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INTRODUCTION

This paper describes a miniaturized flow mode (laminar -
turbulent flow) amplifier and its application in integrated
fluidic circuits.

Power consumption, response time, pressure recovery, operating
range, temperature effects and interconnections are discussed.

Miniaturization offers distinct advantages in cost and packaging
density, in addition to higher speed capability and reduced
power consumption.

An integrated circuit assembly is shown in Figure 1(a) and
an exploded view in 1(b). Individual parts are accurately
located on tooling pins, and sandwiched between aluminum

end plates by means of a single nut on a threaded manifold.

A 2.5" diameter formed aluminum cover provides protection
against ambient contamination. While the entire system is
protected by a .1 micron filter, an additional 25 micron
nylon filter protecis the module during handling. This
filter 1s located inside the supply manifold.

In the photographs of Figurg 1, a total of 84 amplifiers
are integrated into an_8-in package, yielding a packaging
density of about .1-1n3 per amplifier.

The improved packaging density over an identical handwir:d
circuit 1s best illustrated in Figure 2. The particular
circuit is a l-decade binary coded decimal down counter,
complete with numerical display, such as used in fluidic batch
controllers.




b The Amplifier - A General Discussion

The amplifier discussed is an improved, minlaturized version {.) i
of the flowmode amplifier described in Reference (1).

The amplifier is digital, of the flowmode (laminar -
turbulent flow) type. See Figure 3.

4 Pressure recovery at the collector of a laminar jet produced
by the emitter yields a "1" in the "on" state, typically
15-inches of water.

A control port signal of about 4-inciies of water pressure
and 10 cc/minute flow induces turbulence with a resultant
i pressure recovery of less than .3 inches of water in the
i 0" or "off" state. The amplifier has a fan-in of 4.

The amplifliers are arranged in a radial array of 1. as shown
in Figure 4, injection molded of ABS.

p—

With molding parameters held within practical limits, the
discs are mass produced with very uniform results.

DE—

1. Power Consumption

Amplifier power consumption 1s usually expressed as,
power consumption = GsAp

1 where Qs = mass flowrate
Ap - emltter pressure drop.

! With a relatively short emitter (15/ds = 28) and Reynolds

number (Re = “L‘}f’*_ﬁ) ranging from 700 to 1232, the emitter

velocity profile " is nearly fully developed, and the emitter
pressure drop, Ap, 1s given by Langhaar (Reference 2) as,

Af> = &K (7&.Pi1t)

where oL - f(ls
l dsRe

3ir denscity

-0
i

um = average emitter veloclity




The emitter pressure flow curve is shown in Figure 5. It is
seen that, typically, power consumption is 25 milliwatt (at
1.5 psig) which compares very favorably with any other
commercially available fluid amplifier.

An important conclusion may be drawn simply if it is momentarily
assumed that the emitter length is Just sufficiently long to
produce a fully developed velocity profile. Then,

ap = 32Mls Wy - 2.3 (1/2PTa?)
d

s
from which it can be easily shown that

Qs Ap ~ Re?

Since a minimum critical Reynolds number exists below which
the jet cannot te made turbulent (Reference 3, 4), power
consumption has a definite lower limit for this type of device.

2. Response Time

Response time for a particular circuit is governed by amplifier
response characteristics, interconnecting line langths and
circuit complexity.

Circuit complexity and configuration are the basic restraints
on speed. An 8 amplifier binary counter stage has been cycled
up to 550 cps, with maximum speed of a 55 amplifier counter

at 160 cps.

Amplifier Response

Neglecting transient delays and considering only amplifier "on"
and "off" transport delays as defined in Figure 6, the pertinent

terminology is shown in Figure 7. Refer to Ref. 5 for further detalls.

The emitter flow exits i{nto a constant velocity core, X¢,
beyond which the Jjet flow is fully developed and the center-
line velocity decays in inverse proportion to the distance
from the virtual origin, X + Xo. (Reference 5,6).

Transport delays are based on laminar transport times,
following W. Hayes (Reference t.).

i i
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Total transport time, At, 1s the sum of core and developed
Jet delays and is given in Reference 5 as,

At = X +fh‘“'
M¢

Calculated values of At as a function of supply pressure are
shown in Figure 8 and Table I.

u
X0 xn ‘

Measurements of above response time using the smallest
pressure probes avallable confirmed these values only in

a general way. Large corrections, in the order of .1 to .2
msec., Wwere necessary to account for acoustic delays in probe
connecting lines.

Oscilloscope traces using a Kistler probe at the control and
a hot wire at a collector cross-section are shown in Figure 9.

3. Pressure Recovery

Pressure recovery is an important characteristic, determining
fan-out capability, and compatibility with other amplifiers
and output devices. A minimum fan-out of 4 is available,

Pressure recovery data for the amplifier is shown in Figure 10,
where the experimental points represent the full range of data
for 12 amplifiers molded in a single plastic disc, 2-inches

in diameter. '

No theoretical pressure recovery information is available on
Jets 1ssuing from a parabolic cross-section type of channel,
and bounded entirely by a flat cover plate. However, it is
valuable to compare the data with experimental and theoretical
work done on tubular turbulence amplifiers (Reference 6, 7, 8).

The experimental data is not unexpectedly somewhat below tnat
predicted for the open, tubular turbulence amplifier because
of the cover plate's proximity to the Jet's boundary.

What is of particular interest is the fact that for practical
purposes, the theoretical results provide reasonable pressure
recovery estimates for the bounded Jjet.

g
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Collector characteristics for a loaded amplifier are shown
in Figure 11.

4, Operating Pressure Range

Operating pressure range, at room temperature, is from 1.0 to
2.5 psig, the low 1imit determined by collector and control
port characteristics, with negligible pressure drop in
connecting lines.

The high limit is established by the maximum Reynolds number
at which the collector still sees a laminar stream,

As Figure 12 shows, the maximum Reynolds number, Rej is a
fairly weak function of emitter length, being about T§50 for

the present amplifier with an emitter length to diameter

ratio of 28, The emitter is of (approximately) parabolic cross-
section, about .0102 in. wide and .0078 in. deep. The cross-
sectional area was obtalned by placing a grid overlay over an
enlarged photo of a thin slice of material containing the
cross-section and counting squares., The emitter diameter, dg,
is an equivalent diameter, based on the above cross-sectional
area.

Long emitters tend to dampen out disturbances in the supply flow
and allow the laminar jet greater reach before spontaneously
breaking up into turbulent flow. Long emitters also aid in
establishing paraboloidal velocity profiles, producing
inherently more stable Jjets than uniform profiles.

However, since Remax. 1s only lightly dependent on emitter
length, the packaglng density was considerably improved by
keeping the emitter as short as possible, in this case 28
diameters.

It is seen that the "peak out" Reynolds number for various
planar devices fall below the data for the open turbulence
amplifier (Reference 6). Excellent alignment of emitter and
collector in the planar amplifiers is offset by the need for a
jet enclosure. It 1s easily demonstrated that even though a
shroud shields the amplifier from amblient noise, the maximum
operiating Reynolds number is somewhat reduced also.

5. Temperature Effects

Supply Air - Temperature changes in the air supply affect
response time and operating pressure range.

The dynawmic viscosity of air,j , varies with absolute
temperature, T, as

), ('4-

N. T~
whille the density variation 1is,
.\,./
8
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In order to uaintain a constant Reynolds number, the operating
pressure (Figure 12) must be varied as T2. Amplifier response
time varies then as emitter velocity, as follows:

At ~ 73/2

Ambient Temperature Changes

Since the components in the assembly have different co-
efficients of expansion, bi-metal discs are used which main-
tain a constant compressive load on the assembly under

B varying amblent temperatures.

6. Interconnections

, Interconnections between amplifiers consist of .015" wide
. channels etched through in .015" thick stainless steel
discs, contained between gaskets of polyester film.

(}; Etched circuits were chosen for flatness, dimensional
accuracy and smoothness.

ey

A square cross-section was chosen for several reasons:

- The pressure drop for a rectangular section has a
minimum value when the aspect ratio is 1 (Ref.9).

B - Small aspect ratios are difficult, if not impossible,
x to etch, while large aspect ratios are uneconomical

space-wise.

& A single channel, .015 x .015, carrying flow to four
amplifiers has approximately a .10 psl pressure drop for
each inch of such track when operating the integrated circuit

_ at 1.3 psig. It should be noted that the pressure drop per
i unit length for a square duct is 13% greater than for a round
duct of the same cross-sectional area.

Simple, symmetrical circults are then expected to operate
at a somewhat wider pressure range than complex, non-sym-
metrical circults which may involve longer lines.

1 3 A three dimenslonal computer model for a layout of this
; type circultry is presently not available,
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Impedance Matching

Since these integrated circuits are capable of operating in
excess of 500 cps, the line carrying the trigger signal to
the circuit (from an alr sensor, for instance), must be
properly selected when cycling at speeds in excess of 200
to 300 cps.

When the line 1s not matched to the load, i.e., when the
line characteristic impedance is not matched to the load
impedance, the reflected wave interferes with the incident
wave and the signal distorted. Signal distortion results in
pressure levels at certaln frequencles which are much higher
or lower than the original static (d-c) pressure.

Figure 14 and 15 show the amplitude variation with frequency
at the end of a .055 ID sensor line of 6" and 24" length,
respectively, terminated by a .031 ID input connector to the
circuit.

When the line is matched to the load, the pressure decays
in a simple exponential function along the line, and:is
independent of frequency for any particular location along
the line.

The load impedance 1s expressed as,

7t = 9@
L=

while the line impedance (cro-s-sectional) is given by,

Zso = iEBEQé. (Ref. 9)
Cross.Arect.

Impedance matching for circular and rectangular fluidic
lines has been extensively treated by Schaedel (Ref.9).

e e "

i e
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Fig. 1(a) A MINIATURE INTEGRATED CIRCUIT
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FIG. 2 - SIZE C~ 'PARISON - INTEGRATED AND
HANDWIRED CIRCUITS
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FIG. 4 - PARTS SLOWING RADIAL AMPLIFIER ARRAY, GASKETS,
AND STAINLESS STEEL CIRCUIT BOARD.
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DOWNSTREAM CONTROL OF A JET

H.P. Lin, Stone & Webster Engineering Corp., Boston, Massachusetts
F.R. Svenson, Department of Industrial Science, University of Stirling,
Stirling, Scotland

both formerly with the Department of Mechanical Engineering,
University of Missouri-Columbia, Columbia, Missouri

ABSTRACT

Supply jet attachment switching by a control jet located downstream in
the supply jet flow field is discussed. At many control jet nozzle loca-
tions swvitching is possible both to the opposite sidewall and from the
opposite wall to the sidewall nearest to the control nozzle. The in—
fluences of control jet direction and control nozzle location on the
type of switching, and the influences of the flow splitter location

and the control jet flow, location and direction on the two output
parameters - minimum control flow for switching and switching time -
are discussed and examples given from experimental results. Comparisons
are made vith the performance of normal upstreamcontrolled devices.

