the amplifier had good a.c. performance also. This will be covered in
Section 4.
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SECTION 3

CONTROL FLOW SOURCE

An electric-to-pneumatic transducer is required as a signal source
for the fluidic sound generator system. This signal source provides
dynamically varying flow to the first-stage annular slot amplifier control
port. Two approaches were considered. The first would use a commercial
electrodynamic loudspeaker driver. The second would use a bank of piezo-
electrically actuated flapper valves, each of which would in turn drive
a planar proportional fluidic amplifier stage. The first approach
using the commercial loudspeaker driver was selected. In this section,
the considerations bearing on both approaches will be reviewed.

3.1 ELECTRODYNAMIC DRIVER

The main advantage of this approach is that the transducer can be
a commercially available component and hence relatively low in cost and
short in delivery time. Its main disadvantage is its poor low-frequency
response. The unit selected (Altec Lansing Model 290 E) has the following
specifications:

Maximum electrical power input 100 watts

Frequency response 300 to 8,000 hz

Throat diameter 1.08 in.

Duct diameter at connection flange 1.40 in.

The driver has a voice coil impedance of 4 ohms, but is driven through
a transformer and capacitor circuit. Looking into this circuit, the
impedance is 50 ohms. A 6 db/octave roll-off is provided below 300 hertz
to protect the voice coil and diaphragm from being driven beyond their
travel limit.

Figure 12 is a frequency response taken of the driver loaded
by 48 feet of aluminum tubing whose inner diameter matched the driver
connection flange diameter. The pressure was measured by a dynamic pres-
sure pickup installed in the tubing wall within 1 inch of the driver
flange. The attenuation in the tubing was such that the standing wave
amplitude was approximately 0.03 psi minimum to maximum. The peaks of
the standing wave pattern were separated by approximately 13 hz intervals.
Neglecting the small standing wave effect, the driver had an ideal
acoustic load. (An ideal acoustic load is one which has the same
dynamic pressure-flow characteristic as an infinitely long, rigid tube
filled with air at standard pressure and temperature, and whose cross
section area is equal to the port area at the driver flange.) The
power for the driver is obtained from a commercial audio amplifier
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(McIntosh Model MI-200B) rated at 200 watts maximum power. A constant-
amplitude input signal was supplied to the amplifier. At 500 hz, this
resulted in a 47-volt rms drive signal at the amplifier output. This
drive signal varied with frequency approximately 5 volts rms minimum to
maximum over the test frequency range.

From Figure 12 we can see that the amplifier and driver combination
is essentially flat from about 800 to 2500 hz. The response is not flat
below 800 hz, peaking about 5 db at 550 hz and being down 8 db at 300 hz.

The acoustic power being sent down the tubing can be calculated from
the equation,

2
7? - a A

1 Pc (3-1)

where

(P = Power

a1  = A constant to provide a consistent set of units

p = rms pressure of acoustic signal

pc = Characteristic acoustic impedance of the medium in the
tubing

A = Cross-section area of tubing

Using a specific system of units, and air at room temperature in the
tube, equation (3-1) becomes

2
rp = 73.6 p A (3-1a)

where

TP is in watts

p is in psi (rms)

A is in square inches

In the flat portion of the frequency response of Figure 12,

p = 0.21 psi (rms)
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For the tubing used in the test,

A = 1.5 in 2

Then from equation (3-1a),

T? = 4.9 watts

The dynamic variation of weight flow rate in the tube for small changes
is given by:

c (3-2)

where

w = Weight flow rate, lb/sec

g = 386 in/sec
2

c = Sound speed, in/sec

Other symbols are as used previously. Using equation (3-2) and changing
from rms to single amplitude variations, the dynamic variation of weight
flow in the test for the flat part of the frequency response was:

w = + 1.15 x 10l-2 b/sec

We should point out here that when the duct to which the elec-
trodynamic driver is coupled is significantly different from an ideal
acoustic load, then the dynamic pressure, weight flow rate and power
will not generally be the values given above, even though the electronic
amplifier input signal remains the same.

When the loudspeaker driver was used as a control flow source for
the annular slot model, it was found that operation at the full rated
electrical power of 100 watts resulted in rapid fatigue and failure of
the voice coil and diaphragm assembly. This is because the annular slot
model control line presents to the driver an acoustic impedance that is
often far from ideal. It was found by experience that setting the drive

signal for 47 volts rms at the audio amplifier output at 500 hz would
give very long driver life. This corresponds to about 45 watts elec-
trical power.
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3.2 PIEZOELECTRIC VALVE

The piezoelectric valve concept is illustrated in Figure 13. Here,
bars made of piezoelectric ceramic layers are cantilevered from supports.
Voltage across the individual layers causes the bars to bend, thus increas-
ing or decreasing the clearance between the free ends of the bars and the
nozzle faces. The region in which the bars are located is pressurized,
and bars' bending causes modulation of the gas flow through the nozzle
passages.

The piezoelectric valve approach has the advantage of high frequency
response capability with very little bulk. A disadvantage is that the
valve constitutes a primarily capacitive electrical load, and draws high
current at high frequencies. Although an inductance could be used to
compensate for the capacitance around a given frequency, this is not
consistent with a broad frequency band mode of operation.

A preliminary design investigation was conducted on the piezoelectric
valve. Piezoelectric laminate bars were specified as follows:

material lead zirconate titanate

overall dimensions 1.15 in. long by 0.317 in. wide
by 0.084 in. thick

number of layers six
The bars were constructed with thin metallic layers between the
piezoelectric ceramic layers. The metallic layers extended beyond one
end of the bar. Also, the exterior surface of each of the two exterior
piezoceramic layers was plated with conducting material. Electrical
connections can be made to the metallic layer extensions and the two
plated exterior surfaces. For the module shown in Figure 13, the
following parameters apply:

cantilevered length of bar 0.75 inch
beyond support

maximum rated voltage magnitude 210 volts
between layers

maximum deflection at tip - 7 x 10-4 inches
of bar (calculated)

natural frequency (calculated) 2900 hz

dynamic variation of nitrogen flow - 1.6 x 10-3 lb/sec
from valve module with 100 psia
supply pressure (calculated)

electrical capacitance of valve 0.25 microfarad
module below resonant frequency
(calculated)
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The results of the design study showed that five piezoelectric
valve modules driven in parallel could be used advantageously. Each
module would then drive a single-receiver fluidic amplifier of the
conventional planar geometry. The outputs of the five fluidic amplifiers
would then be coupled in parallel to the control line leading to the
annular slot amplifier model. Such a combination of valve modules and
planar amplifiers could be fabricated in a compact and convenient
package.

Operation of the five valve modules at the upper end of the
frequency range, 2000 hz, would require a peak a.c. current of 4.0 amperes
under maximum output conditions. The peak a.c. voltage would be 210 volts,
90 degrees out of phase with the current. Electronic amplifiers to pro-
vide such an electrical drive signal are commercially available, although
they are rather bulky and costly.

A quantity of the piezoelectric ceramic laminate bars was ordered
from a manufacturer preparatory to fabricating the valve modules.
However, the bars proved to be very difficult to manufacture. Only a
small number were produced over an extended period of time. Because of
these manufacturing difficulties, and also because of the electric drive
complications, the piezoelectric valve approach for the control flow
source was dropped. Instead, the electrodynamic loudspeaker driver
approach was adopted.

3.3 CONTROL FLOW SOURCE STATUS

The electrodynamic driver currently used has been a reliable and
repeatable control flow source when operated at a derated power level.
If the driver could be operated continuously at its full rating, the
dynamic control pressure amplitude would be about 50 percent higher
than at present. However, the present level is sufficiently high to
make meaningful experimental measurements. For an operational sound
generator, a higher power control flow source would be desirable.

Another limitation of the current electrodynamic driver is
its frequency range. Although its frequency response is not flat below
800 hz, it may be possible to compensate the electronic drive circuit
to yield a frequency response flat down to 300 hz, still maintaining a
significant power level.

By using other types of electrodynamic drivers, the frequency
response could possibly be extended down to the desired 20 hz. How-
ever, it may be necessary to utilize two different control flow sources
to cover the entire frequency range of 20 to 200 hz. One would be for
the low frequencies, and the other for the middle and high frequencies.
An electronic crossover network would also be necessary.
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SECTION 4

GENERATOR DYNAMICS

4.1 GENERAL

In analyzing the dynamic performance of the fluidic sound generator,

several quantities must be examined. These include the fluidic amplifier

input or control port impedance, the output or receiver impedance, the gain,

and the coupling by which the amplifier load impedance effects the input

impedance. These quantities are to be evaluated at the a.c. frequencies

of interest, in contrast to low-frequency, quasi-steady state conditions.

If the generator is to consist of more than one amplifier stage, interstage

coupling approaches must be examined also.

A fundamental consideration in the analysis and design of the sound

generator is that the dimensions of the fluidic amplifiers can be compa-

rable to the wavelength of sound at the a.c. frequencies of interest.

This appears to be unavoidable if the acoustic power capability of an

amplifier is to be of the order of hundreds of watts or higher, and if

the supply pressures available are of the order of 10 to 20 psig. There-

fore, in analysis, design and evaluation of experimental results it was

necessary to include possible distributed parameter or long line effects.

The purpose of the analysis which follows is twofold; first, to gain

an insight as to the expected behavior of the amplifier stage, and second,

to identify those parameters which could be manipulated to improve the

performance once the stage is built. Because the amplifier form is new

(annular slot configuration) it was not possible to provide an analysis

prior to building the stage; rather the stage was built, and the analysis

was used to interpret the data and to provide for redesign where possible.

Measured static characteristic curves for the stage indicated that

the amplifier had an inherent regenerative feedback mechanism which gave

very high stage gains (Section 4.2.1). This discovery would have negated

any previous analysis which might have been undertaken.

With the static data at hand, an equivalent circuit for the ampli-

fier stage was generated, as shown in Figure 14, and theoretical compu-

tations were then carried out to derive the stage input admittance and

output admittance, as presented in Figure 17. Knowing these admittances,

it was possible to make predictions as to the dynamic behavior of stage

when long control and receiver ducts were attached to the stage. (These

long connections could not be avoided, because transformer connections
were necessary to achieve the best possible degree of impedance matching

between stages.)

One very important conclusion to be drawn from Figure 17, is that

for the amplifier geometry chosen the inlet control duct could not be
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properly terminated to avoid reflection. From this, the design technique
which had to be pursued was to try and match the output impedance of the
electrodynamic driver to the input end of the control line duct so as to
avoid a second reflection and thus establish a flat frequency response at
the exit of the control line duct. This is treated in Section 4.6, and
the result is expressed by equation (4-36). Since the output impedance
of the driver was known to be higher than the characteristic impedance
of the duct (Figure 19), it would appear to be a simple matter to intro-
duce a shunt acoustic path to lower the apparent output impedance of the
driver. With this design concept in mind, experimental frequency response
tests were first run, as discussed in Section 4.3. In these tests, there
was no shunt acoustic path at the driver end of the control line duct. A
flat frequency response was not obtained, as was expected. Therefore, the
shunt path was tried next in order to obtain a flat frequency response.
This technique did not produce the required result, which led to the
conclusion that the feedback mechanism in the amplifier stage must be
distributed, (occuring because of a long feedback path). Additional
frequency response measurements were made to establish the experimental
input admittance to the stage and to identify the frequency response
of the stage with its inherent feedback mechanism but not including the
reflection effects in the control line duct. This is discussed in
Section 4.4.

Additional analysis was then undertaken to see if a better trans-
former configuration could be found to connect the driver and stage
control port to further flatten the frequency response. Section 4.7
treats this approach. The transformer in use was found to be near
optimum, so no further design changes seemed possible short of a major
redesign of the stage (Figure 28). The design and fabrication of the
second-stage amplifier was then undertaken, as described in Section 5.