NOMENCLATURE

b ¢ width of the control jet nozzle (mm)

B = width of the supply jet nozzle (mm)

D = offset distance of the sidevalls (mm)

h = depth of diffuser section and both jets (mm)

length of the sidewalls (mm)

increasing pressure (n/m”)

flow rate of control jet (dm”/s at standard conditions)
ratio of control flow to the minimum control flow for
switching to occur

ratio of control flow to supply flow

<
€
" 80 80

L0
(2]
S
O
»
[ |

= minimum ratio of control flow to supply flow for switching
to occur 3 )

Q = flow rate of supply jet (dm”/s at standard conditions)

t. switching time interval (s)

= mean velocity of supply jet

= downstream coordinate of control nozzle (mm)
= downstream coordinate of flow splitter (mm)

= lateral coordinate of control nozzle (mm)

inclination angle of sidewalls ¢

o

o

P

o

ke

A = included angle of flow splitter ( )o
¥ = direction angle of control nozzle ()
T = nondimensional switching time = Uor./B

Preceding page blank 2
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Introduction

The two most - ly used methods for moving the attachmeut of a
supply jet fro 211 of initial attachment to the opposite wall,a
switching actica, are to deflect the supply jet either with the
momentum of a high-speed jet directed laterally to the supply jet as
shown in Figure 1 or with an increase in the pressure in the
separation zone between the attached supply jet ayd the wall of attach-
ment as shown in Figure 2. Moses and Comparin (1)  and Carbonaro (2)
have presented earlier in this Symposium comprehensive reviews of the
literature on both wall attachment and on the influences of changes in
geometric and flow variables on the performance of devices designed on
the basis of these two methods for controlling attachment switching.

E A conventional design feature of nearly all devic:s using either of
these two methods is that the control flow issues from ports located

in the sidewalls of the diffuser for the supply jet. In most of the

devices designed for subsonic flows in the supply jet these control

ports are located upstream in the diffuser at the exit plane of the

{ supply jet nozzle as is shown in Figures 1 and 2. In devices designed

for supersonic flows in the supply jet these control pcrts are

usually located downstream of the supply jet nozzle, but are still

[ located in the sidewalls at the boundary of the supply jet flow field.

An alternative to placing the control jets in the sidewalls is to

; locate them downstream in the supply jet flow field. Potential
advantages to these locations compared to control jet locations in
the boundary of the flow field are comparable or better performance
levels with a reduction in element width and an increase in the
ease of manufacture due to the vertical introduction of the control
flow directly into the flow field.

-y

One recently reported application of the altermative set of locations
for the control jet is the use by Tesar (3) of a control jet directed
laterally from the trailing edge of a blade located in the supply jet
flow field to generate supercirculation on the blade and thus to
switch attachment flows in ventilation ducts. Another application of
this alternmative was made by Lance and Swenson (4) who used the
unsymmetrical flow issuing from a vertically-oriented single~inlet
vortex diode to control attachment switching. The switching perform
ance vas found to be sensitive to the direction of the region of

peak velocity in the diode outlet flow.

Lin (5) continued the theme of Lance and Swenson's investigation but
used the more compact and more highly directional flow issuing from
a moveable, rotatable control nozzle. His complete report includes a 1
review of the literature on the movement of the attachment point E
of the supply jet and on attachment switching. In addition it includes '

I 1 Numbers in parenthese» designate references at the end of the paper.
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a theoretical analysis of the movement of the jet attachment point due
to control flows from nozzle locations inside of the separation szome,
and experimental evidence of the deflection of a supply jet by a dowm-
stream control jet. This present paper is based upon the last portion
of his investigation and discusses the influence of control nozszle
location and direction on the type of switching that is observed and
the influences of flow splitter location and controljet flow, location
and direction on the switching performance. The evidence and conclusions
are illustrated for a symmntrical two-dimensional supply noszzle and
diffuser geometry, first without a flow splitter and then with a
symmetrical splitter.

Geometric and Flov Parameters

The geometric parameters for the symmetrical two-dimensional nozzle
and diffuser for the supply jet are showm in Figure 3. The principal
parameters are the nozzle width B and height h, and the sidewall
inclination angledt, offset D and length L . The principal flow
parameter for the supply jet is the flow rite Q_. For the experimental
results presented in this paper the parameters with fixed values are
the nozzle width B = 4.76 mm, aspect ratio h/B = 3.26. sidewall length
L'/B = 26.6 and sidewall inclination angle o = 15,

The geometric parameters for a control jet located downstream in the
supply jet flow field are the nozzle width b, downstream distance X ,
lateral distance from the diffuser section centerline Y and the °
angular direction W of the control nozzle opening, as shown in Pigure
4. The flow parameter for the control jet is the flow rate Q_ . The
fixed value parameter is the nozzle width b/B =.13. The contfol nozzle
height is the same as the height of the supply nozzle,h.

The nozzle opening direction angle is also the direction of the control
jet and ¥ is measyred from a reference line parallel to the diffuser
centerline with 0" in the downstream direction and , as viewed from
above the diffuser section, the positive sense of rotation is away
from the diffuser centerline. The supply nozzle, diffuser and the flow
splitter are symmetrical in the half-planes above and below the
extended centerline of the supply nozzle for these experiments,so that
results obtained for a control nozzle location and direction in one
half-plane are the same for the mirror image location and direction in
the other half-plane.

Air is the fluid used in the experiments and the flows exhaust from
the diffuser directly to atmosphere without internal vents or bleeds.
Also the control flow is at a constant value during a switching process.

Switching Types and Output Performance Parameters
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The types of switching are named for the sidewall to which the attach-
ment is moved, Thus, far-side switching is from the sidewall nearest
to the control nozzle to the farthest sidewall as shown in Figure 5,
and near—-side switching is to the sidewall closest to the control
nozzle *s shown in Figure 6.

Two important performance parameters for downstream control are the
control flow for switching to occur and the switching time. The control
flow for switching to occur is a measure of the device control sensi-
tivity and for each control nozzle location and direction is measured
by slowly increasing the control flow until switching just occurs.

The switching time is the time interval from the start of control flow
until the supply jet comes to rest at its final position on the wall
of reattachment. The sensor for switching time measurements is a re-
luctance-type differential pressure transducer with one side connected
to a piezometric opening in the wall of the control flow tubing and
the opposite side connected to a piezometric opening near the end of
the wall of reattachment, The time interval measurements are made from
traces of the differential pressure on records from recording oscillo-
graphs and a memory oscilloscope.

Switching Performance without Flow fiplitter

’ Figure 7 shows a plot of the ratio of the control flow to the supply
flow Q /Q versus the control jet direction and illustrates the use

of the cofitrol flow required for switching to trace switching curves

vhich are the boundaries of the far-side and near-side switching regions

} . The minimum control flow for switching to occur at that control jet

location and supply flow rate is measured as the shortest radial dist-

ance from the plot origin to a =ritching curve. In Figure 7 the

] minimum occurs for far-side switching and is a control flow to supply

flow ratio of 0.12 at a control jet _direction of 270° for a supply

jet flow rate equivalent to 1.03 dm~/s at standard atmospheric condi-

tions.

Two conclusions that are illustrated in this graph are (1) that both
far-side switching and near-side switching can occur at the same control
jet location, but only for different ranges of control jet location

and for control flows above different minimum values, and (2) there

are combinations of control jet directions and flows for which switch-
ing does not occur.

The variation with control jet location of the minimum value for
switching to occur is illustrated in Figure 8 in which the minimum
control flow ratios at control nozzle locations on four lateral
traverses are shown for both near-side and far-side switching. The
lowest of these local minima determines the dominant type of switch-
ing and the optimum control nozzle location for the given geometry




and supply flow. In Figure 8 this optimum location is at X /B = 9,33,
Y /B = 1.33 for a control flow ratio of Q_/Q = 0.01 and if for far-
s¥de switching. ’

The variation of switching time with control jet direction at a
given control jet location and for a range of control jet direction
values including the direction for minimum control flow for switch-
ing is shown in Pigure 9. The switching tims results are in the
nondimensional form T= U t/B, where U is the mean velocity of the
supply jet, t is the measfired time int8rval for switching, B is the
supply nozzle width and the ratio B/U is s nominal transport time.
The sharp dip in the switching time cBrve is typical and the

minimum values for switching times and the control flow for switching
usually occur at the same control jet direction.

Switching Performance with Flow Splitter

The addition of a symmetrical flow splitter to the supply jet nozzle
and diffuser geometry completes the configuration for a simple straight
-walled bistable fluid amplifier. The location of the flow splitter in
the diffuser is specified by X , the distance from the plane of the
supply nozzle exit to the lead!R; edge of the splitter, as shown ian
Figure 10. For the experimental results presented in this paper the
included angle B of the triangular flow splitter is 30° which is equal
to 2, the included angle between the two sidewalls of the diffuser.

The influence of the location of the flow splitter on the minimm
control flow for switching to occur is illustrated in Figure 11. The
effect of the location of the splitter is different for each type of
switching as is seen in the movement of the switchingcurves in Figure
12. At locations far from the control jet the splitter has negligible
effect on the switching curves, but wh~. che splitter is moved nearer
to the control jet the switching curves for far-side switching first
are moved away from the origin and then towards the origin, resulting
in a rise and then a sharp drop of the minimum control flow required
for switching as is well illustrated in Figure 1l. The changes to the
near-side switching curve are nearly opposite to those for the far-
side switching curve,with a sharp increase in the control flow
required for switching as the flow splitter is moved closer to the
control jet.

The variation of switching times with flow splitter location is illus-
trated in Figure 13. These changes follow a similar trend to that for
the minimum control flow for switching.

The experimental results shown in Figures 7-9 and 11-13 are typical
in that switching performance and the optimum control nozzle

location and control jet direction vary slowly with changes in the
supply flow rate.
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r Comparison with Upstream Control of Switching

Positive switching as either momentum switching or pressure switching

W is the most common type of upstream switching control and corresnonds
to far-side switching in downstream control devices. The nearest

d equivalent to near-side switching in downstream control devices is
suction switching in upstream control devices which is described by
Drzwiecki (6). Suction switching occurs due to low pressures in the
region of the control port in the wall opposite to that of wall
attachment. The low pressure can be caused either by entrainment of
fluid from a blocked control port into the amplifier in devices with
low offsets (close sidewalls) or by sucking of flow out of the amplifi-
erin devices with either large offsets (D/B>5.0) or small wall offsets.
A distinctive difference between near-side switching and suction
switching is that near-side switching occurs for a positive control
flow signal into tl.e device from outside the device.

The minimum control flow to supply flow ratio for switching in down-
stream control devices compares favorably with the ratio for upstream
control devices of about the same physical size and similar geometry.
The low value of Q /Q = .01 for far-side switching in Figure 8 is in
the same range of values as the inverse, .0l, of the flow gain of

4 about 100 reported by Markland (3) as the approximate performance

3 level of Tesar's jet flap devices,and also of the low values reported
in the literature for positive switching by Colborme and Williams (7)
of .007 (D/B = 0.0) and Foster and Jones (8) of .0l (D/B = 1.5,
square-ended splitter).