4.2 AMPLIFIER GAIN

4.2.1 Static Gain

From static gain measurements, it was concluded that the
annular slot amplifier possibly has an inherent regenerative feedback
loop, since the measured gains were higher than could be expected from
conventional planar jet-on-jet amplifier practice. Static output imped-
ance curves confirmed the presence of regenerative feedback. In regions
of this data, the amplifier actually showed negative output impedance.
A negative output impedance could only be substantiated on the basis of
a relatively strong positive feedback mechanism.

The presence of a feedback mechanism, either positive or
negative, will influence the input and output impedances of the ampli-
fier, as will be shown below. Such effects must be recognized in making
connections to the amplifier stage.

Where the feedback mechanism takes place via a signal path
which is as long as even a quarter wavelength, impedances and amplifier
stage gains can be expected to be frequency-variant.
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4.2.2 A Lumped Parameter Small Signal Steady State Analysis

In an effort to identify the effects of regenerative feed-

back and to provide a starting point for further dynamic analysis, a

simple static lumped parameter analysis was first carried out for the
annular slot amplifier. The regenerative feedback mechanism must be
identified or at least hypothesized if a satisfactory analytical model
is to be found. There are two possible locations for this feedback
mechanism. One is inside the annular power jet and is set up because of

spilled flow at the receiver which flows back into the control port. This

source of feedback is denoted by the flow arrows marked "1" in Figure 14.
This feedback appears at first to be negative, as the spilled flow would
tend to force the power jet out thus reducing the load pressure and in
turn the amount of fluid returned to the control passage. However, in
referring to the measured control port characteristics, Figure 11, a
contradiction is noted as to whether the feedback is positive or negative.

For values of Pcs less than 0.6 psig the input curves have positive slopes
and magnitude increases in PL cause increases in Pcs for a given Wc.
However, at pressures above Pcs - 0.6 psig the characteristic curves have
negative slopes and magnitude decreases in PL cause increases in Pcs for

a given Wc. It can only be concluded that the sensitivity of the change

in spilled flow "1" with changes in Pcs is highly nonlinear, and that
above Pcs = 0.6 psig, the jet flow geometry is such that regenerative
feedback takes place. Feedback is here interpreted as the change in
Pcs caused by a PL change, for constant values of control flow, Wc.

The second mechanism of regenerative feedback can be identi-
fied by considering the effect of the spilled flow passing out the vent
of the amplifier. It is known that vent flow sets up a vortex flow field

in the vent region as described by the flow arrows "2" in Figure 14. The

vent flow pattern acts as an aspiration pump in the vicinity of the power

jet, reducing the pressure around the outside of the jet and causing it
to move outward. Outward movement of the power jet increases the vent

flow aspiration pumping which, in turn, further increases the outward mot-
ion of the jet. This is, of course, a regenerative mechanism. For

purposes of modeling, a reduced pressure at the outside of the power jet

is equivalent to an increase in pressure, Pcs, internal to the power jet.
Making use of this substitution yields a very simple equivalent circuit
for the amplifier as shown in Figure 14(b) which is general in that the

circuit will account for either or both cases cited as the cause of
regenerative feedback.

To represent the feedback mechanism, an equivalent flow

source, gf (Pcs - PL), is postulated. A more general flow source would
utilize different coefficients on Pcs and PL, but for purposes of simp-
licity a single coefficient, gf, is used. As noted in Figure 14(b), that
flow which is removed from the load pressure node, PL, is in turn added
to the Pcs node thus identifying a feedback path. The flow passes through

a control port resistance, rc, thus causing a change in Pcs as the feed-

back flow changes. This control port resistance, rc, is a coupling re-

sistance which couples the effects of the feedback flow and control flow
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to set up the control pressure PCs. This simple coupling may not be
entirely accurate, but the circuit analysis is simple and certainly
feedback effects can be examined on a qualitative basis.

The feedback flow source can be replaced by a negative
resistance between nodes Pcs and PL as shown in Figure 14(c).* To prove
the substitution, the flow in the feedback branch is equated to the
spilled flow source; i.e.

(P -CPL)

-rf gf (Pcs - PL)

If rf were positive the flow directions in the feedback path of Figure 14(c)

would be opposite to that of the feedback flow source in Figure 14(b).

Of course, a negative resistance, rf, is consistent with regenerative

feedback. The pressure source, aPcs, used in Figures 14(b) and 14(c)

represents the stagnation pressure change which would be observed if the

load port were blocked. The load receiver of the amplifier will cause

some loss and therefore its impedance is described as ro. The load

resistance is given as rk.

Observations of the control line self-bias pressure show

that as load pressure is increased - through decrease of the external

load resistance, rk - the self-bias pressure decreases. This is indi-

cated in the right-hand portion of the plot in Figure 11. The circuit

in Figure 14(c) provides this relationship. The circuit is converted

for nodal analysis in Figure 15. The pressure source generator, aPcs,

becomes a flow source go aPcs and resistances are now shown as their

reciprocal conductances.

A flow source WL, not normally present, has been added at

the load terminal. Its sole use is in deriving the output impedance of

the amplifier. We will make the substitution, gL - go + g9 " The flow
equations are then given by the matrix set, equations (4-1).

W CC- gf gf P CS

I - (4-1)
? Wf + ago 0 gL - gf e L

It should be noted that in Figures 14 and 15, and in equation (4-1),

all flows and pressures are taken to be small changes about quiescent

values in the actual fluidic amplifier.

For a further treatment of this form of fluidic circuit analysis, see

Reference 2, pp. 27-35.
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Solving the set for Pcs/Wc and inverting, the input admit-
tance is given by equation (4-2).

W c ago 0 f + gf gL
g = Yf = c - - (4-2)

It will be noted that Yc. can be negative, zero, or positive depending
on the magnitudes Of gL and gf. Before determining possible ranges of
values for these parameters, the matrix set (4-1) is solved for the
expressions PL/Pcs and WL/PL. These are:

PL=-(gf +cgo)
_ f + for W' = 0 (4-3)

Cs 9L - gf

WL gf (gc + ago) for W = 0
PL o0 + gZ gc - gf c (4-4)

We know that changes in PL are opposite in sign to changes
in PCs* Therefore, from the pressure gain expression, equation (4-3),
we know that

gL = go + g 9 > gf"

Having noted this result, we see from equation (4-2) for the input
admittance that

Yc < gc

In terms of the actual load flow, WL, the output admittance is found
from equation (4-4) by letting gk = 0. Also, we must multiply the left-
hand side of equation (4-4) by (-l) since the slope of the output charac-
teristic curves is by definition the negative of the output admittance.
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Static measurements of the load or output characteristics of the amplifier
model were shown in Figure 9. Thus,

y -=goWL gf (gc + ago) (4-4a)Yout =-P L go - gc - gf (-a

It is advantageous to operate in the region where the characteristic curves
have positive slope, i.e., in the negative output admittance region, in
order to achieve high gain. In this region WL increases as PL increases,
or,

y < 0.
out

Therefore, in equation (4-4a),

gc > gf

Also,

gf (gc + ag) (45)

gc - gf 0

It should be remembered that a very simple equivalent
circuit has been selected, and also that in the real amplifier all of
the conductances are nonlinear and dependent upon quiescent operating
levels.

4.2.3 Control Port Input Conductance (g )

The input conductance of the control port can be estimated
on the basis of the normalized input conductance of other jet-type
fluidic amplifiers. The annular slot amplifier can be visualized as
one-half of a planar amplifier rotated through 360 degrees to sweep
out a three-dimensional geometry. A representative planar amplifier,
Bendix model lOPAl9A, was tested to determine its control port cond-
uctance. This amplifier has two right and two left control ports. For
the purposes of the tests, the control ports on either side were connected
in parallel, and the amplifier was operated as though it had just one
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right and one left control port. Figure 16 shows the test data. The
amplifier was operated single-ended, with the various ports in the
conditions noted on Figure 16, to match the condition of the annular

slot amplifier. In a manner similar to that of the annular slot ampli-
fier, this test amplifier also self-biased, as shown by the zero control
flow intercepts along the control pressure axis in Figure 16.

Taking slopes at these intercepts, the amplifier control

port conductances are found to be inversely proportional to the square
root of the gage supply pressures used. Also, compressible flow theory

states that flows are proportional to orifice areas. Therefore, the

input conductance is related to these parameters as given by,

A W Ae c
gc APc S--

where
A = Control port area, in 2

c

P = Supply pressure, psig

A normalized form of the input conductance may be obtained by multiplying

the numerator and the denominator of the above expression by the left
and right sides respectively of the following expression for supply
nozzle flow:

W s ,,As _

That is:

AW A W
c c s

gc AP A P
cs s S

where

W = Supply flow, lb/sec.5

A = Power jet nozzle area, in 2

3
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Here, we have assumed that the flow through the supply nozzle is in the
subsonic regime, which is the case for our annular slot amplifier.

The expression for input conductance that we will use is
obtained by rewriting the one above:

g Ac Acs (4-6)gc = A P
5 s

where

gnc = Normalized control port conductance, dimensionless

The normalized conductance from the data of Figure 16 is
approximately 3.0. For the annular slot amplifier model:

A % 3 in 2

c

A s 0.6 in2

W a 0.315 lb/sec5

P = 10 psig

Using equation (4-6),

(3) (3) (.315) = 0.47 in2

= (0.6) (10) /sec (4-7)

At this point, we will note that the annular slot amplifier has an
unusually large vent region as compared with conventional fluid ampli-
fiers. To account for this, we will arbitrarily double the value of

gnc" It will be seen later that experimental data on the annular slot
model justifies the larger value of gnc" Thus, we will take,

gc = 1 in 2/sec (4-8)
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4.2.4 Receiver Output Conductance (g )

The receiver output conductance, go, can be found by
assuming the receiver acts as an orifice having an area equal to the
entrance area of the receiver. The small signal conductance of an ori-
fice can be estimated by taking total differentials of the Fliegner ori-
fice flow formula- given by equation (4-9).

W = A VrP T  d (4-9)
_V_

where:
cI Gas flow constant, 0 R/2/

:R sec

c d = Discharge coefficient, dimensionless

.2
A = Orifice area, in

Pd = Downstream pressure, psia

P = Upstream pressure, psiau

T = Gas temperature, OR

Linearizing equation (4-9),

Wo (APu - APd) Wo (APd)

AW = 20 (Pu - d ) + (P d) (4-10)
2 Puo - do +2 ( o

Reference 3, p. 302.
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where subscript zeros denote quiescient values of the variables.
The term Wo APd/2 Pdo in equation (4-10) is small

compared to the first term on the right-hand side of equation (4-10), as
Pdo» Puo - Pdo Neglecting this term, the conductance of the orifice or
amplifier receiver is given as:

_ AW wo (4-11)
go TA (Pu - P = 2 (Puo - Pddo)

For the amplifier model, P is the measured upstreamuo
stagnation pressure taken when the receiver is blocked. Measurements
of PH gave approximately 5 psig (20 psia). For the amplifier load used,

Pdo Ys approximately 3 psig (18 psia). The flow Wo was measured at
about 0.08 lb/sec. Using equation (4-11), go is then:

0.082

0= 2 (2)= 0.02 in 2/sec (4-12)

4,2.5 Load Conductance (g.)

For purposes of testing the annular slot amplifier model
to high frequencies, a 50-foot concentric tube assembly was used to load
the amplifier stage. This tube assembly was mounted to form an extension
of the amplifier's annular receiver passage. Sound waves making the
100 foot round trip from the receiver to the end of the duct and back to
the receiver were attenuated significantly. The acoustic admittance of
such a duct, sufficiently long to prevent reflections, is given by
equation (4-13).

cA (4-13)9 Z c

where:

g = 386 in/sec2

c = Speed of sound, in/sec

A = Duct area, in 2

Reference 2, pp. 2 7 - 3 5
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For nitrogen or air at normal temperatures,

A ' A (4-13a)

The receiver area and hence load area is approximately
1.06 in 2 . Therefore:

1.06 in 2

1.06 = 0.0312 in (4-14)5k 34sec

4.2.6 Amplification Factor (a)

Because of the unique design of the amplifier, an annular
slot source and receiver and a control port whose width is much more
than that of the power jet port, it was difficult to estimate accurately
the amplification factor a. Initial static tests showed pressure gains,
with the amplifier loaded, of nominally 15, and it was thought that a
must then be quite large, perhaps 20. However, the discovery of the
regenerative feedback changed this opinion and subsequently a is known
to be smaller, in the range of 6 to 10. It must be remembered that the
a under discussion here is defined by the simplified equivalent circuits
of Figures 14 and 15. The value for a determined from these circuits
is likely to be only loosely related to the actual blocked pressure gain
of the amplifier. However, we are evaluating only the trends in parameters
and so other amplifier parameters were computed based on,

V

L -15
P

cs

under low-frequency or steady state conditions.

4.2.7 Determination of Amplifier Parameters

Solving equation (4-3) for gf in terms of a:

gf = 0.048 - 0.00125a (4-15)
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From equation (4-4a), the output admittance is given by:

Y 9~~f (g c + a go0(416

out =go - gf g gf (4-16)

Using parameter values obtained previously,

gf (1 + O.02ct)

Y =0.02 - f ( g (4-17)out i - g f

Values of gf and yo are plotted in Figure 17 for various values of a.
The input admittance to the amplifier is given by equation (4-2):

Y =g - 0g f + gf L (4-18)

C ~ 9 c g gf

Again using parameter values obtained previously,

gf (0.02a + 0.0512)
Y = 1-(-8a

c 0.0512 - gf

Values of Yc are also plotted in Figure 17 for various values of a.

From the calculations results presented in Figure 17, it
is noted that the output admittance of the amplifier is negative with a
nominal value of -0.025 in 2 /sec. This compares with values from the
static measurements of Figure 9 which are in the neighborhood of
-0.03 in 2 /sec.

Since the quantity gc is included in equation (4-16) for
the output admittance, and since the calculated and the experimentally
derived values of output admittance are reasonably close, we can-con-
clude that the value

gc =M 1 in 2/sec

given by equation (4-8) must be a good approximation.

We see from equation (4-16) that when gc is relatively
large compared to a go and gf, and when go and gf are of the same order
of magnitude, then Yout is influenced strongly by gf. That is the pres-
ent case.

The input admittance, Yc, lies between 1/3 and 1/2 of the
input conductance gc.
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Taking the area of control port, approximately 3 in 2 , the
ideal acoustic admittance of the duct leading to the control port is, by
equation (4-13a), approximately 3/34 or 0.09 in 2 /sec. Figure 17 shows the
control port admittance, Yc, is 3 to 5 times greater than this ideal
acoustic admittance value. Therefore, an acoustic mismatch at the control
port is indicated. Since it is not possible to design the amplifier so
the distance from the driver to the control port is less than 1/10 of a
wavelength at the highest operating frequencies, reflections and standing
wave effects in the control line are to be expected.

4.3 INITIAL FREQUENCY RESPONSE TESTS

The analysis given in the previous section was conducted with the
view towards obtaining insight into trends of behavior of the annular
slot amplifier model. Frequency response tests were conducted to see if
reflections were present at the input and also to evaluate the overall
response of the amplifier.

In these tests, the electrodynamic driver control flow source was
driven by an electronic audio amplifier, as described in Section 3. The
input signal to the electronic audio amplifier was a constant amplitude,
variable frequency sine wave signal. The electronic amplifier gain was
adjusted to give 47 volts rms at the electronic amplifier output at 500
hz. This was the standard frequency response procedure used in this
program.

As described previously, the frequency response tests were run
with a 50-foot concentric tube load attached to the outlet of the fluidic
amplifier to avoid reflections in the fluidic output load circuit. Input
and output dynamic pressure data were then taken using dynamic pressure
pickups located as near to the control port and receiver exit of the
fluidic amplifier as possible.

A typical installation of a pressure pickup is shown in Figure 18.
The hole in the brass fitting is 0.090 inch in diameter. The fluid
resistance and the volume under compression in this installation are
sufficiently small so that dynamic errors in pressure measurements are
negligibly small over the frequency range of interest. This type of
pressure pickup installation has proven to be very convenient for mea-
ments in thin-walled ducts.

The electrical signals from the piezoelectric pressure pickups were
amplified by charge amplifiers and the output signals from the charge
amplifiers were then recorded. Most of the frequency response data in
this report was taken using a tracking filter between the charge amplifier
output and the input terminal of the recorder. This served to suppress
noise and harmonics in the measured quantities. A Princeton Applied
Research lock-in amplifier Model No. HR-8 with a type-A preamplifier
was used for this function.
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For all test results given in this report, the power jet supply

pressure was 10 psig unless otherwise specified.

If the conclusions drawn from the simplified analysis in the pre-

vious section were even close to correct, it was expected that the input

frequency response curves would show reflections and a standing wave of

a.c. pressure amplitude should be evident. The reason for the reflections

is, again, that the relatively long control line duct (approximately 11

inches long) acts as a transmission line which is terminated in an impedance

that is approximately 1/3 of the control port acoustic characteristic

impedance.

The control line duct employed with the annular slot amplifier

model begins with a 0.91 in 2 initial area within the electrodynamic
driver. The area increases gradually with distance until, after 11

inches, it is 2.99 in 2 at the control port. The duct is formed by

sections having conical shapes. The cutoff frequency corresponding to

an exponential duct shape giving the same area change in the same length

is 160 hz. Therefore, we conclude that the duct acts as a reasonably

good acoustic connector down to the lowest driver frequency, 300 hz.

An acoustic connector of this kind transforms acoustic impedances*.

To show the effect of the transformation let,

Z' = Impedance evaluated at the large or control port end
r of the duct, sec/in2

A = Area at the large or control port end of the duct, in 2

r

A = Area at the small or input end of the duct, in 2

s

R = A /A , dimensionless

Then, the effect of Z• as felt at the input end is as though the duct

continued on at the constant area As, but was terminated in an imped-

ance of value R Zr.

To illustrate the result of this transformation, let Z' be expressed

in terms of the characteristic acoustic impedance at the control port end

of the duct. Thus,

, = (m + j n) -
r g Ar

*Reference 7, pp. 112-4
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where,

m = Normalized resistive component, dimensionless

n = Normalized reactive component, dimensionless

j = V
c = Sound speed, in/sec

g = 386 in/sec
2

Then, at the input end of the duct, Zr is seen as,

c
Z" = Z R = (m + j n) gAr r s

where

Z" = Transformed control port impedance, sec/in2
r

We note that Z" is given by the duct characteristic impedance evalu-
ated at the input end, multiplied by the same normalizing factor
(m + j n) as was used at the control port end.

The result can be summarized in a general form as follows. When
a tapered duct has a cutoff frequency well below the operating freq-
uency range of interest, the duct can be treated as an equivalent
constant-area duct. To do so we,

(a) Select any convenient area A as a reference area, and de-
fine a duct characteristic impedance Z0 on the basis of that
area, so that

=cZ = -
o gA

(b) Set the termination impedance Zr of the constant-area duct
equal to the normalizing factor prevailing at the actual
duct termination times Zo. Thus,

I Ar
Z =Z' _ Zr r c 0

A
= Z r

rA
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(c) If any generator impedance Z' is connected to the input end

of the actual duct, set the generator impedance Z of the

constant-area duct equal to the normalizing factof pre-
vailing at the actual duct input times Zo. This is an

exactly similar procedure as that used for the termination
impedance. Thus,

g A
Z = Z' Z

g g c 0

A
= Z' s

gA

We will treat the control line duct as an equivalent constant-

area duct so that we can use existing transmission line analysis tech-

niques. The consequences of impedance mismatches can then be readily

seen. The fact that the control port impedance is approximately 1/3

of the acoustic characteristic impedance causes the input impedance to

the duct to vary with frequency. The duct input impedance is some 3

times the characteristic impedance at odd quarter wavelengths, and about

one-third the characteristic impedance at half wavelengths. This can

be shown as follows.

The input or sending end impedance of a transmission line is given
by,

Z + Z tanh y L
Sr o

s o Z + Z tanh y Lo r

where

Zs = Line input impedance, sec/in2

Z = Line characteristic impedance, sec/in2

0

Z = Line termination impedance, sec/in2

r

-i
y = Propagation constant, in

L = Line length, in.

Reference 4, p. 105.
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The propagation constant is expressed as,

2rr f
t + j at t + j

where

at = Attenuation constant, in-

at - Phase constant, in 1

f = Frequency, hz

v - Phase velocity of wave, in/sec

For the duct dimensions and frequency range with which we are concerned,
we can make the following simplifying assumptions:

at 0

v l c (ordinary speed of sound)

27 f 2Tr
Y cc

where

X = Wavelength, in

The duct input impedance expression then becomes,

Zr + j Z tan (2f L/X)
ro

s o Z + J Z tan (2r L/Xo r

Under the same simplifying assumptions as above, the duct characteristic
impedance is,

cZ = C-

o gA
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where

c - Speed of sound, in/sec

g = 386 in/sec
2

A - Duct area, in 2

It will be noted that this is the reciprocal of equation (4-13), the
admittance of a very long duct.

Examining the above equation for duct input impedance, we see
that,

L 1 3
as 1 ÷, 1, , etc.,

tan (2Tr L/X) ÷ 0

Because Z r 1/3 Z ,r o

z +z
s r'3 o

Also,

L 1 3 5
as 7-W, W1 W, etc.,

tan (2w L/X) oo

and

Z ÷ Z 2 I 9 Z ^ 3 Zs 0 / r 1. r 0

The effect of this variable impedance presented to the control line driver
is to cause mismatching and therefore reduction of the power which can be
introduced into the control line duct. The magnitude of the power input
at the odd quarter wavelength and the half wavelength frequencies depends
upon the output impedance of the driver.

The output impedance of the driver, that is, the acoustical im-
pedance looking upstream into the exit port of the driver, is usually
considerably larger than the characteristic impedance for the exit port
because of inherent losses in the driver. Assuming a driver efficiency
of 10 percent, i.e., the ratio of acoustic power out to input electric
power, then the output impedance of the driver can be shown to be equal
to 9 Zo. Consider the Th~venin equivalent circuit for the driver and
load as shown in Figure 19. Here,
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E = rms open-circuit pressure of equivalent generator, psi

The power delivered to the ideal or design load is,

1 2
1 1 00 Z

0

The total power converted or dissipated in the circuit is,

VP2  10 z
0

The efficiency is,

(IT/IT•2 ) x 100 = 10 percent

Thus, a driver output impedance of 9 Zo is consistent with a driver
efficiency of 10 percent. This efficiency value is considered repre-
sentative of a driver with a proper acoustic load.

With a driver output impedance of 9 Zo, and a control line duct
termination impedance of 1/3 Zo, we conclude that the power delivered
to the duct at half wavelength frequencies is very low, since,

z ; 1/3 Zs 0

and this is in series with Z = 9 Z
g o

Conversely, at odd quarter wavelength frequencies the power
delivered to the duct is substantially larger, since,

Z s P% 3 Z°0

and is in series with, again, Z = 9 Z 0
g o
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For the control duct length of 11 inches, the duct operates at
multiple half wavelengths for frequencies of approximately 600, 1200,
1800 etc., hz. A valley or low pressure amplitude response should be
expected at the output of the amplifier at these frequencies.