. The minimum non-cimensional switching time of T = 186 from Figure 13
{ for far-side switching (Q /Q =0.18, Q /Q . = 1.8, D/B = 2.0)

- compares not too unfavorably®vith the v1uE™8f T = 105 for positive
switching (Q /Q = 0.18, Q /Q . = 6.4, D/B = 0.625) with the inter—
polation of feslits reportgd E?lazgu and Stenning (9) who used a
similar definition of switching time to that used in this paper. The
ratio Q /Q . of the actual control flow to the minimum control flow
for lUiEChfstnil a relative measure of the control flow.

General Conclusions

1 The control of supply jet attachment is possible for control nozzle
locations downstream in the supply jet flow field. The type of switch-

f ing, minimum control flow rate for switching to occur and the switch-
ing time are all dependent upon control jet direction as well ac control
jet flow and control nozzle location. The switching time and minimum
control flow rate for switching to occur are different for far-side

and near-side switching and also vary with flow splitter location.
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The values of the performance parameters for downstream control devices
are comparable to those for similar upstream control devices, with the
potential advantage of smaller elements and, because of the dependence
of switching thresholds on both direction of the control jet and the j
level of the control flow, angular and flow inputs can be combined to 1
control outputs in moving-part devices.

Although evidence and conclusions for only bistable switching devices
are presented in this paper, control jets at downstream, in-the-flow
locations can be used also in proportional devices.
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ABSTRACT

This paper describes the design of a flueric, laminar flip-flop
that does not use the Coanda effect, but rather an instability of jet
position due to vent pressurization. |If vent flow Is allowed to enter
the control region in excess of that demanded by entrainment, and the
control port is vented to ambient, then any small perturbation will
cause more flow to enter one side and less on the other, Increasing
the pressure differential and causing the jet deflection to increase
until it reaches a stable position on one side or the other. This
phenomenon has been put to use in the laminar flip-flop. The prototype
device has a pressure gain of 15, a fanout of 8 and a power consumption
of 3.5 mW for a 1.0 mm x 0.5 mm supply nozzle device. Frequency
response is estimated at 90 Hz. A smaller device with a 0.5 x 0.5 mm
nozzle has measured frequency response of about 180 Hz. The static
characteristics compare favorably with the best that turbulent fluidics
has to offer but with an improved low-power consumption of over an
order of magnitude less than that of currently available devices with
prospects of yet another order of magnitude reduction seen. In
addition, since the flow is laminar and has virtually no random
fluctuations switching occurs at a discrete control pressure point as
opposed to a zone as In turbulent devices. The availability of such
a precision flip-flop now makes it possible to consider accurate timers

and counters, pulse-duration modulators, and analog-to-digital con-
verters.

N
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O 1. INTRODUCTION

Flueric loglc devices have, since their Introduction in 1959,
fallen primarily into three distinct categories: the Coanda effect or
wall attachment devices; the turbulence amplifiers, and impact modu-
lators. Each of these devices operates at some stage in the turbulent-
flow regime, and all but the turbulence amplifiers require considerable
continuous operating power, in the order of 0.5 watts. The necessity
of a continuous supply of fluid, 'f excessive, nakes fluerics at best
an unattractive choice when considering large, complex or mobile
circultry. Because of this, much effort has been expended in lowering
the power consumption of flueric logic devices. One such attempt by
Walker and Trask [1] resulted in a laminar NOR gate that operated at
several milliwatts of power but with a fairly low fanout of about 3.

It became obvious that low power was almost synonymous with laminar

flow. Several studies of laminar wall attachment [2, 3] showed that

one co.ild obtain a Coanda-type flow even in the laminar regime; however,
_ no practical flueric devices were forthcoming.

(~,) At the same time as the search for low-power logic devices
was going on, much progress was being made in the development of
laminar, proportional amplifiers [4, 5]. Manion and Mon [4] showed
that a laminar proportional amplifier can exhipit dynamic ranges and
signal to noise ratios of several orders of magnitude greater than
comparable turbulent devices, as well as having improved gain character-
istics. As this amplifier was being developed a theoretical analysis
was also developed. As a result of the analysis, it was discovered
that the input resistance may become negative due to internal feedback.
- This negative input resistance makes a laminar bistable device possible.
(.u' Since these laminar proportional amplifiers operate at very low powers
4 (from 0.1 mW¥ upwards), the bistable device if feasible would also
operate at this low power.

This paper presents a discussion of the operating principle, a
simple analysis predicting bistability and dynamic response, and some
preliminary prototype experimental data, for laminar flip-flops. |In
addition several applications and advantages of laminar flip-flops are
discussed.

2, OPERATING PRINCIPLE

Consider the laminar proportional amplifier (LPA) shown in
figure 1
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Figure 1. A Laminar proportional amplifier j

The flow field can be visualized readily and under nommal
operating conditions, with the vents at ambient pressure, appears as
shown in the photograph in figure 2. The jet emanates from the supply
nozzle and splits evenly on the splitter.

hy 3

When a sufficient pressure differential is applied at the controls,
flow from the control is exhausted to the vents through the space
defined by the jet edge and the downstrcam edge of the control channel.
This space may be considered to be a variable orifice which changes
in area as the jet is deflected. Consider, however, that the vents
can be maintained at a pressure higher than the pressure at the jet
edge. In this case, |f we consider one side, flow passes from the
vent region to the jet edge reducing the flow required through the
control passage (Rc in figure 3). However, consider the case where the

control ports are maintained at ambient pressure and the jet Is centered.
In such a case the flow entrained by the portion of the jet in the §
control region, Qc' must be supplied from both the upstream vent and 1

the control port, which means that the pressure at the jet edge, P, is

lower than ambient (when the vent is at ambient pressure). Now if the
vent pressure Pv Is increased to the point where the flow entrained by

the Jet is equal to the flow from the vent Qv' then the flow through the
control port, Qc' will be zero. The jet is still centered because there
are no excess flows and entrainment is satisfied. [|f the vent pressure

Seoiga g

is now further increased so that there is flow entering from the vent )‘

in excess to that demanded by entrainment, then a metastable situation 1

occurs. The excess flow, over and above entrainment, now exits through
: ¢ ]
', ¢ 4
p ,“}
b & ~
;
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the control port; hence, the pressure at the jet edge is above ambient
(remember that the control port is at ambient pressure). The flows can
be easily visualized by the ald of the simple equivalent circuit for
the input to the amplifier shown in figure 3.

control port

L Ea¥iure jet edge pressure (vent pressure)
Pc-o R Pj Rv Pv
-L VVL e W
S l Rc - resistance between
<~ control port and jet
QC Qe QV edge
flow out of  flow flow fron Vv ;;;;‘:;';‘:;,’::J:,{,“
control entrained vent region edge of the control
passage by jet channe)

Figure 3. Equivalent circuit of one side of LPA input

(f the jet should move slightly, by any perturbation, to one side or
the other, increasing the vent width on one side and decreasing it on
the other, then more flow enters the wider space and less through the
narrower space. Since the control resistance, Rc (fig. 3) is constant,

this means that for more control flow out (equal to the excess of vent
flow, by continuity), the jet-edge pressure must increase on the side
with more flow and conversely must decrease on the side with less flow.
This of course is then an applied pressure differential to the jet so
that it continues deflecting until it is in a position which completely
blocks the vent flow on one side. Clearly, then, only the states are
stable for which the jet is deflected, and it blocks the downstream
edge of the control channel, hence the jet position is bistable.

3. DESIGN

To obtain an input-output device operating on the above principle,
it is necessary to modify the LPA in three ways: First, provide a
pressure supply to the vents; second, ground the control ports; and
third provide a means of pressurizing the controls, despite their
grounded condition, in order to flip the jet to another state:

Pressurizing the vents is readily accomplished by collecting
the vents in a junction and supplying an independent pressure source or
by using bleed flow through a resistor from the supply port of the
amplifier.

A S B




providing pressurization of the control to flip the jet.
schematically the first prototype LFF bullt.

Figure 4. First prototype laminar flip-flop

independent, outside source.

L. ANALYSIS

report,

ence. For mathematical simplicity all quantities have been normalized,

Grounding the control ports and providing a means of pressurizing
the controls can be accomplished with a single modification. In the
bistable mode, flow is outward from the controls. If this flow forms
a2 jet and is exhausted across a vent, the grounding function is per-
formed. If a new jet is formed to axlally impinge on the control out-
flow jet, the back pressure of the outflow jet wi!ll be increased, hence

Figure & shows

in this device the vent pressure was controlled from an

Later designs differ only in that bleed flow from the supply
Is fed to the collected vents by resistor laminates placed in the cover
plate of the device, and the supply nozzle width l:s = 0.5 mm.

The analysis presented here is intended to show how the bistable
phenomenon occurs and how one can estimate the pressures and other
such parameters to predict its occurence. This analysis is not intended
to be a thorough study of this phenomenon; thic will come in a later

The equivalent circuit (figure 3) for the flows of this
element exists on each side of the jet. As a result, two flow
y sunmations must be written. In these equations the vent to jet edge
< resistance Rv Is an area times the square root of the pressure differ-

PPy
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flows by the supply flow Qs, pressures by the supply pressure Ps’
dimensions by the supply nozzle width bs'

Q, -Qel*(bv’é') va-lel-O (1)
Q. - Q, * (b, - §') v’!PV - szl =0 (2)

where Qc is the input flow, Qe is the entrained flow,

Q, - (8v $6') ¢|Pv - le is the flow from the vent region to the jet
edge, bv Is the spacing between the jet and the control edge labeled
in figure 2 and &' is the jet deflection due to Pj - the small change

in jet edge pressure (fig. 2 and 3). Subscripts ; and ; identify the
side of the jet in question (e.g. right or left).
[} [}

(1 c e
Letqcl'qc*'T'ch Q. —f'Qe,-Qe+7'etc"
Pt
le - Pj + -% » and sz Pj - P3/2. where primed (') quantities refer

to small perturbations about the unprimed quantity. Thus. note that

VIPV - ij| is approximately equal to V[P y | (- ﬂ+—_-—-_74

Substituting these terms and taking the dnfference between equatlons (1)

and (2) we get

Q. - Q- b, ﬁi—-—)ws'v’r‘ P.T - (3)

From reference (4], the lateral displacement of the jet at the
control downstream edre is

b2
5' = C '
Ece Jj
where bc is the control nozzle width and c6 is the momentum flux dis-

charge coefficient. The resulting combination with equation (3)
results in

6 = — - (4)

- - b2
where a 6’ Q; and kc bc/(bce)
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The input flow Qé is defined as

Q =PL-P P \

b ()
c

c c ¢

where Rc i3 the control line resistance. |Pv =P,

Using equations (4) and (5) and multiplying through by 'T?__TTHL_ the
Q'

c Cc
input admittance 3F% is found to equal
c
bV
. , )& TN TP, =Pyl - 2(p, - 7))
wror|© (6)
c c

f"k—cw (a) ¢ 1/k_R) /P~ Pj'l - 2(p, - Pj)

The bistable phenomenon occurs when this slope is negative. (Note, if
Q!

c

Pv PJ then W::-

cames negative at a larger value of |Pv - le for typical parameters.
For example let bv = 0,25, kc = 8.86, a = .0668 when the jet is
centered then the slope will be zero or negative when (Pv - Pj) > 0.0104.