The input or control line response test results are shown in
Figure 20(a) and the output response results are shown in Figrue 20(b).
During the test runs, the steady state control line and output pressures,
Pcs and PL' ranged from 0.75 to 0.76 psig and from 2.48 to 2.58 Dsig
respectively. A tracking filter amplifier was used to obtain the
frequency response with noise and harmonic distortion removed. As
noted from the output data, a definite valley in pressure response
occurs at 1200 hz. but no similar valley is evident at 600 hz. There
is a valley at 600 hz. but the value of the pressure amplitude is con-
siderably higher than at 1200 hz. The control line pressure response
(Figure 20(a)) also shows a valley at 1200 hz. However, interpretation
of the control line response data is difficult because the pressure
pickup location is not at the amplifier control port. It is located
as close as possible to the port, but is still approximately 4 inches
from the control port. Because of the low input power at 1200 hz., a
valley would be expected at this frequency anywhere in the control
line duct.

The lack of a prominent valley at 600 hz. for the output and in-
put responses can be explained, at least partially, by the resonant
response of the driver as evidenced in Figure 12.

As discussed previously, the driver output impedance does not
match the characteristic impedance of the duct. Therefore, it was
reasoned that some distortion of a simple standing wave pattern could
be expected due to reflections at the sending end of the duct. Knowing
that the driver output impedance would be higher than that of the duct,
an acoustic load was connected in parallel at the driver end by open-
ing a gap between the driver and the duct. Various gap sizes were tried
but no appreciable change in the shape of the control line pressure
frequency response curve was noted. We conclude from these results that
there was no change in the hypothesized standing wave pattern.

Another purpose of the tests described above was as follows. If
the driver output impedance with its shunt load could be made to match the
duct, then reflected waves from the control port would be absorbed.
Although there would still be a standing wave pattern in the duct, the
pressure amplitude at the control port would be constant with frequency
(except for the 600 hz driver resonance). This will be demonstrated
analytically in Section 4.6. Therefore, a flat frequency response curve
should be obtained if reflections at the control port were the only
problem. However, no acoustic shunt at the driver end could be found
that came even close to providing the desired result.

It was, then, decided to attempt to achieve an impedance match at
the control port end of the duct by reducing the admittance of the
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control port. Since the valley in response occurred at 1200 hz. as
expected, the port admittance was known to be too large. It was
possible to reduce gc by moving the control flow deflector towards
the duct. In doing so the gain of the amplifier could also be expected
to decrease since less control port area would be available to act on the
power jet. Even so, the control flow deflector was moved forward by
placing shims under its base so that the control port area was reduced
in successive steps from 100 percent to 80 percent to 60 percent to
40 percent of the full value. The reduction in area to 80 percent was
accomplished with 0.10 inch shim, 60 percent with a 0.20 inch shim, and
finally 40 percent with a 0.30 inch shim.

The input frequency response test results for each of these re-
duced control port areas are shown in Figures 21(a), 22(a), and 23(a).
Corresponding output response curves are shown in Figures 21(b), 22(b)
and 23(b). For the data taken, the response for the 60 percent port
area is perhaps the best in that a marked reduction in standing wave
ratio has taken place. The response, however, is by no means flat.
Also, the overall stage gain suffered markedly by the reduction in the
control port area. The gain is essentially one-half of that possible
with the full control port. In looking at the output response data, it
is apparent that there is a strong enhancement of gain in the vicinity
of 1400 to 1500 hertz, which changed very little with changes in control
port area.

It was concluded that other distributed phenomena must be present,
i.e., another signal path length exists which must be causing some of the
variation in stage gain with frequency. A set of tests were then under-
taken to determine the a.c. input admittance of the control port and also
to isolate the variation in stage gain as a function of frequency. By
isolating both control port and load distributed effects, it was reasoned
that any other distributed paths could be more readily identified. These
tests and the results are discussed in Section 4.4.

4.4 A.C. IMPEDANCE AND GAIN MEASUREMENT TESTS

To determine experimentally the control port a.c. characteristics,
the pressure standing wave method was used. A 25-foot length of uniform
area aluminum tubing was adapted to run from the electrodynamic driver to
the amplifier model control port. The tubing area was 2.64 in 2 . From
the end of the tubing, the control line passage tapered smoothly outward
along a 1.87 inch length to the physical control port itself, which is
2.99 in 2 in area. The physical control port is defined as the point
along the control line passage where the area begins to flare out rapidly.
(See Figure 2)

The construction of the amplifier prevents installation of a press-
ure pickup in the immediate vicinity of the control port. However, begin-
nig 3.00 inches from the end of the aluminum tubing, pressure pickup taps
were situated at 0.25 inch intervals for a length of 9.50 inches, and at
0.50 inch intervals for an additional length of 7.00 inches. The 25-foot
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length from the electrodynamic driver to the control port provided atten-
uation of pressure waves reflected from the control port and traveling
back to the electrodynamic driver and *then forward to the control port
again. The output load on the fluidic amplifier was the long concentric
tube assembly described previously.

The test procedure was to drive the annular slot amplifier model
at a fixed frequency and amplitude, and move a dynamic pressure pickup
from tap to tap. By plotting the a.c. pressure amplitude versus distance,
the standing wave pattern can be obtained for that particular frequency.
Figure 24 shows a typical plot. From similar plots for other frequencies,
the ratio of pressure amplitude maximum and minimum, and the distance from
the control port to the first pressure minimum can be found for each
frequency. The control port impedance as a function of frequency can then
be found using the techniques of electrical transmission line engineering.
Either a Smith chart* can be employed, or the following formula can be used:**

Z = c 1 - Jr tan (2d m/X)(4-19)c g--A Ir - J tan (2Trd m/X) -9

where:

Z = Impedance of control port, sec/in2

c

g = 386 in/sec
2

c = Sound speed in the gas, in/sec

A = Tube cross section area, in 2

j = Square root of (-I), dimensionless

r = Standing wave ratio, maximum pressure amplitude/
minimum pressure amplitude, dimensionless

d = Distance from control port to first pressure
m minimum of the standing wave pattern, in.

X = Wave length at the test frequency, in.

Reference 4, pp. 126-143; Reference 5, pp. 8, 92-8.

Reference 4, p. 177.
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It is assumed in equation (4-19) that attenuation over 2 or 3 wave lengths
can be ignored. Figure 25 is a Smith chart showing the test data points.

At this point, we should point out that the distance from the
pressure amplitude minimum to the control port is not the distance measured
to the physical control port. Instead, the distance to an effective
control port location gives a more symmetrical distribution of data
points for varying frequency. The best effective control port location
was found to be that corresponding to the crown of the control flow
deflector. Also, because the actual control port area of the annular
slot amplifier is uncertain, we use the tube cross section area as a
standard basis.

Also at this point, we introduce the use of the lower case letter
symbol for variables to denote the a.c. component of pressure. This
will help to distinguish it from the steady-state pressures and pressure
variations derived from linearized static models, which will still be
denoted by the upper case letter symbol. We will follow the same prac-
tice for the letter symbols denoting a.c. and steady-state components 3f
weight flow. For the a.c. component of the effective control port pres-
sure, we will drop the subscript s. Thus, the steady-state and the a.c.
components of this pressure are denoted by Pcs and Pc respectively.

From the standing wave data, the pressure amplitude at the effective
control port can be deduced. Either a simple construction on the Smith
chart or the following formula can be used:

P ( = -)- K cos (4rd 2 + K sin (4d/X) (4-20)C (1 - K) r r/ 4-0

where:

K = r (4-21)
r r+l

and

PC= Amplitude of the a.c. pressure at the effective
control port, lb/in2

Pmin = Amplitude of the a.c. pressure at the standing
wave minimum, lb/in2

K = Reflection coefficient magnitude, dimensionless
r
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All other symbols are as used in equation (4-19).

The a.c. pressure gain of the annular slot amplifier model is
found by dividing the output pressure amplitude by the effective control
port pressure amplitude, Pc. Thus,

Pout
G = pressure gain =-

PC

Note that this is not the gain value obtained from the ratio of the a.c.
output pressure to the a.c. control line pressure. The a.c. control
line pressure is that recorded as the input in frequency response tests
such as that shown in Figure 20. The a.c. control line pressure can
differ from the a.c. effective control port pressure, pc, because of
standing wave effects. In treating the dynamic behavior of the basic
amplifier, the effective control port pressure is the more meaningful
quantity. As mentioned previously, the physical construction of the
amplifier prevents direct instrumentation of pc, the a.c. effective
control port pressure.

The control port impedance may be expressed in terms of the nor-
malized resistance and reactance components, as follows:

c (R')2 + (X') 2  (4-22)

where,

R' = Normalized resistance, dimensionless

V = Normalized reactance, dimensionless

Figure 26 shows the results of the tests. It is seen that the
control port reactance is small compared to the resistance, except at
2000 hz. However, at this frequency the wave length is relatively short
and the effect of system errors can be magnified. From 500 to 1750 hz,

V(R') + (X)2 % 0.3

Thus, the control port is an acoustic mismatch to the control line duct,
having an impedance too low by a factor of approximately 3. This is in
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agreement with the conclusions of Section 4.2.7, where the control port
admittance, Yc, (the inverse of Zd) was stated to be too high by a factor
of from 3 to 5.

Very significant is the variation in pressure gain with frequency.
The average value of gain, approximately 8, is still quite high compared
with conventional planar jet amplifier experience. As noted in Section 2,
conventional planar jet amplifiers under similar load conditions have
pressure gains of approximately 3 to 5. The gain variation with frequency
for the annular slot amplifier cannot be explained on the basis of the
simple lumped parameter equivalent circuits of Figures 14 and 15. This
fact supports the conclusion that another distributed signal path exists
in the amplifier.

4.5 THE ADDITIONAL DISTRIBUTED SIGNAL PATH

From the gain and impedance data presented in Figure 26 it must
be concluded that additional distributed signal paths exist in the ampli-
fier structure apart from those associated with the inlet control duct
and amplifier receiver passages.

There are two possibilities which can be considered; one, that the
vent region acts like a short finite horn which reflects, and two, that
the regenerative feedback path in the amplifier is distributed.

In analyzing the data in Figure 26, and particularly the cyclic
behavior of the amplifier gain, i.e., a peak in gain at 1400 hertz and
minimum gains at 700 and 2100 hertz, one immediately looks for a re-
flection path of some 4.7 inches. This is because 4.7 inches represents
a quarter wavelength at 700 hz. The radial dimension of the vent region
from the power jet to the exit plane of the vents measures 4.5 inches.
Therefore, a possibility exists that the vent region is acting as a
finite horn, poorly terminated, in the range of frequencies from
300 to 2000 hz. The minimum dimension of the vent region at the exit
plane is 2.5 inches, which is 0.38 of a wavelength at 2000 hz. This
means that reasonably good radiation should exist at 2000 hz., depending
on the cutoff frequency of the effective horn. The vent region was de-
signed, however, to provide a very rapid flare-out of area so that
acoustically, the cutoff frequency is high (above 3000 hz). With a high
cutoff frequency the impedance presented to the power jet would be low.
If the vent were the source of trouble, one would expect a cyclic gain
variation but with the peak gains at the higher frequencies being suc-
cessively lower. This is not the case as shown in Figure 26.

The evidence, then, for the data at hand leads to the conclusion
that the distributed path involved in causing the cyclic gain variation
must be in the regenerative feedback mechanism. It should be noted,
however, before proceeding with the case for the distributed feedback,
that the acoustic effects in the vent are not fully understood as yet.
In particular, there is vortex flow in the vent region caused by a de-
flected portion of the power jet flowing along the downstream conical
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surface of the vent region. The interaction of the vortex flow pattern
with an acoustic field could change the acoustic behavior of the vent
considerably over what might be expected otherwise.

To analyze the postulated distributed feedback case, the equivalent
circuit developed in Section 4.2.2, Figure 14(b), can be converted to
nodal form and expanded to include this path, as shown in Figure 27.
The spilled flow source is as before, with the exception that the effect
of PL in the source is delayed by h seconds.* This time delay h represents
the time for a PL signal to propagate along the feedback path before
being summed with the pc signal in the jet interaction region. The
quantity h is equal to the feedback path length divided by the propa-
gation velocity in the feedback path.

The physical location of the distributed feedback path is as yet
to be identified. Its most probable location is in the vent region of
the amplifier. There is, of course, some question as to the validity of
the circuit shown in Figure 27, but it will serve to explain why a dist-
ributed feedback path of some kind could cause cyclic variations in the
amplifier gain.

_jwo analyze the circuit in Figure 27, the following Euler expansion
of E_ will be used:

,-J=h cos h -j sin wh

= cos -j- J sin-w
V V

r r

irf irf
T cos f -f j sin -T f (4-22)

0 0

The theory for representing a transport lag or time delay of sinusoidal
signals in the manner shown in Figure 27 is given in standard control
systems texts. See, for example, Reference 6, pp. 4, 47.
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where:

w = angular frequency = 2irf, rad/sec

f = frequency, hz.

v
f r - quarter wavelength resonant frequency of

feedback path, hz.

vr = propagation velocity, in/sec.

k = path length, in.

We note that if the feedback is acoustic, the propagation velocity is
the speed of sound, or

v = C
r

If the feedback is by the convection of vortex flow patterns, v is the
convection velocity. It is believed that acoustic feedback is' Ehe more
probable case.

Summing flows at the P node in Figure 27,

-a go Pc - gf [Pc - PL Jwh] (go + gý) j". (4-23)

Solving for pL/Pc,

PL -(go + gf)

P go + gk - gf -Jwh (4-24)

Using equation (4-22),

PL - (a go + gf

go +g2  - gf cos 2f J- sin 7 ] (4-25)
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Equation (4-25) may be put into the familiar transfer function form
for feedback systems:

PL K 1 -( -6
pc 1 + K2 8 (4-26)

where

K = - (CL g0 + gf)/(g0 + g£)

K 2 = gf/(g0 + gZ)

[Cos- cos T' f j sin f T

From equation (4-26), it is noted that gain is a maximum when f/fo is

0, 4, 8. etc., and the gain is minimum when f/f is 2, 6, 10, etc.
The gain is high at zero frequency and is not high again until the
feedback path is a full wavelength. From the test data, this next
peak in gain occurred at 1400 hz. Therefore, the length of the
acoustic feedback path is:

= f = 13,200 = 9.4 inches (4-27)
f 1400

This path length is so large that it must be concluded that the
feedback takes place in the external vent region of the amplifier.
The characteristic frequency f for the amplifier is 350 hz. A valley
in gain is expected for the amplifier at 700 hz. and 2100 hz., as hasbeen observed.

4.6 AMPLIFIER NOMINAL GAIN (NO FEEDBACK)

Equation (4-26) expresses the amplifier gain in the form of a
feedback system transfer function. The quantity 8 changes with fre-
quency such that the feedback is alternately regenerative and degen-
erative. An estimate of the nominal non-feedback gain Kl can be found
by evaluating equation (4-26) in its two extremum forms.
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For regenerative feedback,

From Figure 26,

Maximum Gain = 12.5

Then,

K1
= 12.5 (4-28)

1 - K2

For degenerative feedback,

8=1

From Figure 26,

Minimum Gain = 4.0

Then,

K1  = 4.0 (4-29)

1 + K2

Solving equations (4-28) and (4-29) simultaneously, the nominal

amplifier gain K is 6. Since the feedback is positive (regenerative)

at low frequencies, a very interesting experiment would be to add a

parallel acoustic feedback circuit 9.4 inches in length which is nega-

tive at low frequencies. If our distributed feedback model is correct,

the frequency-variant gain could be eliminated and a flat response gain

of 6 achieved. Unfortunately, such a modification of the experimental

annular slot amplifier was beyond the scope of the program.
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Let us assume that a satisfactory correction can be found for
cancelling the effects of the distributed regenerative feedback path
discussed above. (This might be done by means of compensating dis-
tributed negative feedback, for example.) Then maintaining a frequency-
invariant output pressure response will still require eliminating the
cyclic variation of the effective control port pressure amplitude with
frequency. As discussed earlier, the cyclic frequency variation of the
effective control port pressure amplitude is caused by impedance mis-
matches at the sending and receiving ends of the control line duct, the
duct length being comparable to a wavelength at the operating frequencies.
If the control flow source (driver) could be designed so that its output
impedance matched the duct characteristic impedance at the sending end,
then reflections forward from the driver would be eliminated. A standing
wave would still exist along the control line duct, but cyclic variation
with frequency would be eliminated for the duct receiving end pressure
amplitude. (The duct receiving end pressure is, of course, the effective
control port pressure, pc')

To demonstrate this fact, consider the case where a generator or
driver, having an output impedance Z0, is connected to a duct whose
characteristic impedance is also Zo. For simplicity in this example,
we will assume the duct terminating load is a resistance, rc. The
pressure at the line sending end is given by,

Z.
in 1

Ps = P Zo + Zin = pg Zo/Zin + (4-30)

where

Zin = Input impedance of the duct, sec/in2

Z = Characteristic impedance, sec/in2

0

pg = Open-circuit a.c. pressure of generator (rms), psi

Ps = Input or sending end a.c. pressure (rms), psi
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The a.c. pressure at the duct termination or control port is derived
by using the duct transfer impedance:*

r cP= Ps Y (4-31)

The transfer impedance, ZT, is given by

Ps
Z = r cosh y L + Z sinh y L s- (4-32)
T c o w

r

where

y= Propagation constant, in 1

L = Duct length, in

wr = a.c. weight flow at receiving end (rms), lb/sec

The propagation constant y is the same quantity that was introduced in
Section 4.3.

From equations (4-31) and (4-32),

1
Pc = Ps cosh y L + (Z /rc) sinh y L (4-33)

The input impedance to the duct is given by,**

z z rc cosh y L + Z sinh y L
in o Z cosh y L + r sinh y L

Reference 4, pp. 93, 105
**

Reference 4, p. 105
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From equations (4-30), (4-33) and (4-34), we obtain,

pc rc
C- 

(4-35)
p (rc + Z ) (cosh y L + sinh y L)

Following the procedure used in Section 4.3, we make the approximation
that the duct is lossless. Then,

. 27T f 2,f

c

Under a similar approximation, Z remains constant with frequency and
has no imaginary part.

Using the mathematical identities:

cosh jx = cos x,

sinh jx= j sin x

We then obtain,

PC r0 1
Pg (rc + Z0 ) [cos (2'r L/X)+ j sin (27T L/X)]

rc -j (2- L/X)
- E (4-36)

r +
c 0

The factor

E -j (2n L/X) e -j (2Tr f L/c)

is a phasor. It is of constant magnitude and sets the phase relation-
ship between Pc and pg. Thus, equation (4-36) shows that if the mag-
nitude of the generator pressure pg stays constant with frequency, the
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magnitude of the effective control port pressure pc also stays constant
with frequency, as long as the driver output impedance matches the duct
characteristic impedance Zo. The value of the terminating control port
resistance rc does not affect this result.

The type of operation described here, in which the driver output
impedance is matched to that of the duct, does not necessarily allow
the driver and duct to deliver the maximum power to the control port.
What it does do is eliminate the cyclic variation of power with frequency,
in spite of a mismatch between the duct and the terminating control port.

It may prove possible in future designs to obtain an impedance
match between the control line duct and the control port of the ampli-
fier if a complete understanding of the feedback mechanism can be
found. Knowing its physical nature, adjustments in the feedback gain
may be possible which will, in turn, affect the control port impedance.
By adjusting the feedback gain an impedance match may be possible.

It was found that the control port impedance is less than the
duct characteristic impedance, by roughly a factor of 3. This was
discussed in Section 4.4. The duct characteristic impedance is given by,

Z = _C_0 g A

Therefore, increasing the duct area with respect to the control port
area is in the direction toward a better match. The presence of the
power jet boundries around the central axis of the annular slot ampli-
fier prevents bringing a duct passage along the central axis and up
close to the control port, if the duct area is substantially greater
than the control port area. If the large area duct is not brought up
close to the control port, the passage length between the control port
and the area discontinuity will cause undesirable reflection effects.
A solution to this problem could possibly be provided by the configuration
shown in Figure 28. Here, the design is turned inside-out. The large
area control line duct is brought around the outside of the power jet
boundaries, and the vent regions are along the control axis. The
control port is an annular slot around the outside of the free power
jet. This configuration allows space for a large area control line
duct to be brought up close to a smaller area control port. However,
such a redesign may radically change the regenerative feedback mech-
anism. In that case, not only a complete redesign is required but a
complete reevaluation of all impedances and gains would be required.

It must be noted that a number of avenues are open for further
improving the performance of annular slot amplifier sound generator
stages. Let us return to a brief consideration of one of the possible
distributed signal paths which could cause cyclic frequency variation
of the stage gain. This is the case where the external vent region is
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radially tuned, such that the external vent region acts as a short horn.
If this effect were the real cause of the gain variation, then corrections
to the vent design would yield an amplifier with a stage gain that takes
on the measured peak value of 12.5 at all frequencies. One possible
correction to be tried is to further increase the flare-out of vent area

as shown by the line drawing in Figure 29. If the vent is acting as a
horn, considerable changes should then be noted in overall stage response.

4.7 COMPENSATION OF OUTPUT RESPONSE CURVES BY SELECTION
OF CONTROL LINE PARAMETERS

It was not possible in this program to evaluate the parallel nega-

tive distributed feedback approach discussed previously, or the geometry

modifications described in Figures 28 and 29. However, one possible

approach aimed at reducing the overall variation in frequency response

was studied analytically. This approach uses a control line duct whose

total length and variation of area with length are chosen to compensate

as much of the frequency-variant gain of the basic amplifier as possible.

The control line duct (and the interstage coupling duct, in the

case of a two-stage sound generator) is, in the general case, an acoustic
transformer. The duct area varies gradually and smoothly with length.

Within a well-defined frequency range, the duct transforms the impedances

connected at the ends of the duct, the transformer ratio being the duct

area ratio. This was discussed in Section 4.3. In the compensation
approach considered, the duct is still allowed to reflect, due to the

impedance mismatches at the control port end and the driver end. The
peaks and valleys of the duct response are then used to partially offset

the cyclic gain variation with frequency of the amplifier proper. The

spacing of the duct frequency response peaks and valleys in the frequency

regime is determined by the duct total length.

Up to this point, we have analyzed the varying-area control line

duct as an equivalent constant-area duct. We will now treat the control

line duct as a transformer. The equivalent circuit is given in Figure 30.

The electrodynamic driver is modeled as a controllable source of sinusoidally-

varying pressure, of rms amplitude p , in series with a generator output

impedance Z'. The quantity Z' is ten to be considerably larger than the

characteristic impedance at the throat of the driver. The justification
for this assumption was discussed in Section 4.3.

The quantity Zoc is the characteristic impedance at the control

port or receiving end of the duct. That is,

oc g A
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Figure 30 - Driver and Transformer Circuit
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where,

A = Area at the control port end of the duct, in 2

r

From the circuit given in Figure 30, expressions may be derived
for the control pressure at the end of the duct attached to the driver.
From experimental results discussed in Section 4.4, the termination at
the control port end of the duct is approximately 0.3 Zoc* The taper
of the control line duct is so gradual that the duct may be viewed as
a nearly perfect transformer at all frequencies of interest. A ratio,
R, denotes the impedance transformation ratio. The quantity R is
given by the ratio of the duct exit area to that at the entrance. Im-
pedances at the control port end of the duct are then increased in size
by the ratio R when presented to the driver.