The numerator is negative while the denominator is still positive,
giving a negative slope. |f the denominator becomes negative the input
inductance coupled with the jet displacement compliance results in a

limit cycle oscillation whose excursion is limited by the entrainment
derivative with displacement.

%ro. The numerator decreases to zero and then be-
c

A more thorough discussion of this phenomena (denominator equal
to zero) will be the subject of another report. This report evaluates
the slope of the input admittance characteristic to determine if the

device will be bistable. This can be accomplished by evaluating the
slope with the jet centered.

Equation (6) therefore defines the condition when the negative
slope occurs and which parameters determine this slope.

The effect of downstream control edge clearance, control width
(kc is determined by bi). the entrainment and the pressure difference

is given in equation (6).

The dynamic response of a digital device is usually characterized
by a switching time that is a decreasing function of the control power.
Analytic studies of Coanda-type devices such as that by Goto and




Drzewleck! [6] derive this relation and verify it experimentally. It \
is not usual to consider digital frequency response, but If one does,
I the 1imiting frequency at which a wall attachment device can operate

is determined by the amplitude of the Input signal. For example, if |
a device switches in one ms at a control pressure amplitude of 0.1 Ps’ 1
then the maximum frequency of a switch-switch-back function would be |

500 Hz (f = I/(2tsw). Tgy = SWitch time). |f the same device switches
; in 0.5 ms at a control pressure of 0.3 Ps then the maximum frequency

would be 1000 Hz. At each of thase frequencies the maximum output
pressure equal to the static pressure recovery Is recovered. So for
a square-wave input, the maximum operating frequency is a function of
the input amplitude. A Bode plot of the output pressure would then
consist of a family of curves, each dropping off at different
frequencies for different input amplitudes.

The dynamic response of the laminar flip-flop is tied closely
to the dynamics of the LPA which have already been analyzed success-
fully [(4]. Because of this the dyramic response of the LFF will be
discussed in terms of the known frequency response of the LPA rather

than to rework the analysis In verms of step responses and switching
' times.
3
4 To estimate, analytically, the flip-flop frequency response

one may consider the followiiig arguments. When the LPA is operated in

its digital mode as a LFF and the jet deflection excursion is such that

the jet position varies from just at saturation to saturation (i.e.

where each output just reaches a maximum pressure recovery without

ringing) it can be assumed that the jet is critically damped (damping

ratio £ = 1.0). Assuming then a second-order response for the LPA )
results in a transfer function, T,

(7)

Substituting ju for the Laplace variable s, where j = /=1, u is
] radlan frequency, and ¢ = 1.0, the output amplitude, A, is just the
vector sun of the real and imaginary parts of the transfer function.

1 | A= lﬁd?w/wn)z)z + 4 (w/wn)2 (8)

To calcuiate the -3db point (break point frequency) set A = 0.707 which
! results in w/w = 0.64h. The natural (or resonant) frequency f

3 n_Bd’ n
: of the LPA (therefore also of the LFF) has been found by Manion and

Mon [4] to be

fn = 0.01 vs/bs

- PN
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or rewritten, noting that the average supply velocity V; -
<4 JEIPS = Pv,7p where Cq is the supply nozzle discharge coefficient
and o the fluid density,

- . -
f =0.01 c, ¢§7$:"‘$:77c /b, (9)

Note that pressure, flow and dimensions are not normalized here. Using

equation (9) and noting that w/w | = f/f I = 644 (since f =
"1-3db "-3db

w/27), then the breakpoint or maximum operating frequency for the LFF

is approximated by the expression

= 0. V2(P_ - P J/0"
foggp = 0-0064k c s - P/ /b (10)
The minimum switch time can be estimated as
Tow = 0-5/F 34 (1)

5. PROTOTYPE CHARACTERISTICS

The device depicted in figure 4 was tested statically; the
supply and input impedances, the blocked output pressure transfer
characteristic, and the output impedance characteristic were measured
at a supply Reynolds number based on nozzle height of about 103. Figure
5 depicts graphically the measured characteristics.

The blocked-pressure gain is the change of an outpit pressure
divided by the switch pressure. The fan-out (number of iike units that
can be driven simultaneously by one output) is the output flow, at an
output pressure equal to the switch pressure, divided by the switch
flow at switch pressure. The power consumption is the product of the
supply pressure and the supply flow. These three characteristics are
obtained from the data in figure § and are listed in Table | in com-
parison with a high performance, wall attachment turbulent flip-flop
described by Warren [7] and also in ref [E], and with the lowest power
consumption, commercially available flip-fiv, [8].

As can be seen, the ltaminar flip-fl .p compares well with the
highest gain/fanout device and has, ovrr an order of magnitude, lower
power consumption than the lowest power consumption, commercially
available device and almost three orders of magnitude lower than the
high-performance device.

Assuming that for the same Reynolds number the characteristics
remain the same, the power consumption can be further reduced by yet
another order of magnitude to about 0.25 mW if one uses a 0.25 mm x
1.0 m (0 = 4) nozzle, and down to about 0.1 mW if the Reynolds number

hs s/0 /v is reduced by half.
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F i. 3 Table |. Comparison of LFF performance to typical turbulent deivces
i
E LFF TFF [7, 8], HOL TFF [8], Commercial
t’ Gain, G

! A: ’/15 P 15 7 3.5

{ o' sw

i
] L
] : Fanout 8

10 3
' QO/QSWI
1 p
swW
[
A
; Power
Pst(watts) 0.0035 1.37 0.064

4 {

? The frequency response of the device in figure 4, as estimated
. from the expressions in section 4 and the current dimensions ‘and supply
pressure, is roughly 90 Hz.

Oynamic tests conducted on a smaller device, operating as
a feedback oscillator with varying lengths of feedback lines (to change
the frequency) result in a Bode plot, logarithm of amplitude versus
frequency, as shown in figure 6.

':‘ ° © —© o~
F o~
1 -
| < - THEORY, EQ. 8 o
] a®
~
a® ~2
S
§ -3 0-DATA FEEDBACK OSCILLATOR ,
o bg :0.5mm :
~ 4
M 0.5mm @ .
= B, * 0.6kPa, P, =0l kPa .
10 20 40 80 100 200 |
FREQUENCY (Hz) |
9

Figure 6. Bode Plot of LFF Response
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wWhile this testing method gives very conservative data because as the

output amplitude starts to fall so does the input, it is nonetheless

an easy test to perform. From section 4 and eq. (10) since the LPA

-3db frequency is 290 Hz for this geometry, then the LFF -3db point

should occur at 185 Hz since f/fn w 64k, From figure 6 one can
-3&

<ee thot the conservative data yields about 178 Hz as the -3db frequency.

This frequency compares well with the published specifications of many

commercial flip-flops, which are usually about 200 Hz.

6. DISCUSSION

In addition to the advantages of a laminar, low power, logir
device, already mentioned in the introductory paragraphs, there are
other benefits which accrue because of the laminar nature of the flow.
The most important of these is accuracy. In turbulent digital devices
one must consider, in reality, the probability of switching because
as the switching condition is slowly approached turbulent fluctuations
in the stream may have enough energy, at one instant or another, to
cause a switch., Usually when making measurements on turbulent flip-
flops a switching zone is encountered rather than a discrete switching
point [8]. The laminar device, however, does not have this problem -
it virtually has no noise or turbulence at all, and as a resuit has a
well-defined switching point. This means that extremely accurate
Schmitt triggers, counters, adders and analog-to-digital converters
can ve made. In addition such systems as pulse-duration modulators
and digital information transfer systems can be effectively utilized.

Another advantage of laminar flow is the ability to scale the
devices to virtually any size, since the laminar flows obey the well
behaved laws of Reynolds number scaling; whereas, similar turbulent
devices of different size rarely, if ever, operate the same way unless

fully established turbulent flows are present, and then they consume
a lot of power.

Other advantages of laminar devices include the eventual
likelihood of acceptable solutions of equations of motion and the ability

to make measurements on large models with different working fluids and
relate them immediately to the actual size devices. 0

7. CONCLUS | ONS

A laminar flip-flop (LFF) was designed and built based on
analytic findings from the study of laminar, proportional amplifiers,
Essentially the device operates due to a physical instability when the
vents are pressurized, resulting in only two stable positions of the
jet. It is not a Coanda effect device - no attachment walls are used.

This device performs as well as, or better than, any turbulent
flip-flop from the standpoint of static and dynamic characteristics
but has a more than an order of magnitude lower-power consumption with
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the possibility of yet another order of magnitude reduction to about
0.1 mW.

The concept of the laminar flip-flop has led to the possibility
of extremely accurate, low-noise digital systems heretofore impossible
due to the random nature of the flow in turbulent devices. Such systems

include, but are not limited to, such devices as Schmitt-triggers and
analog-to-digital converters.
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PROJECTS ON MOVING PARTS FLUIDIC DEVICES CARRIED OUT AT
SIR GEORGE WILLIAMS UNIVERSITY

by Clyde C.K. KWOK

The area of fluid controls has been developed at Sir George
Williams University since 1967. Part of the research efforts have
been concentrated in the moving parts fluidic devices which include
also diaphragm elements and components. It is the objective of this
report to present the most up-to-date information on some of the most
interesting research projects carried out in the area.

Description of the projects will be presented in the following
order:

{1) Hybrid Magnetic/Fluidic Pulse Shortener;
2) Vortex Flowmeter;

3) Valve Block for Air Massaging Application;
4) Diaphragm/ejector Schmitt Trigger;

(5) Liquid Oscillator.

Results of some of the projects strongly demonstrated the
advantages and inherent potentials as well as some unique solutions
offered to practical problems by the fluidic technology.

Hybrid Magnetic Pulse Shortener

In many fluidic logic control circuits, there exists the require-
ment for pulse shorteners or special devices capable of producing short
pulses for precise duration when supplied with step or other forms of
input pulses. At present, this special function in most cases can be
performed by using active fluidic bistable and monostable amplifiers
with suitable delay iines. This approach, however, is considered
unattractive because of the difficulty usually associated with choos-
ing the suitable delay lines as well as the relatively high power
consumption. A new scheme was proposed [1]. The basic configuration
of this device consists of a short cylindrical chamber with an input
and an output port located symmetrically at the top and bottom
surfaces of the chamber as shown in Fig. 1. A permanent ring magnet
is attached to the bottom surface and a thin metal disc is placed
inside the cylindrical chamber.

When there is no input pressure signal, the metal disc is held
onto the permanent magnet. Upon the application of a pressure signal,
the pressure force will 1ift the metal disc away from the magnet.

Once they are separated, the pressure force will be acting on the
entire surface of the disc instead of the area corresponding only to
that of the input port. At the same time, the magnetic attractive
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force decreases inversely as the squares of the distance between the
metal disc and the pole of the permanent magnet. As a result, there
is a snap effect and the disc moves very rapidly towards the output
port. This movement generates a compression pulse, the duration of
which is dependent only on the motion of the disc and is independent
of the input pulse length. When the irput pressure pulse has expired,
the disc returns to the bottom surface due to the attractive force of
the ring magnet.