The impedance presented to the driver varies depending on the
frequency. It is a minimum when the duct is an even number of quarter
wave lengths long, and equals 0.3 R Zoc. When the duct is an odd
number of quarter wave lengths long, the impedance presented to the
driver is a maximum and is equal to 3.3 R Zoc. The magnitude of the
a.c. component of weight flow rate at the duct entrance, when duct
length is one-half-wavelength, is:

(W ) 9(-7in X/2 = Z' + 0.3 Z R (437)g oc

The pressure at the duct entrance under these conditions is:

(pin)X/2 = (win)X/ 2 (0.3 Zoc R)

= pg (0.3) Zoc R

Z' + 0.3 Z R (4-38)g oc

The pressure at the duct exit, i.e., the control port, is the entrance
pressure transformed by the ratio V/• . Thus:

0.3 Zoc "V PR

(Pc X/2 Z' + 0.3 Z R (439)g oc
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By the same approach, we can derive the following relationships
for the case where the duct length is one-quarter-wavelength:

(w) (4-40)

Win)X/ 4  Z' + 3.3 Z R
g oc

(pg (3.3) Z R

in X/4 Z' + 3.3 Z-o (4-41)
g oc

_p g OCN (4-42)
c X/4 Z' + 3.3 Z R

g oc

For the quarter-wavelength case, the pressure at the control port
is reduced by two factors, first by the " R due to transforming, and
then by the standing wave ratio for the duct. The latter factor is 3.3
for the termination 0.3 Zoc. It will be interesting to examine the ratio:

IE(Pc) 14] I/ c I pX/2]I

This represents the peak-to-valley variation of the control pressure as
frequency is changed. From equations (4-39) and (4-42),

S+ 0.3 Z R/Z'=oc g (4-43)
'c/A/4t I'c'X/2= -0.3 + Z R/Z'

1 1 1oc g

This ratio is plotted in Figure 31 versus the parameter Zoc R/Zi.

For the compensation approach under consideration, the duct length
or the transformer ratio R or both would be varied to achieve an amplifier
frequency response with a minimum peak-to-valley excursion. Changing the
duct length would be a straightforward procedure. Changing the transformer
ratio would be accomplished by keeping the control port area Ar fixed, but
increasing or decreasing the initial or inlet duct area As. This would
involve machining out the part of the duct that is internal to the driver,
or inserting a plug of the proper dimensions. It is assumed that changing
As would not change the value of the generator impedance Zj appreciably.
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In Section 4.6, we saw that if there were a match between the duct

input impedance and the driver output impedance, the frequency response

pc/pg would be flat. In the case under discussion, the condition for
such a match is,

Z R = Z'
oc g

However, since the amplifier gain varies with frequency, a better approach

is to select a transformer ratio and length so that some of the amplifier
gain variation can be offset by the use of the standing wave effect in
the control line duct. A number of trial and error calculations were

made in which the duct length and pressure standing wave ratio were
varied. A duct length of 11 inches and a duct pressure standing wave

ratio between 2.0 and 2.5 appeared to be about the best combination.

A duct length of 11 inches gives a control pressure valley at 0,
600, 1200 and 1800 hz and a pressure peak at 300, 900, 1500 and 2100 hz.

Two different standing wave ratio values were used, 2.0 and 2.5, and a
composite gain curve was calculated using the gain as given in Figure 26.
The absolute magnitude of Pc was tailored to match the experimental out-

put pressure of the amplifier at 1200 hz. The results are plotted in
Figure 32. Curve A is the measured output pressure response. Curve B
is the calculated output pressure response for a standing wave ratio of

2.0 while Curve C is for a standing wave ratio of 2.5. Curve C matches
the actual response reasonably well below 1300 hz, but is too high in

the region from 1300 to 1700 hz. The large peaks resulting from the

calculations are to a large extent the result of not including losses
in the calculations. Curve B exhibits more peak-to-valley excursion
in the region of frequencies below 1300 hz. Using a larger standing
wave ratio would cause a large dip in response at 750 hz; therefore,
a good standing wave ratio to use as a design goal is 2.5.

The calculated curves in Figue 32 were plotted assuming a driver
output impedance that is nine times the characteristic throat impedance
of the driver. This assumption corresponds to a driver efficiency of 10%.
It was shown in Section 4.3 that for a 10% driver efficiency,

Z ' = 9 c_ c _
g g As

where

A = Area at the driver or sending end of the duct,
in 2
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From Figure 31, a standing wave ratio of 2.5 yields,

Z R
ZI 0.11

g

An approximate value of the amplifier control port area is,

Ar 3 in 2

The characteristic acoustic impedance is given by the inverse of
equation (4-13a) in Section 4.2.5.

z c lu34

oc g-A- - Ar r

for the pound (force)-inch-second system of units. Therefore, for our
case,

Z oc 11 sec/in
2

oc ^-

The electrodynamic driver output impedance is estimated to be about nine
times the characteristic acoustic impedance at the driver throat. The
throat area is,

A • 0.91 in 2

Therefore,

Z'g 9 x _1

90.91

336 sec/in
2

From these values,

Z'R- 0.11 z

oc

% 3.4
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The actual transformation or area ratio of the tapered control line duct
used in the annular slot amplifier model is 3.3. It is seen that this
is quite close to the optimum value of 3.4 calculated above. Also, the
actual control line duct length is 11 inches, which corresponds to the
value used in calculating curve B and C in Figure 32. Therefore, a near
optimum transformer has been used to connect the electrodynamic driver
to the annular slot amplifier model.

4.8 NOISE

In addition to the frequency response tests and the a.c. impedance
and gain measurement tests, an output noise test of the annular slot
amplifier model was also performed. To run this test, no electrical
signal was provided to the control flow source and 10 psig supply pres-
sure was applied. The load on the annular slot model was a 25-foot con-
centric tube assembly. The signal from the dynamic pressure transducer
at the fluidic amplifier output was transmitted to a charge amplifier
and from there to a Kay Vibralyzer. This instrument performs a frequency
spectrum analysis of the signal. Figure 33 shows the output record of
the instrument. The traces labeled "frequency calibration" were made
by recording the electrical output signal from a variable-frequency
electronic signal generator, the frequency being set successively to
the values indicated along the horizontal axes. It is seen that in the
frequency range of interest, the predominant noise peaks are at approxi-
mately 300, 600, and 1500 hertz. Also, the noise power density seems to
increase steadily above 3500 hertz. The bandwidth of the analyzer used
for Figure 33 is 20 hertz. The vertical scale is in arbitrary units.

Another evaluation of the noise was made by connecting a bandpass
filter to the charge amplifier output, and measuring the filter output
with a voltmeter. The bandpass settings were 20 hertz low cutoff and
3000 hertz high cutoff. The voltmeter used was of the vacuum tube type
and was calibrated to read rms values for sinusoidal waveforms. The
error resulting from measuring the random waveform is not expected to
be substantial. The noise value obtained was 0.225 psi (rms). Refer-
ring to Figure 20(b), we see that this output noise pressure is lower
than the signal pressure by more than a factor of 2 throughout most of
the frequency range of interest.
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SECTION 5

SOUND GENERATOR DESIGN

An experimental fluidic sound generator was designed and fabri-
cated. This generator consists of two stages, the first being the
annular slot amplifier model described in the previous sections of this
report, and the second being an annular slot amplifier scaled directly
from the first stage such that flow passage areas are increased by a
factor of ten. Thus, all experimental work described up to this point
has been performed with the assembly that became the sound generator
first stage.

Reference 1 treats the scaling relationships for a fluidic
sound generator. It is concluded that for a fixed supply pressure,
the maximum output power capability is proportional to the square of
the linear dimensions of the critical components. An equivalent
relationship is that the maximum output power is proportional to the
critical flow passage areas. Thus, the second stage of the present
sound generator was scaled to yield a 10-times greater maximum output
power than the first stage.

Figure 34 is a schematic diagram showing the arrangement of the
generator components. Pressure tap locations are indicated in Figure
34. Following previous practice, upper case letters denote d.c. or
steady state values, and lower case letters a.c. values. We must note
that Pcl and Pc2 in this case are not the effective control port a.c.
pressures of their respective stages, but rather are the input or
control line a.c. pressures. It was not physically possible to locate
the pressure taps at the physical control ports. The measured control
line a.c. pressures can differ from the effective control port a.c.
pressures because of standing wave or reflection effects. There is no
problem of this sort with the d.c. control pressures, however.

A photograph of the experimental generator is given in Figure 35.

As described in Section 3, the electric-to-pneumatic transducer
which acts as the control flow source for the first stage is an electro-
dynamic loudspeaker driver, Altec Lansing Model 290E. The pressure
equalization loop shown in the schematic diagram is to prevent any
d.c. pressure differential from acting across the driver diaphragm.
The passage areas in the pressure equalization loop are sufficiently
small that the acoustic admittance of the loop is negligibly small.

The first stage control line duct has a conical shape. Pressure
taps are provided in the duct for measuring the steady state and the
a.c. control line pressures. A constant-area length adjustment section
in the first stage control line allows adjustment in spacing the pressure
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standing wave peaks and valleys over the frequency spectrum. A
pressure tap for the steady state supply pressure for the first stage
is also available.

At the outlet of the first stage receiver, an interstage trans-
former section is connected. This is an annular duct whose area varies
exponentially with length. The cutoff frequency used to calculate the
exponential form is 180 hz. To obtain the best a.c. performance of the
first stage, the d.c. load on the first stage must be adjusted to the
correct value. When this is done, the pressures Pcsl and PLl and the
d.c. load flow will be such that the amplifier is operating in the
most favorable region of its characteristic map. The d.c. load is
determined by the area (Amin)l in Figure 34. From the receiver exit,
the transformer area decreases to (Amin)I, and then increases to blend
into the control port of the second stage. With the d.c. load on the
first stage set in this manner, an a.c. pressure wave from the first
stage would be transformed, as it propagated down the transformer
duct, by the square root of the duct area, if there were no losses.
Actually, the a.c. pressure signal will suffer some attenuation due
to friction. A constant-area length adjustment section is provided for
the interstage transformer. This serves the same function as the
length adjustment section in the first stage control line, namely the
adjustment of the pressure standing wave peak and valley frequencies.

The second stage amplifier has pressure taps for measuring the
steady state and the a.c. control line pressures, and also the steady
state supply pressure. At the receiver exit, an exponential trans-
former section is attached. The cutoff frequency for this section is
180 hz also. Just downstream of the receiver exit are pressure taps
for measuring the steady state and the a.c. load pressures.

The steady state operating point for the second stage amplifier
is determined by the d.c. load, as in the first stage, and also by
the d.c. component of control flow. The second stage d.c. control
flow is, of course, equal to the first stage d.c. load flow. Because
of the ten-times scale-up of the second stage, the d.c. control flow
for the second stage is relatively small, and the second stage will
operate in a nearly self-bias condition. The d.c. load on the second
stage is set by the minimum area of the transformer section, (A in)2

The second stage transformer blends into a radiating horn, which
continues the exponential, 180 hz-cutoff frequency form. Near the end
of the transformer centerbody a tap is provided in the outer wall for
measuring the a.c. pressure swing, denoted in Figure 34 as P3.

Some critical dimensions of the first stage amplifier were
given in Section 2. These are repeated here along with other dimensions
of the first and second stages.
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Distance from driver diaphragm to
first stage physical control port*
(without length adjustment section) 10.8 in

First stage physical control port diameter 1.95 in

First stage physical control port area 2.99 in 2

First stage power jet outside diameter 2.738 in

First stage power jet inside diameter 2.600 in

First stage power jet area 0.58 in 2

First stage receiver outside diameter 2.833 in

First stage receiver inside diameter 2.584 in

First stage receiver area 1.06 in 2

First stage power jet-to-receiver distance 0.536 in

(Amin) 1 , interstage transformer minimum area 0.403 in 2

Distance from first stage receiver entrance
to second stage physical control port
(with 10-inch length adjustment section) 42.75 in

Second stage physical control port diameter 6.160 in

Second stage physical control port area 29.8 in 2

Second stage power jet outside diameter 8.658 in

Second stage power jet inside diameter 8.222 in

Second stage power jet area 5.83 in 2

Second stage receiver outside diameter 8.962 in

Second stage receiver inside diameter 8.171 in

Second stage receiver area 10.63 in 2

*The physical control port is defined as that location along the
control line duct where the area suddenly begins to flare out rapidly.
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Second stage power jet-to-receiver distance 1.680 in

(Amin) 2s output transformer minimum area 3.80 in2

Horn exit diameter 42.0 in

Horn exit area 1,385 in2

First stage power jet flow, calculated,
Psi = 10 psig, nitrogen, 50°F 0.33 lb/sec

Second stage power jet flow, calculated,
Ps2 - 10 psig, nitrogen, 50*F 3.28 lb/sec
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SECTION 6

EXPERIMENTAL GENERATOR PERFORMANCE

As fabrication of the experimental sound generator progressed,
several tests were run to obtain information prior to the generator's
completion. Initially, the first stage was operated with the inter-
stage transformer section attached but not the second stage amplifier.
Next, the second stage amplifier with its transformer and horn load
were added. Subsequently, the second stage amplifier vent region was
modified to give a greater degree of similitude to the first stage
vent region. Finally, the d.c. load point of the second stage was
shifted. The significant experimental results for each of these gen-
erator conditions are given below.

In the tests performed on the experimental sound generator, the
d.c. pressures were measured using laboratory-type Bourdon tube gages.
The a.c. pressures were measured with Kistler model 601A pressure
transducers with model 566 charge amplifiers.

6.1 FIRST STAGE WITH INTERSTAGE TRANSFORMER

The interstage transformer consists of a constant-diameter cyl-
indrical duct and a centerbody whose diameter varies with length
(refer to Figure 34). This transformer physically connects the output
of the first stage with the input of the second stage. The annular
passage area of the transformer varies exponentially with length.
Beginning at the first stage receiver exit, the passage area first
decreases to a value (Amin)l. Then the area stays constant for a short
length before increasing to the full area of the circular duct. The
area (Amin), establishes the d.c. operating point of the first stage
amplifier. To set the value of (Amin)l, the maximum diameter of the
centerbody was cut down in increments until satisfactory values of
PLI and WLU were obtained experimentally in d.c. runs. (The pressure
PLI is the d.c. output pressure and the weight flow WLU is the d.c.
output flow of the first stage.) An assumed value for Pcs2, the d.c.
static control pressure of the second stage, was applied to the inter-
stage transformer as a back pressure during these tests. The results
were as follows:

Supply pressure 10 psig

(Amin) 1 0.403 in 2

PLl 3.07 psig
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Wi 0.064 lb/sec

Pcs2 0.85 psig

P 0.80 psig
Csl1

Next, the first stage and the interstage transformer were tested

for a.c. performance. To minimize the effect of standing waves, a
50-foot extension was attached to the transformer's cylindrical duct.
A gate valve was installed at the downstream end of the extension to
establish the desired backpressure.

A frequency response test was first run with the dynamic pressure
pickup in the normal position for measuring PLI (the first stage
dynamic output pressure). The purpose of this test was to determine
how the frequency response of the first stage with the interstage
transformer compared with earlier test results obtained without the
interstage transformer.

Figure 36 shows the output pressure frequency response with the
interstage transformer (solid line) and with the earlier concentric
tube load (broken line). The latter is a replot of the data given in
Figure 20 (b). The procedure followed in taking the data with the
interstage transformer was somewhat different from that used in pre-
vious frequency response tests. The tracking filter amplifier was
used in a different mode. The a.c. signal was effectively passed
through a continuously-tuned filter having a Q of 25 and was not further
processed. The advantage of this procedure is that a continuous
recording is obtained when the frequency is swept over its range, as
opposed to data points at discrete frequencies. The disadvantage is
that rejection of noise is not as good.

We see from Figure 36 that for frequencies around 430 hertz,
the output pressure with the interstage transformer is substantially
greater than in the concentric tube load case. Throughout the rest
of the frequency range, the two response curves do not match exactly,
but they are comparable in magnitude.

The reason for the discrepancy at the low frequencies is not
known. It was thought that the noise intensity in this frequency
band might cause such a response peak, since the new frequency response
procedure does not reject noise as effectively as the old procedure.
However, subsequent noise measurements showed that while there are
noise peaks around 300 and 600 hertz, their intensities are far too
low to account for the overall increase in the response curve at low
frequencies.

In the next test, the dynamic pressure pickup was moved from the

PLI position to a point just downstream of the end of the interstage
transformer section. It will be recalled that a 50-foot cylindrical
extension took the place of the sound generator second stage at this
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phase of the testing. Therefore, the pressure measured by the pickup
in its new position was not Pc2" The purpose of this test was to
determine how much acoustic power loss is suffered in the transformer
section. This was done by comparing the frequency response curves for
the new pickup position and the PLi position.

From acoustic power considerations, the following relationship
should hold at a given frequency:

2 2
ntPLl (AL) = Pt (A)t

where

PLI = a.c. pressure magnitude just downstream of
interstage transformer entrance

Pt = a.c. pressure magnitude just downstream of
interstage transformer outlet

(AL ) = duct area where pLl is instrumented

(A)t = duct area where Pt is instrumented

nt = dimensionless power loss factor for the inter-
stage transformer

The loss factor was computed at several different frequencies and
averaged. The result is:

nt = 0.63

This corresponds to 2 db loss in the transformer section.

Another test run was made with the first stage and interstage
transformer. This was to determine the effect of increasing the
supply pressure from 10 to 20 psig. The data is shown in Figure 37.
At the time this run was made, the value of (Amin)l was 0.250 in 2 and

the transformer duct extension was 25 ft. long instead of 50 ft. For
these reasons, the data of Figure 37 is not directly comparable to
that of Figure 36. However, the two curves of Figure 37 do indicate
the effect of a change in supply pressure alone. The increase in a.c.
output pressure at 20 versus 10 psig supply varies with frequency.
On the average, however, the a.c. output pressure increased about 50%
when the supply pressure was doubled. On the basis of acoustic power,
then, the output power was roughly doubled.
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6.2 GENERATOR IN ORIGINAL CONFIGURATION

The complete sound generator, as depicted in Figure 34, was next
assembled and tested. It is seen that a second transformer section
joins the second stage receiver exit with the radiating horn. In the
same way as in the interstage transformer, the value of (Amin)2, the
minimum transformer passage area, establishes the d.c. operating
point for the second stage. After a number of trials, (Amin)2 was at
the largest value which could be obtained without a fairly difficult
machining operation. However, the data indicated that the area should
be made still larger if the d.c. operating point of the second stage
were to be close to that of the first stage. Before any major rework,
data on the performance of the generator in its original configuration
was obtained. Such data is given in this section.

For this test series, the following d.c. data applied:

(Amn )2 2.45 in 2

Second stage
supply pressure 10 psig

PL2 3.80 psig

Pcs2 0.73 psig

First stage
supply pressure 10 psig

PLl 3.10 psig

PCsl 0.81 psig

The second stage is not operated in a 'self-bias" condition as is the
first stage. Rather, a d.c. flow component from the first stage passes
through the second stage control line. Because of the 10-times
scaleup of areas, the d.c. load flow component of the first stage should
appear very small at the second stage control port.

To verify this, a test was run in which the second stage control
line was blocked off. The resulting self-bias pressures were as follows:

(Amin) 2 2.45 in 2

Second stage
supply pressure 10 psig

PL2 3.98 psig

Pcs2 0.71 psig
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The second stage steady state load and control pressures were changed,
but only slightly, from the previous coupled-stages data. This con-
firms that the d.c. control flow component of the second stage does
not change the d.c. operating point grossly.

The a.c. performance is shown in Figures 38 and 39. Comparing the
PLI and PL2 traces, it is seen that the second stage output pressure
is substantially lower than that of the first stage. Also, there are
some interesting spikes and dips in all four curves at about 420 hertz.
These are probably due to resonances.

Ideally, we would like to achieve a second stage output a.c.
pressure level, away from the resonant peak, of the same order as that
of the first stage. It is seen that the second stage output pressure
level is lower than this ideal goal by roughly a factor of 4. Part
of this reduction may be due to the fact that the second stage control
a.c. pressure is not high enough to drive the second stage over the
same range as the first stage is driven. Because the second stage
control line length is relatively short (from the first stage receiver
to the second stage physical control port), and because this line is
not terminated at either end in its characteristic impedance, there
are very likely multiple reflections and standing waves on the line.
For this reason, calculation of the true second stage control port
driving pressure is not a straightforward matter. However, rough
estimates based on power considerations indicate that the second
stage output a.c. pressure should be higher than that observed by a
factor of two, given the observed second stage control a.c. pressure.
Again, we are concerned with the part of the frequency response beyond
the resonance centered at 400 hertz.

The results shown in Figures 38 and 39 suggested that the second
stage may not have been performing as well as the first stage. The
question arose as to whether the dynamic response of the second stage
might be so slow that signals at frequencies beyond the resonant peak
are not amplified. The previous investigation of the fluid sound
generator approach (reported in Reference 1) concluded that the upper
frequency limit of a sound generator stage scaled in inverse pro-
portion to the linear dimensions of the stage. Therefore, the upper
frequency limit of the present second stage would be lower than that
of the first stage by a factor of \iO or 3.16.

Experiments run earlier with the first stage alone showed there
was good gain out to frequencies as high as 6500 hertz, which is about
the frequency limit of the electrodynamic driver used. Therefore, the
scaling principle indicates the second stage bandpass extends at least
to 6500/3.16, or beyond 2000 hertz.

Other causes were then sought for the low output pressure level
of the generator second stage. Attempts were made to improve the
generator performance by running at supply pressure conditions other
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than 10 psig on each stage. The following combinations were tried:

Ps, = 20 psig, Ps2 ' l0 psig

P M 5 psig, Ps2 = i0 psig

The results were poorer than those with 10 psig on each stage.

While the critical dimensions of the jet interaction region were
exactly scaled between the first and second stages, the vent region
dimensions were not. The first stage vent region is defined by the
structure of the supply pressure region and by the structure which
supports the alignment rods and spacers. (Refer back to Figure 2.)
The first stage vent region then consists essentially of a space
between two concentric circular baffles perpendicular to the longitudinal
axis of the amplifier.

In the original design of the second stage, the shape of the

splitter member (which forms the outside of the receiver passage) was
scaled for geometric similitude with the first stage. However, the
region beyond the splitter's conical surface was not believed to be
critical to the operation of the amplifier, as long as the venting
flow was not unduly obstructed. Only a single circular baffle was
provided to prevent a direct sound path from the second stage jet
interaction region to the first stage jet interaction region.

As mentioned in Section 4, a possible explanation for the apparent
regenerative feedback in the first stage is a distributed-path
phenomenon in the vent region. Therefore, it was decided to modify
the generator second stage to provide geometric similarity between the
first and second stages in the vent region as well. This modification
could be made with relatively little difficulty.

6.3 GENERATOR WITH VENT REGION SIMILITUDE

After modification to achieve geometric similarity of the vent
regions for the first and second stages, the following d.c. data were
obtained:

(Amin) 2 2.45 in2

Second stage
supply pressure 10 psig

PL2 3.40 psig

Pcs2 0.74 psig
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First stage
supply pressure 10 psig

PLl 3.12 psig

P csl 0.82 psig

The modified second stage was also tested for its d.c. pressure
levels at the self-bias condition (control line blanked off). The
results were:

(Amin) 2 2.45 in2

Second stage
supply pressure 10 psig

PL2 3.53 psig

Pcs2 0.71 psig

Comparing this d.c. data with that for the original configuration,
we see that PL2 is lowered by 0.40 psig for full generator operation,
and by 0.45 psig in the self-bias condition. All other d.c. pressures
changed very little or not at all. Thus, the change in the second
stage vent condition did definitely modify the d.c. operating charac-
teristics of that stage, and this is manifested in the shift of PL2'

Next, a.c. tests were run to determine whether the acoustic per-
formance of the generator was changed. The results for the second
stage output and control pressures are shown in Figure 40. Comparing
these with the corresponding curves of Figures 38 and 39, we see that
the output pressure level for the modified vent version is higher in
the vicinity of the resonant peak, but is not substantially changed
for higher frequencies. The control pressure level for the modified
vent version is lower for virtually all frequencies, however. Beyond
the resonant peak, the modified vent control pressure level is approxi-
mately 2/3 of the original configuration control pressure level. Thus,
the vent change yielded an increased gain for the second stage, but
no increase in acoustic output power for the frequency range beyond
the resonant peak.