In order to achieve the optimum design criteria, an analysis of
the dynamic characteristics of the disc when subjected to both the
magnetic and input pressure forces under various possible loading
conditions was carried out. The mathematical model for the system
was developed using an incremental quasi-steady state approach.
Equations describing the mathematical model were derived from the
basic thermodynamic and fluid dynamic relations such as continuity
equation, equation of state and the equation of motion. The mathema-
tical model was further modified in non-dimensional form and reduced
to the following five governing equations.

pop)-—XK _y 98X ]
(P,-P,) TR (M

-Y S
P202 cons tant (2)

oz(l - A + X) = constant (3)

@, -AC, v/ 20P,0, [Xy] {[,’,;ﬁ - [ L)

T 1+4- X (4)
@, P, do, o
&t 9, dr

where
input pressure p,
1" atmospheric pressure p_

output or chamber pressure p,
2 atmospheric pressure p_

mass density of air inside chamber 0,
2 ~ mass density of atmospheric air p_

distance travelled by disc x

chamber length L

Sk

i b e




location of imaginary magnetic pole from the surface of magnet X,
chamber length L

area of orifice a
o  area of disc A

(1ength of output port passage t)(area of output port a)
A =
{chamber Tength L) (Area of disc A)

mass of disc MD

a = LAp,
K = magnetic co.astant K
L Ap,

’pr
T = Ha—r(time t)

weight of disc W
x pmA

W D

and the magnetic constant K and imaginary pole X were determined
experimentally [1] using the relationship

X0 © P, (6)
2
Pb
and
K=p, A (xo + )2 (7)

where p. and p, were experimentally observed pressure levels where the
disc wal separgt

The theoretical response of the pulse shortener for a given geometry
was obtained by solving the above mentioned non-dimensional mathema-
tical model using the fourth-order Runge Kutta numerical method.

The original experimental model shown in Fig. 2 having a chamber
diameter and length of 0.63 in. and 0.1 in. respectively was subjected
to step pressure input signals and different frequencies. The input
and output pressure wave forms were recorded for different output port
loading conditions. A typical set of experimental pressure traces is
shown in Fig. 3a. The same set of data was used to compare with the
theoretically predicted results in Fig. 3b.

A sensitivity study of the effects of various independent para-
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meters, namely, the input pressure, chamber length and diameter, out-
put port diameter and output port passage length as well as the

{ magnetic force, was undertaken. Results revealed an important finding
| of this pulse shortener that above an input pressure level of 16.5

[ psia, the output characteristics for this particular pulse shortener

l under study is insensitive to the variation of the input signal

3 amplitude. The effects of other geometric parameters on the pulse
shortener performance characteristics were also computed and critically
analysed. These detailed information together with the computer
program are given in Ref. [2].

Vortex Flowmeter

l Flow measurement and monitoring are important in many industrial

applications. There always exist requirements for a low cost reliable
i flowmeter. An unconventional concept to utilize the vortex principle
3 in measuring flow rate was tried [3]. The basic device shown in

Fig. 4 consists of a thin cylindrical chamber with tangential inlets
E and central outlet. A free ball is contained within the circular
track of the chamber. When fluid flows in, due to the tangential
inlet configuration, a vortex will be generated. The swirling flow
causes the ball to rotate along the track. The frequency of rotation
! of the ball, measured by a simple light emitting diode arrangement,

provides direct information of the flow rate.

‘ An analysis, assuming a laminar, incompressible irrotational flow,
was carried out in an attempt to analyse the motion of the ball inside
1 the vortex chamber [4]. Forces and moments acting on the sphere were
found and may be summarized as follows:

(1) The drag D, calculated by assuming the flow is irrotational and
the sphere is stationary, is found to be

Du12TuRY (8)

where u, R, V are the fluid viscosity, the sphere radius and the
stream velocity respectively.

(if) The mechanical friction F, opposite to the direction of motion,
is acting at the two points of contact of the sphere and the
track as shown in Fig. 5.

T R

(111)The moment of mechanical friction M, about the axis of rolling
which is given by

Mp=2 . F - (9)

where £ is the distance between the point of contact and the
rolling axis of the sphere.
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(iv) The total moment on the sphere Mg, formed by assuming a rotating
sphere in a stationary incompressible flow, expressed in terms of
the sphere radius R, fluid viscosity u and rotational angular
velocity, w is given by

"f = .87y R’w (]0)

Under steady state conditions, the above forces and moments are
balanced. Solving the above equations, the frequency of rotation, N
of the sphere about the axis of the chamber is given by

RO

N = 2 42 p2 2 (Ry2
272 AR [+ § (P

(1)

where d, is the diameter of the inlet port, R, and R, are the track
means radius and vortex chamber radius respecEively, and Q is the flow
rate.

During experimental investigations, it was found that the ball did
not start moving inside the chamber until a certain minimum flow rate
was reached to overcome the static frictional effects between the ball
and the wall. Since the static friction was very difficult to evaluate
and was not considered in the formulation of the theory, equation (11)
was modified to the form

Ro

272 d2 B2 (1 + 3 ()7

[Q - Q1 (12)

where Q, is the minimum volume flow rate required to overcome static
friction. Detailed derivations of the theory are presented in Ref. [4].

Experiments were conducted using water to investigate the effects
of changing the geometric configurations, mass and size on the ball and
flow rate on the performance of the flowmeter. A typical set of exper-
imental data showing the variation of frequency with ball diameter as
compared with theory is shown in Fig. 6. They all indicate linear
characteristics between the volume flow rate and the frequency of
rotation of the ball.

Valve Block for Air Massaging Application

A massaging unit in the form of a belt with air pockets to be
strapped around one's body or 1imb was investigated [5). Such a unit is
useful for reducing fatigue level and stimulating the blood circulation
of a person suffering from confinement for a long period of time.

At the present stage of development, the emphasis is on the design

and performance of an integrated valve bleck which, together with the
air pockets in the belt, operates as an oscillator. The air pockets,
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serving as the charging capacitors in the delay paths, undergo
continual cycles of inflation and deflation in groups. The resulting
expansion and contraction in the pocket volumes thus contribute to the
production of a massaging effect. Two types of moving part logic
elements are contained in the valve block, the inverter and repeater.
These elements have to have a low pressure gain, wide hysteresis band
and a relatively high flow capacity. A design using the poppet and
spool valve combination was evolved. Basically, the inverter and
repeater are identical in physical configuration except in the external

connections. The operation of the repeater and inverter valves are
shown in Figs. 7 and 8 respectively.

Each valve has a piston assembly sliding inside a cylindrical
cavity which is separated from the control chamber by means of a
diaphragm. The top end of the piston rod is firmly secured onto the
diaphragm so that the piston will be directed to move up and down
according to the force balance across the diaphragm. The lower and
larger end of the piston rests against the valve seat, and there are
two port openings leading to the cylindrical cavity. In this application,
the output ports are always connected to the air pocket, which is essen-
tially a blocked load. Consequently, as a unique feature of the valve
design, no return spring is required. For the experimental protciype,

3 repeater valves and one inverter valve were accomodated inside a
valve block. An exploded view of the valve block is shown in Fig. 9.

Normalized static switching characteristics of the valve func-
tioning as a repecater and as an inverter are shown in Figs. 10a and 10b
respectively. In both sets of characteristics, the normalized switching
pressure (Eg) is plotted as a function of the supply pressure pg.

Ps

Preliminary analysis of the repeater and inverter valve operation

using force balance equations across the diaphragm yield the following
expression:

Pc
d

(P?)'-(f)'—]r (13)
dP, Refs Ps

where Agff is the effective area of the diaphragm and f is the frictional
force between the 0-ring and the cylindrical cavity, acting upwards
against the downward movement of the piston assembly. Eq. (13) provides

correct indication of the slope of characteristic curves given in
Figs. 10a and 10b.

Typical output waveform of the valve block is shown in Fig. 11,
For an application such as the air massage device serving a special
therapeutic purpose, it is difficult to assess its performance in
terms of quantitative criteria. However, with the oscillator block
connected to the air-belt having air pockets of a volume of approximately
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5 cu. in. each, the "working" frequency is in the region of 2 Hz. This
frequency depends on the material of the air-belt and how tight it is
strapped to the body, etc. So far, the massaging effect produced has
been considered sufficiently satisfactory to warrant continued develop-
ment of the concept in conjunction with personnel in the area of physio-
therapy.

Diaphragm-Ejector Schmitt Trigger

The pneumatic Schmitt Trigger is a pressure switching device which
can be turned on and off using predetermined, adjustable control pres-
sures. A Diaphragm-Ejector Schmitt Trigger (DEST) consisting of a
diaphragm-ejector step-up relay "A" and a passive diaphragm element
"B" interconnected was designed and is shown schematically in Fig. 12.
P, and P, represent the output and supply pressure respectively. One
of the cﬁief functional characteristics of the device is the availability
of independently adjustable trigger pressure levels. This function
enables the possible application of the device in the on-off control of
parameters such as flow rate, temperature, liquid level, etc. and also
in accept-reject testing of production components.

The operation of the Diaphragm Ejector Schmitt Trigger may be des-
cribed as follows: Assuming that the device is initially in the OFF
state, the pressures P,(off) and P,(off) in cavities 1 and 3 respec-
tively will be determined by the pressure divider circuit consisting
of the ejector-nozzle flow restriction and the adjustable restrictor R,.
In this state the diaphragm in the "B" element will be deflected to
close the seat B2, due to the action of pressure P,(off) [= P,(off)].

Also, since the seat pressure Pp) and P,(off) are now equal to each
other, the output pressure in the OFF state, P,(off), is determined from
the ejector-sensor characteristic of Fig. 13. In order to switch the
device on, the control pressure must be increased to a value P,(on)
which just exceeds P,(off). Thus, the magnitude of switch on control
pressure P;(on) is predetermined by the setting of R,. When the device
is switched on, the sensor seat Al is closed by the relay diaphragm and
the pressures Papy and P, quickly become equal to the supply pressure
Pg. It is assumed here that the restrictors R,, R, and the load do not
draw any significant flow, thereby approximating the zero-output-flow
requirement of the ejector-sensor. Subsequent to the switching on of
the relay diaphragm, the pressures P, and P, begin to decrease due to
discharge through R,, while the pressure P 2 in seat B2 is increased to
the value Po(on? [Pc]. As a result, the "B - element diaphragm is
switched so as to ciose the seat B3. The pressure P, in cavity 2 then
increases to a value P,(on) determined by P, (on), and by the pressure
divider circuit consisting of R and R.. S%nce the pressure P_(on) is
communicated via the diode D, to cavities 3 and 1, the pressuré P,
reaches the value P ,(on) = P,(on). Assuming that area Ap] is much
smaller than the diaphragm area the pressure Pl(on) determines the
magni tude of Pi(off), to which the control pressure must now be reduced
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in order td obtain switch-off. Thus it may be seen that Pj(on) and

P;(off) required for switching the device on and off, respectively, can
erefore be set independently by means of the adjustable restrictors

R, and R,. The diode D also ensures the control of pressure P;(off)

tﬁrough restrictor R, 2alone.

A DEST unit using 1-inch diameter rubber diaphragms was constructed
from plexiglass with the sensor dimensions shown in Fig. 13. The
characteristic shown in the figure also represents the experimental
sensor characteristics. A photograph and the construction of the device
are shown in Figs. 14 and 15, respectively. The device was tested over
a supply pressure range of 5 to 50 psig (34.5 to 345 kN/m*) and the
repeatability and minimum available hysteresis were found to be about
1.5% and 1% of Pg, respectively. Deterforation in repeatability was
sometimes observed, but was traced to a shift in the values of P,(off)
and P,(on), probably caused by poor flow stability in the control res-
trictors. Predictable switching was obtained up to repetition
frequencies in the region of 15 Hz [with P¢ = 10 psig (69 kN/m’).
Pi(on) = 1.4 psig (9.55 kN/m?), and P;(off) = 1.16 psig (8 kN/m?}],
which is adequate for most mechanical automation applications.

The chief functional characteristic of the device is the availabil-
ity of independently adjustable trigger (control) pressures. In
addition to the above feature, the DEST has the following advantages
over the fluidic Schmitt Trigger: (1) greater adjustable hysteresis
range, (2) higher pressure recovery, together with the possibility of
obtaining a vacuum output in the OFF state, and (3) probably lesser
susceptibility to contamination. The major disadvantage of the DEST is
that it is a diaphragm-operated moving part device, and hence has
limitations in parameters such as response time, lifetime, operating
temperature, etc.

Nevertheless, in less severe environments, it could be utilized to
provide on-off pneumatic control, for example, in low cost automation.
A few typical industrial applications using this Diaphragm Ejector
Schmitt Trigger are listed below:

Liquid Level Control System;

Pulse Width Modulation Type Control System;
Timing Circuits;

Liquid Mixture Density Control System.

Detailed information on the above systems as well as the design
considerations for the Diaphragm Ejector Schmitt Triggers are presented
in Refs. [6] and [7]. :
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4 ' (J Liquid Operated Oscillator

The search for a simple, liquid-operated oscillator was initiated
| because of the requirement for a special type of dental syringe known
i as a "waterpic" which produces strong pulsating jets of water at

A approximately 15 cps for cleaning teeth as well as massaging the gums.
1 ' After some initial experimentations with no-moving parts pure fluidic
devices, the approach was not pursued due to high pressure drop across
£ the power jet nozzle and the difficulties in obtaining low frequency
‘ oscillation due to high wave propogational velocity in liquids. An
entirely different oscillator concept was subsequently conceived
utilizing mainly the inertia effects of the liquid to control the
opening and closing of the diaphragm valve as described in Refs. [8] and 1

[9].

The basic operational principle of the oscillator can be explained

by first referring to the illustration in Fig. 16. The supply inlet,
{ which is connected to the pressure source, is designed to incorporate
| SN an ejector system consisting of a supply nozzle which directs the flow
into a receiver. This ejector chamber is connected to the output line
of the oscillator. The other end of the receiver is connected to a seat
chamber located inside the vent chamber. There is a vent tube connection
between the vent chamber and the atmosphere. A diaphragm is positioned
so as to control the flow of fluid from the seat chamber into the vent
chamber. A spring with a force-adjusting screw is provided on the other
side of the diaphragm to keep it in proper position. ]

R B L T

PRISEY R TR A

Operation of the early designs of oscillator prototypes was based
{ on the inertia effect of the liquid in the vent tubes. First, consider
the diaphragm to be at the uppermost deflected position, flow
entering the receiver tube will have an almost free path to the vent
chamber, and the pressure of the latter will be built up rapidly.
According to the Law of Continuity, flow entering the vent chamber must
flow out through the vent tube. In other words, movement of the whole
1 column of liquid contained within the vent tube is accelerated. During
this phase of operation, the output channel, which is connected to the
ejector chamber, is experiencing a negative pressure due to the venturi
i effect of the ejector system. At this point, the spring is being
compressed, exerting a force which tends to close the diaphragm against
its seat. Ffurthermore, it can be seen that as maximum flow into the
E vent chamber is achieved, the fluid velocity between the diaphragm and 1
the seat is at its highest value and, according to the Bernoulli's 1
E relation, pressure will decrease correspondingly. The reduction in
static pressure in that region causes the diaphragm to start moviny
i downwards. When this happens, the cross-sectional flow area between the
b seat and the diaphragm will be reduced. This will decrease the flow into
the vent chamber and further reduce its pressure. This reduction of
pressure causes an additional downward deflection of the diaphragm
resulting in a further decrease of flow into the vent chamber. Eventu-
ally, the diaphragm will snap onto the seat blocking the entire flow
into the vent chamber. However, before the snap closing of the
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diaphragm, the whole column of liquid within the vent tube has been
accelerated. Due to the inertia of the liquid, the sudden closing of
the diaphragm cannot produce an immediate stoppage of the moving liquid
within the vent tube. The liquid in the tube continues to move, thus
creating a strong vacuum within the vent chamber which pulls the dia-
phragm further downwards against the seat. This effect creates an even
tighter closing of the diaphragm against its seat and diverts all the
supply flow into the output line.

As soon as the fluid in the vent tube has come to rest, the
pressure in ‘he vent chamber returns from sub-ambient to ambient. At
this time, the total force acting on the diaphragm, including that due
to the supply ~ressure acting on the valve seat, will be high enough to
overcome the force exerted on the vpposite face of the diaphragm by the
now-extended spring, and the diaphragm valve commences to open again.
Fluid then starts to flow into the vent and its pressure will be built
up. This build-up of pressure in the vent chamber causes a further
upward deflection of the diaphragm and more flow will be entering the
chamber. When this occurs, the output pressure at the outlet drops and
becomes sub-ambient due to the strong venturi effect created in the
ejector chamber. The cycle is thus repeated.

It can be seen that both the diaphragm and spring stiffnesses
affect the oscillation to a certain degree; however, the main governing
parameter for the oscillation phenomenon is the inertia of the column
of liquid in the vent tube. Changing the geometric configuration of the
vent tube strongly affects the operation of the oscillator.

In an attempt to understand the effects of various design parameters
affecting the operation of the oscillator, an analytical study was
carried out by S. Sankar (Ref. [10]) using the linear graph techrique.
The oscillator was subdivided into three systems:

(1)The fluid system comprising the inlet nozzle, seat chamber and
valve seat, vent chamber and vent tube;

(2)The mechanical system consisting of the spring and a mass which
represents the lumped mass of the diaphragm and the spring
retainzr;

(3)The linkage between the fluid and the mechanical system.

The schematic representation of the linear graph for the liquid
operated oscillator is shown in Fig. 1/. A set of 14 equations together
with the definition of the symbol used are given in Table 1. The
equations are derived assuming that the fluid is incompressible, the
deflection of the diaphragm uniform and velocity heads are negligible
compared to the pressure heads (except in the vent tube).

The analytical model was further extended to include a feedback
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path between the vent and the spring chamber as described in Ref [11].
This modification not only improves the performance of the oscillator
but also enables it to operate over a large range of supply pressures.

The type of liquid operated oscillator described above is relative-
ly simple to construct and there is considerable leeway in the tolerances
of the fluid passages. Except for the diaphragm and the spring, which
operates on a very small displacement, there are no other moving parts
and the reliability should be excellent. Furthermore, the instantaneous
output pressure magnitude, due to the inertia effect of the liquid,
which can sometimes be 60% above that of the steady state supply
pressure, makes this oscillator particularly attractive for use in many
cleaning applications. Detailed descriptions of a dental syringe
(Fig. 18), and oscillating showerhead (Fig. 19), and a car wash appara-
tus (Fig. 20) presented in Refs. [9] and [11] represent some typical
applications of the oscillator concept.

CONCLUSION

Five interesting projects on moving parts devices carried out at
Sir George Williams University have been described. It is the intention
of this paper to indicate some of the advantages and flexibility offered
by moving parts fluidic components, and the various potential applica-
tion areas. More important, highlights of the theoretical analysis for
each component developed was referenced and discussed. This is to be
consistant with the main theme of this Symposium that the fluidic
technology has gone through the growing period and is now reaching
maturity. "It has become a Science rather than an Art".
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FIG. 14: Photograph of the Diaphragm-Ejector
Schmitt-Trigger.
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FIG. 16: Schematic Diagram of Liquid Operated Oscillator
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FIG. 17: Linear Graph of Fluid Oscillator
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TABLE I

Fluid Oscillator System Equations

REMARKS

Contiuuity at
Verta2x S

Continuity at
Yertex 1

Continuity at
Vertex 2

Elemental Equation
for Rn

Elemental Equation
for Ro

Elemental Equation
for Rc

Pg = Pg = Ry (Pgr Pg)Qpy

PS ¥ r{O (Ps ) QRO

P = B

s v Rc(Ps' Pv)QRc

Qan flow through
supply nozzle

ch incremental flowrate
into seat chamber

ch incremental flowrate
into vent chamber

R is a non-linear func-
tion of PS & Ps

Ro is a non~-linear func-
tion of Ps

R_is a non=linear func-
tion of P' & Pv

Elemental Equation for P =1 dQI I is inertance in vent
inertance in vent tube| v dt tibe ® %3
b = 1, y = velocity of
Gyrator relation- K; we diaphragm
ship I
F_=AP F_ = force at seat
* w ® chamber
oo B Q A, = X-sectional area
Gyrator relation- y Av cv of vent chamber
ship II
F_=AP F, = force in the vent
L et vV chamber
Continuity Equation F_= force due to mass
: F + F =-F =-F, =20 m
W Teadle 3 . 2 F, = force due to spring
Elemental Equation F =M gi M = lumped mass of the
for the diaphragm m t diaphragm
Elemental Equation . _ 1 dFK 2
for the spring y 2 K spring stiffness
Subscripts: ¢ curtain area; Symbols: Q volume flow rate of fluid;
I vent tube; L 1length of vent tube;
n supply nozzle; P density of fluid;
o output orifice; R fluid resistance;
s seat chamber; y diaphragm displacement;
S supply; A cross sectional area.
v vent chamber.
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A__FLUERIC PRESSURE OR__FLOW INTERFACE

E.C. Hind

Abatract

The interface device, which has ro moving parts, will cause the
pressure and/or flow rate of one fluid to vary in accordance with
the pressure and/or flow rate of another fluid.

Basically, the device consists of s chamber containing an interface
region with provision for discharge of the two fluids. The controlled
fluid is edmitted to the chamber through a restriction and the
controlling fluid is admitted unrestricted. Possible uses for the
device are:

1. As an active interface between gas and liquid systems by converting
gas pressure to liquid pressure and vice versa.

2. As a valve in kind by controlling the flow of 1iquid by gas
pressure.

3. As a flow meter by converting liquid flow rate into gas pressure.

4. As a mixing valve by controlling the proportions of two fluids in
a8 discharge flow by means of the pressure or flow rate of one
fluid.

Introduction

The purpose of this paper is firstly to describe a type of interface
device, which has no moving parts, and which will cause the pressure
and/or flow rate of one fluid to vary in accordance with the pressure
and/or flow rate of another fluid; and secondly, to present
characteristtc curves for one interface geometry wi:ih air pressure
or flow rate controlling water pressure or flow rate and vice versa.
The characteristics are presented for the interface device with and
without resistance type loads on the controlled fluids.