The next step taken was to attempt to reach even greater simi-
larity between the second and first stages by increasing the d.c. load
area of the second stage, (A min)2
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6.4 GENERATOR WITH VENT REGION SIMILITUDE AND CHANGED D.C. LOAD

After the machining operation to increase (Amin)2, the generator
was reassembled and the following d.c. data were obtained:

(Amin) 2 3.80 in 2

Second stage

supply pressure 10 psig

PL2 2.72 psig

Pcs2 0.59 psig

First stage

supply pressure 10 psig

PL1 3.12 psig

Pcsl 0.81 psig

The value of (Amin)2 is 6% shy of being exactly ten-times the value of
(Amin)l. The d.c. value of the second stage output pressure, PL2, is
about halfway between the d.c. output pressure values obtained for
the first stage with 50-ft. and 25-ft. concentric tube loads. The d.c.
value of the second stage control pressure, Pcs2, is significantly lower
than any corresponding value obtained with the first stage, however.

Tests were run to determine the d.c. pressures for the second

stage in the self-bias condition, that is, with the second stage con-
trol line blocked off. The data are as follows:

(Amin) 2 3.80 in2

Second stage
supply pressure 10 psig

PL2 2.89 psig

Pcs2 0.67 psig

The first stage operates acoustically in the self-bias condition. The
second stage cannot operate acoustically in the self-bias condition,

since it must take its control flow from the first stage. For com-
paring d.c. operating points, however, the self-bias condition is very

convenient. The self-bias value of PL2 is found to be within the range
observed for PLl near the optimum operating point, but the self-bias
value of Pcs2 is lower than that observed for Pcsl by some 12%. We
interpret this as an indication that the d.c. characteristic curves for
the second stage do not match exactly those of the first stage.
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Next, an a.c. test series was run. Figure 41 gives frequency

response curves for PL2 and Pc2 with the changed d.c. load. Comparing
these with the curves of Figure 40, we note that the a.c. pressure
level of the second stage output has not been increased, and in some
portions of the frequency spectrum it has been decreased slightly.

The a.c. pressure level of the second stage control, on the other hand,
has been increased by approximately 20%.

We conclude, then, that the second stage annular slot amplifier

is still not performing in the same manner as the first stage amplifier.

Other data were taken on the a.c. pressures at the critical points

in the fluidic circuit. The a.c. pressure levels were recorded
directly in decible units of sound pressure level. This was done by

processing the electrical signal from the tracking filter through a

logarithmic amplifier. The output signal from this amplifier was then

connected to the recorder input. The zero reference and sensitivity
of the recorder were then adjusted to yield the correct decible values

when a.c. calibration voltages were applied to the tracking amplifier
input.

Figures 42 and 43 show the data obtained. The areas at each

sensing station are noted, for purposes of comparison. (Figure 34 shows

the sensing station locations on a schematic diagram of the generator.)

The piezoelectric pressure transducer installation described pre-
viously was used at all stations except in the plane of the horn mouth.
Here, a General Radio sound level meter type No. 1551-C with a General

Radio standard ceramic microphone was used, The electrical signal

from the sound level meter output Jack was amplified by an auxiliary

electronic amplifier and then connected to the tracking amplifier input.

We see that the highest sound pressure level observed'ras at the

PU station, the first stage output. This also happens to be the
station with the smallest area. In the resonant peak region, 177 db

was recorded. In the plane of the horn exit, the largest area station,

a maximum of 146 db was observed around the resonant peak. In the

frequency range beyond the resonant peak, the sound pressure level was
usually in the band from 130 to 135 db.

It will be recalled that in the standard frequency response pro-

cedure used in this program, the electrodynamic driver control flow

source was operated at 45 watts electrical power input rather than

the rated 100 watts. The reason was the short diaphragm life experi-

enced at full power when the acoustic loading on the driver is highly

reactive at several operating frequencies. However, one run was made

on the complete generator with 81 watts electrical power input to

observe the effect on the generator t s operation. The 81-watt level
was the highest power that could be obtained at the standard 500-hertz
set-point, with the electronic amplifier used.
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Measurements were made with the sound level meter in the plane
of the horn exit. These measurements showed the microphone output
voltage was increased by an average of 25% over the frequency range
of interest when the higher driver power was applied. If the system
were completely linear, the microphone output voltage would have been
increased in the same proportion as the driver input voltage, or 39%.
The fact that the microphone output voltage experienced a smaller
increase is attributed to one or both of the following:

(a) the electrodynamic driver, the first stage fluidic
amplifier and/or the second stage fluidic amplifier
operating in a saturation range for a portion of a
cycle, and

(b) dissipation losses in the ducts increasing faster
than the first power of the pressure amplitude.

The tests described above completed the experimental sound
generator evaluation within the scope of this program. They are
significant in that staged operation of two annular slot fluidic
amplifiers was demonstrated. The results were somewhat disappointing
due to the second stage amplifier not exhibiting as favorable per-
formance as did the first stage. It is believed that the potential
high-gain performance of the second stage can be realized eventually.
This will be discussed further in Section 7.
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SECTION 7

SULMARY AND CONCLUSIONS

A new fluidic amplifier configuration using an annular slot power
jet has been developed for use as a preamplifier or a final amplifier
stage of a fluidic sound generator. This amplifier configuration evolved
from a two-dimensional straight slot amplifier investigated in a previous
phase of this effort. The annular slot configuration was considered
advantageous for a sound generator application, particularly the final
stage, because its single-ended output geometry provided a simple
connection to a radiating horn.

In developing this amplifier configuration, it was found that con-
siderably more static gain was present than anticipated, leading to the
conclusion that some form of inherent regenerative feedback exists in
this amplifier. This high gain design is viewed as beneficial in that
it reduces the number of stages required to reach a given power level.
However, the presence of the feedback leads to an amplifier input im-
pedance that is markedly reduced over that ordinarily expected. An
analysis carried out in Section 4, the results of which are illustrated
in Figure 17, shows the input impedance to be about 1/3 of the control
duct characteristic impedance. The output impedance is negative and of
a magnitude slightly larger than the characteristic impedance of the
receiver duct. The calculated impedances were confirmed experimentally
and reported in Section 4.4.

The fact that the amplifier input impedance is lower than the control
duct characteristic impedance causes a mismatch at the amplifier control
port. The most direct design approach to eliminate the impedance mis-
match, and the resultant signal reflections at the control port, is to
increase the control duct area. Because of the geometry of the amplifier -
the control duct is internal to the annular supply jet - there is no room
to increase the control duct area. This circumstance, due to the unexpected
regenerative feedback, resulted in considerable compromise in further
development of the sound generator. A complete redesign might have
solved the matching problem, as shown schematically in Figure 28. How-
ever, it was decided that even with the impedance mismatch at the amplifier
control port, the staging of two different size amplifiers would yield
useful design information. At this point, information still sought in-
cluded design criteria for the interstage coupling transformer, and the
behavior of an amplifier stage geometrically similar to the first stage
but scaled up 10-times for power. In scaling up for 10-times the power,
it was reasoned that no increase in stage pressure swing could be expected
over that observed for the first sta e Thus, all linear dimensions of
the second stage were increased by 1i0 times those of the first stage.
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Evaluation of the performance of this large second stage was found
to be difficult because the stage could be driven only the first stage
amplifier. The reflective loading situation - at both stages - caused
considerable change in frequency response over that observed for the
first stage when loaded with a nearly ideal acoustic load (50-foot
concentric tube load). This can be seen by comparing the PLI trace
in Figure 39 with that of Figure 20b. There is considerably more out-
put from the first stage at frequencies of 350, 440, 570, 700, 1400,
and 1720 hz over that observed for the first stage with its 50-foot
acoustic load. This increase in output is probably due to the reflective
load presented by the second stage input port to the first stage output
receiver.

A characteristic peak-and-valley occurs in the PLl response of
Figure 39 at a frequency interval of some 60 to 80 hz which corresponds
to a quarter-wave-length line of some 40 inches, the approximate length
of the interstage transformer.

The interstage transformer performed quite well showing an in-
sertion loss of only 2 db. This transformer design, with its reduced
throat area for setting the previous stage d.c. load point, can be
stated to be a practical approach to staging amplifiers.

It must be recognized that although the two stages are geometri-
cally similar, the output impedance of the electrodynamic driver is
considerably different from the output impedance of the first stage.
The electrodynamic driver output impedance of the first stage is posi-
tive and estimated to be some nine-times the driver throat character-
istic impedance. The output impedance of the first stage is negative
and approximately equal to the characteristic impedance of the output
receiver. Because of this difference, total model similitude through-
out the system is not possible. Therefore, conclusions as to the per-
formance of the second stage in comparison to that of the first stage
cannot be totally conclusive.

From the PL2 trace in Figure 41, there is a general conclusion that
the second stage does not exhibit the same gain as the first. However,
because of the control duct multiple reflection situation, it is not
conclusive that the second stage is or is not functioning in the same
manner as first.

Another consequence of the impedance mismatch at the driver end
of the control duct (for either stage) is that reflected signals travel-
ing upstream are reflected downstream again.

To circumvent the difficulties imposed by signal reflections in
the control ducts, design changes should be undertaken to provide im-
pedance matching looking downstream through the sound generator. Having
matched in that direction, matching looking upstream through the sound
generator is not required.
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On the basis of the investigation performed, the application of

annular slot fluidic jet amplifiers for the high-intensity sound gener-

ator task described in the Introduction (Section 1) requires the resol-

ution of three problems:

(a) a satisfactory breadboard control flow source for the

first stage,

(b) a tuning technique or a modified geometry to minimize

the reflection effects in control lines which presently have

mismatched terminations, and to minimize the effect of

frequency-dependent amplifier gain, and

(c) a better understanding of the annular slot amplification

mechanism so that high-gain performance can be achieved

on scaled units.

None of these problems appears insolvable. The most straight-

forward approach to the control flow source is to use two generator

types to cover the frequency range. A generator type equipped with a

modulating valve control flow source might be used for frequencies from

20 to 300 hertz. Another generator type equipped with an electrodynamic

driver control flow source (as in the current program) would be used

for the frequencies beyond 300 hertz. An electronic crossover network

would command both types of generators in parallel. Other approaches

to the control flow source problem might be suggested also.

Tuning techniques utilizing selected and fixed control line lengths

between the stages of a generator, and between the control flow source

and the first stage amplifier, can very likely result in a moderately

smooth frequency response. However, if a very smooth response curve is

required, more sophisticated tuning approaches or a modified amplifier

geometry would have to be developed, perhaps involving feedback loops

in the fluidic stages.

The need for further understanding of the amplification problem

is pointed up by the performance of the second stage amplifier of the

current program as compared to that of the first stage amplifier. It

is believed that a very fruitful area for more careful study will be

the control port geometry. In the first stage amplifier, which per-

forms very well, the control line duct approaches the physical control

port with a shallow conical taper. The included angle is 3 degrees.

In the case of the second stage amplifier, the control line duct is an

exponential transformer section, and the "bellmouth" at the second stage

physical control port is considerably greater than a 3-degree included

angle. It is possible that the control line duct immediately upstream

of the physical control port is highly influential for the amplifier

a.c. performance. Of course, other aspects should not be overlooked in

seeking to obtain the full performance capability of scaled annular

slot stages.
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