The interface was initially developed to allow a conventional
pneumatic controller, operating over the standard signal range of
3-15 psi (or 20 - 100 k Pa), to drive a water operated vortex flow
modulator. Although initially the aim was to convert a gas
pressure into a liquid pressure, studies of the device during the

® University of New South Wales, Australia.
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past two years have shown that it may be used in the following
additional applications:

+ To vary liquid flow rate by means of gas pressure.
. To vary liquid pressure or flow rate by means of gus flow rate.
. To vary gas pressure or gas flov rate by means of liquid pressure.

. To vary gas pressure or gas flow rate by means of liquid flow
rate.

. To control the proportions of the two fluids in a discharge flow
by means of the pressure or flow rate of one of the fluids.

In a recent paper R.L. Woods* has described a most interesting interface
emplifier which converts gas pressure to liquid pressure without

moving parts, with no intermixing of fluids and with no measurable
control flow. However, the amplifier operates on very small subambient
pressures and so the feasibility of using an aspirator to convert the
output signal range from a conventional pneumatic controller into an
acceptable subambient pressure range would need to be investigated.

Basic Nature of Interface Device

Basically the device consists of a chamber containing an interface
region and provision for discharge of the two fluids from the
interface region. The chamber has two inlets. The controlling
fluid {s admitted to one inlet unrestricted and the controlled fluid,
vwhich comes from a constant pressure supply, is admitted to the other
inlet, through a restriction. The discharge from the interface
region may go to atmosphere, to drain or to a device or system re-
quiring a mixture of the two fluids. 1In addition an outlet may be
provided for the controlled fluid between the restriction and the
interface region. This controlled fluid outlet would be connected
to a device or load driven by the controlled fluid such as the control
port of a fluid amplifier.

E planation of Operation

In the simplest embodiment of the device the discharge occurs through
an aperture in the gide wall of a tube containing the common surface
of the two fluids. Fig. 1 shows this arrangement when air is the
controlling fluid and water is the controlled fluid.

% Woods, R.L. A Flueric Gas-to-Liquid Interface Amplifier, Journal
of Dynamics Systems, Measurement and Control, Trans-ASME,
June 1973, pp. 196-199.
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Consider the effect of an increase in air pressure; this will force

the common surface down, increasing the flow rate of air and reducing
the area of the aperture for water discharge. This will reduce the
vater flow rate through the aperture and increase the vater pressure

to values which correspond to the new air pressure. If the water
side is connected to a load the increase in water pressure will result
in an increased flow rate of water through the load resistance and

the net change in water flow rate will be the difference between the
decrease in flow of water through the aperture and the increase in flow
rate through the load resistance.

1f the air pressure is reduced the common surface rises reducing air
flow rate, increasing water flow rate through the aperture and
reducing water pressure.

If the air flow rate is increased the common surface is forced down,
reducing water flow rate through the aperture, resulting in an
increased water pressure and an increased air pressure.

If the air flow rate is decreased the common surface moves up,
increasing water flow rate through the aperture and reducing water
pressure and air pressure.

Experimental Operating Characteristics

The operating characteristics depend on the geometry in the interface
region, the resistance of the restriction in the controlled fluid linme,
the load resistance and the controlled fluid supply pressure. It is
assumed that sufficient flow of the controlling fluid is attainable

at the controlling fluid pressure. This will be so if sufficient flow
of the controlling fluid is available to maintain a controlling
pressure of 15 psig with zero controlled fluid flow, i.e. with an
unrestricted aperture.

The procedure for matching the controlled fluid restriction (variable
for test purposes) to the interface device with or without a load
resistance was to set a small controlling fluid flow and open the
controlled fluid restriction so that the output pressure was 1 or

2 psi . The controlling fluid pressure was then increased towards
15 psi . If output pressure oscillations became evident at high
pressure it was necessary to increase the controlled fluid flow rate
by either reducing the resistance of the controlled fluid restriction
or increasing the supply pressure of the controlled fluid. Satisfactory
operation was considered to exist when the signal range limits could
be exceeded by 1 or 2 psi at each end without excessive oscillation
and without either air entering the water line or water entering the
air line to the interface region.

Various interface devices have been tested. In the case of the simple
tube and aperture interface the following aperture shapes have been
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tested with cthe tube vertical and air admitted at the top and water

at the bottom: circular holes, square with sides parallel to tube
axis, triangle with apex at the top, triangle with spex at the bottom,
longitudinal slot, transverse slot. Other devices include vortex
amplifiers with 3ir driving vater and water driving air; and a pair

of concentric small bore tubes one inserted into the other with various
amounts of overlap.

The interface device, consisting of s pair of vertically opposed
triangles with & common apex and bases both across the tube, exhibited
the most nearly linear characteristics. This was so when controlled
pressur~s and ilows were plotted against either 1iquid or gas comtrolling
pressure and vhen both pressure and flow characteristics were
considered.

Figures 2, 3, 4 and 5 show the characteristics for thi: type of aperture
vith equilateral triangles of side approximately 1/16 inch cut into
the side of a tube of 3/16 inch inside diameter.

Figures 2 and 3 are for air controlling water with = water supply

pressure of 30 psig . Figure 2 shows water pressure psi, vater

flov rate cc/min tarough the restriction, and air flow rate ft'/hr

at N.T.P.,, plotted against controlling air pressure psi . The
characteristics are shown for no load (full lines) and driving a small

bore tube of length 1.875 inch and inside diameter 0.042 inch as

a vater load (dashed lines). TFigure 3 shows controlled water pressure

and water flow rate plotted against controlling air flow rate with

and without the water load resistance.

Figures 4 and 5 are for wvater controlling air with an air supply
pressure of 22.5 psig . [Figure 4 shows air pressure, air flow rate
through the restriction, and water flow rate plotted against
controlling water pressure. The characteristics are for no load
(full lines) and driving a small bore tube of length 1.875 inch

and inside diswmeter 0.024 inch as an air load (dashed lines).
FPigure S5 shows controlled air pressure and air flow rate plotted
against controlling water flow rate.

Pressure gains indicated at the messuring points are about 0.94

and are no doubt influenced by pressure drops in the line and fittings
between each pressure gauge and the interface device. As force
balance across the area of the common surface is necessary pressure
gains measured in the interface region could be expected to be very
nearly unity and should not depend on the shape of the sperture.

The experimental evidence for apertures in tube type interfaces
certainly suggests that the pressure gain does not depend on aperture
shape. Measured pressure gains for air controlling water were found
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to be less than unity and to be mainly in the range 0.90 to 0.97
vhile pressure gains for water controlling air were oftem unity (to
better than 0.1 psi over the signal range), but could vary to below
s gain of 0.9 for this type of device.

The shape of the aperture, in an sperture and tube type device, does
influence the shape of the controlled flow versus controlling pressure
characteristic, although the way in which the shape influences the
characteristic is not at this stage clear.

Oscillstions can be troublesomand for some types of interface

they reach a maximum of 0.4 psi peak to peak. In isolates cases,
the oscillations can reach 2 psi peak to peak. In contraet, soms
interfaces produced no oscillation over the whole of the signal range.
In this respect triangular apertures with air controlling were very
good. The relationship between aperture size and tube sise seemed to
have some bearing on the amount of oscillation; smaller apertures
giving less oscillation, e.g. a 3/32 inch diameter aparture in

a 3/16 inch diameter tube produced significant oscillationms,
particularly with water controlling, whereas a 1/16 inch dismeter
hole in a 3/16 inch diameter tube produced emall oscillations only
near the top of the range and no oscillations over the remainder of the
range. Concentric tubes (e.g. air tube of 0.040 inch 1.D.,

0.063 inch 0.D., length 1.875 inch and water, 0.089 inch I1.D.,
length 1.875 inch with about 0.25 inch overlap) with air driving
showed no oscillation, with water driving oscillations of 0.1 psi
occurred only in the range of 1) to 15 psi.

There is no doubt that on some occasions the oscillations were due to
the presence of air bubhles trapped in the water line in the vicinity
of the water pressure gauge. In other cases, oscillations were
elimivated by increasing the flow of the controlling or controlled
fluid. Some oscillations were proliably due to instability in the
flow through the aperture.

A fev interface devices appeared t. produce a discontinuity in the
vater flow rate characteristic when air was the controlling medium.

Limitations on Use

When the combined flow from the interface region is not being used
the device will be acceptable provided there is no objection to the
aixing of the two fluids, to the venting of gas from the mixed
discharge, or to the draining of liquid from the mixed discharge.

In this case, it will be uecessary to tol~vate sacrificial flows,
although these are widely accepted in pneumatic and hydraulic systems.
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Conolusion

An interface device, without moving parts, has been described which
will cauee the pressure and/or flow rate of one fluid to vary in
accordance with the pressure and/or flow rate of snother fluid.
Characteristic curves have been presented for one interface geometry
based on water or air pressure input signal ranges of 3 - 15 psi
with either air pressure or air flow rate controlling water pressure
or water flov rate, and with either water pressure or water flow rate
controlling air pressure or air flow rate. Although the device
described here is still under developement, it is clear that
satisfactory interfaces can be developed for any of the above
sentioned conversions snd that s reasomably linear general purpose
interface is also possibdble.
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FIGURE 1
Simple embodiment of interface deviee with air pressure
or flow rate controlling water pressure or flow rate.
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ABSTRACT

These two papers discuss many of the avallable fluidic sensors and
the phenomena that make them possible. Included are various types of
proximity sensors, angular rate sensors, accelerameters, temperature
sensors, concentration sensors, flow temperature sensors, concentration
sensors, flow sensors, and level sensors. Part | is devoted primarily
to the description of devices and of their operating characteristics.
Part Il discusses some additional devices and gives the theoretical
analysis for several.
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FLUIDIC SENSORS
by
Albertus E. Schmidlin

INTRODUCT ION

Fluidic technology has proved to be a viable means for systemg im-
plementation in industrial, commercial and military systems. Necessarily
the fluidic sysiem would not reach this stage of usefulness if totally
isolated from its surroundings. It must receive input signals from its
environment, act upon these and provide control outputs if it is to serve
a useful purpose. The input to the system is provided by sensors. The
objective of this paper 1s to present a state of the art survey of sen-
sors, both having extensive use in operating systems and those still in
the R&D phase.

At the outset a sensor should be defined in broad terms. Consider
the block diagram in Figure 1. Here we see the sensor represented by
the Block S. It receives input signals and power as shown. It provides
an output as a function of the input. A generalized input might be rep-
resented by the function Fin' This function can be dependent upon many
variables although in a specific case the number is limited. In fact a
perfect sensor responds to only one variable, the variable of interest,
and 1s not responsive to all of the others. Unfortunetely, perfect sen-
sors are difficult to design. Although a device might respond primarily
to one variable, spurious outputs may occur as a result of other vari-
ables in the system.

Let us define these variaples. The variables x,X,X and oL,0¢ (X rep-
resent linear and angular ex)ressions for the displacement, velocity and
acceleration, respectively. These may be inertial variables used to
represent the position of a vehicle in flight, or of a machine or part of
a machine in motion. This is the case where the app’ication involves
inertial control of a system. On the other band x can represent a
physical dimension. An example is a piece part being machined, and
could represent the angular position of connected mechanical linkages in
a machine. The symbol € is an on/off function. It represents a yes or
no, presence or absence, a zero or one. Switches, push buttons and
start/stop devices are in this category. "A'" represents another physical,
dimensional variable, namely; area. An example is the cross sectional
area of a circular hole or the projected area created by an object in a
passage of a fixed size.

The variables T,P,Q and C represent properties of the fluid -- temp-
erature, pressure, flow and concentration or purity. These variables are
especially significant because they define the fluid itself. Fluidics is
particularly advantageous to use vhere fluid itself is being controlled.
Finally, the variables E and I introduce electrical signals in the expres-
sion. A device which responds to these inputs is a transducer rather than
a sensor; these variables are included to complete the generalized ex-
pression.
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The output, F ie necessarily very simple. It conaist of fluidic
potentials orly. ﬁgxce, pressure, P, flov, Q and frequency, are the only
variables to te expected in this signal. The great number of parameters
in the ri function i{llustrate the difficulty in preparing a comprehensive

1 paper on gho subject of fluidic sensors. Hence, this paper is only s

- beginning and is an invitation for other authors to present their know-
“ ledge and experience in this very interesting and necessary part of
fluidic technology.

PROXIMITY SENSORS

The first sensor to be discuseed is perhaps the simplest. It is an
on/off device which responds to § (or x) in the generalized function. It
is a push button and provides a switching function upon the application
of the input signal. The simplest implementation of the push button is
one vhere the finger is used as the flapper of a nozzle/flapper valve as
shown in Figure 2 (Reference 1). Placing the finger over the nozzle pro-
duces a pressure and flow output from the vertical leg of the device.
Manufacturers also make a fluidic element called a Key (Reference 2) or
Back Pressure Switch (Reference 3) which performs a similar function.

' By placing an object over port C, in Pigure 2 (b), the switching furction
is accomplished. The basic difference between these two devices is Lhat
(a) is proportional and (b) iz digital. This means that partial cover-
ing of the nozzle will produce a proportional pressure increase at the
output vhile partial covering at C, wvill produce no switching in output
until it reaches the prescribed degree. Output pressure and flow are
functions of the input conditions. Devices of this type are available
for supply pressures between 1.25 and 5.0 psig, consume between 42cu.
in. per minute and 0.3 scfm and provide output pressures between 20§ and
Lo% of the supply. Manufactures vackage these devices in numerous combin-
ations with push buttons, toggles, etc., including colors and styles,

The next group of devices is i1 family of position or proximity sen-
sors. The flapper/nozzle principle can be applied here also with the
flapper being replaced by the object being sensed. Other devices are
as shown in Figure 3 (Reference 3). The cone-jet sensor uses an annular
nozzle, connected to the supply port, surrounding a sensing hole, cone
nected to the output port, as shown in the figure. The high-velocity
Jet of supply air converges after leaving the nozzle, enclosing a bubble
of lov pressure within the flow cone. Therefore, the pressure at the
sensing opening into the base of the cone is normally slightly below
atmospheric. When an object enters the flow cone, a portion of the
supply Jjet is reflected from the object back into the bubble region,
increasing the pressure at the output port. The change is inversely
proportional to the gap between the object and the nozzle.

e

In comparison to the back-pressure sensor, the cone-jet achieves
sensing gaps as much as ten times greater for' an equivalent flow con-
sumption. Edges, steps, grooves, small-diameter odbjects and cloth or
screen mesh can be sensed vwith precision by this device because of the
convergent shape of the jet. Efficient pressure recovery permits sen-




sing a distance of up to 1/8".

The sensor is nearly immune to external contamination since the out-
put flow is principally supply air recovered from the interior of the flow
pattern. If desired, positive purging can be achieved by introducing a
small flov between the sensor output and the control input of its switch-
ing component.

A different principle of proximity sensing is used in the vortex
sensor, vhich employs a vortex chamber to produce a swirling flov in the
shape of a diverging cone. This high-velocity flow field entrains air
from the surrounding atmosphere. Air entraine! from the center of the
vortex is normally replaced by ambient air drawa in through the open top,
as shown in Pigure 3, thus maintaining equal (atmospheric) pressure in-
side and outside the cone. However, the approach of en object acts to
restrain the free supply of ambient air to the center of the vortex and
2 reduced pressur: region forms there, since entrainment continues. This
region may be sented as vacuum by an output tap at the apex of the cone,
or as a decreasing, but positive, pressure by a tap offset from the apex.

The output simal is analog, proportional to the gap between sensor
and object, but liaited in renge and gradual in slope. For this reason,
the vortex sensor can be used only with a high gain fluidic amplifier or
the fluidic Schwitt trigger, an extremely sensitive switch with very
narrov l/xy:terelin. This combination provides an effective sensing range
up to 1/2".

Contamination of the external parts of the vortex sensor from am-
bient air is likely and is not a dangerous condition. The positive out-
put pressur: prevents contaminants from entering the intermal parts of
the sensor or the Schmitt trigger; localized contaminant build-up can
be cleaned away periodically as required.

The third type of proximity sensor is the OF sensor. This is a
longer-range sensor (Reference i) employing an annular nozzle to create
a diverging flow of air, as shown in Figure 3. If there is no obstruc-
tion, mutual atiraction causes the sides of the air stream to converye,
enclosing a central buthle that contains a slight vacuum. This signal
1s sensed tirough an opening in the raised centerpiece at the point
vhere the alr streun makes the sharpest turn. The output signal under
this condition is aprroximately 0.10 psi vacuum,

This flcw pattern remains stable as long as it is urobstructed, but
the intrusion of any object diverts part of the flow and bursts the
bubble. The output pressure rises abruptly to near-atmospheric vhen the
air stream shifts awvay from the output opening.

As long as the object is present, this condition is a stadble one,
so the response of the OJ sensor to the presence of an object 1s digital,
rather than analog. The device exhibits a considerable hysteresis be-
cause the air stream cannot converge again, once the bubble is droken,
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until the entire bubdble zone is free of obstruction.

The range of the OJ sensor is approximately 1-1/8" and remains rel-
atively constant, regardless of changes in supply i(ressure. An inter-
face valve is supplied with each sensor to convert the QF output to a
signal compatible with the back-pressure switch mentioned earlier.

Another type of object sensor employs the obscuration or interrup-
tion principle. The fluidic interruptible jJet sensor, in its simplest
form, employs an air stream projecting from a transmitting nozzle across
& gap to a receiver. As long as the flov is unimpeded, sufficient pres-
sure is recovered by the receiver, as showvn in Pigure 4, to hold a
svitching element in the "on" condition. When an object enters the Jet,
the output prescure at the receiver is reduced, chmnging the state of
the switching 2lement to sigmal the event. This sensor can be built
into the structure of X mechanism. The basic parameters for such a
design are given in Figure 4 (Reference 3). Air consumption limitations
dictate a sensing gap no greater than 0.75" to 1.0".

Another obscuration scheme employs a beam rather than a streanm
vhich is interrupted by the object. The beam connists cf a high frequency
(50 xHz) vave vhich is transmitted to a receiver, a Fluidic Bar, (Ref-
erence 5). The signal is delivered vhen the insudible 50 kHz sound 1s
received and the sigml becomes zero vhen the sound is interrupted;
mximum separation between transmitter and receiver is a function of sup-
ply pressure, 60 inches being attainable at a supply pressure of 1.6
psig, as shown in Figure 4. Response time is 2 milliseconds and objects

as swrll as 1 square inch are detectable at a separation distance of S
inches.

In the reflex mode, shown in Figure 5, a non absorbing surface,
positioned to satisfy the lav of reflection (angles of incidence and of
reflection equal and in the same plene), deflects the acoustic wave into
the sensor amplifier of the sensor circuit. The acoustic energy causes

this amplifier to go off which in turn allows the output amplifier to go
one.

By using interferometric techniques, the resolution can be improved
by at least two orders of magnitude. Ome senscr, in Figure 5, uses a re-
flecting surface in the primary radiation field to form an image that
produces a secondary radiation field. The super-position of the two
fields forms a pattern of dead zones or fringes.

When the reflecting surface changes postion with respect to the
sensor system, the fringes shift, passing over the mouth of the sensor.
Output pressure of the sensor circuit drops to zero vhen the null point
of the fringe is centered in the mouth of the sensor. Using this
technique displacements as small as .00l inch can be measured. This
sensor 1is described in more detail in another paper devoted entirely
to it. A summary of the various types of object sensors is given in
Table I. Photos of typical off the shelf hardwvare are showvn in Pigure 6.
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A logical progression from proximity sensors is to sensor systems
vwhich employ these devices. Sensors which count can be implemented by
using a proximity sensor (or an interruptible jet, a fluidic ear, etc.)
in conjunction with a counting circuit. The great number of such com-
binations rules out the possibility of covering all these in this paper.
A potential user can easily f£ind manufacturers who will define his pro-
ducts and will design a system to setisfy his requirements. A few ex-
amples of sensor systems which are available in a package will dbe given.
For example, a liguid level sensor can be implemented by using a back
presasure sensor and a bubble pipe. One manufucturer advertises the
system in Figure 7 with the switching characteristics shown (Reference 6).

A sensor for continuously monitoring the size of a wire filament or
yarn can be implemented. This is accomplished by rassing the wire
through a passage of fixed area and measuring the differential area be-
tween the wire and the hole. Schematically the circuit is similar to the
nozzle/flapper combination except here the wire obscures part of the
passage area, thereby developing & pressure output as a proportional
function of size. The unique feature of this sensor is the ability to
monitor the size of the filament as it i3 moving through the menufacturing

process.,

An unusual measuring device is the hot forging sensor (Reference T).
The fluidic non-contacting gage is a system designed for taking measure-
ments on a rotating hot thell body. An arm supported like a lever has a
nozzle on one end from which an air jet pressure supports the arm at a
given distance above the rotating shell. As the high end low areas of the
rotating shell move under the Jet, the lever action transmits the up and
dowvn motion to the opposite end of the arm where an appropriate fluidic
back pressure sensor measures the dimensional change in the shell.

A successful demonstration of the fluidic non-contacting gage was
made at the Scranton Army Ammunition Plant in which the external runout
of a hot shell forging was measured.

In feeding paper to printing presses or in automated packaging, two
sheets are often mistakenly fed to the machine instead of one. Many
printing and packaging machines have to negotiate sheets as thin as 0.05 %
O.lmm. A fluidic sensor designed for these thicknesses was described
by F.G. Bavagnoli of Politecnico di Torino of Italy at the Fourth Cran-
field Fluidics Conference held in Coventry, England. The basic element of
the fluidic sensor is an inhibited OR-NOR gate. The inhibitor signal
divides betweer. two channels which are connected to two sensing heads
during operaticn. When a single sheet passes, the suction forces it
toward one senning head, leaving the other head free. When two sheets
pass, both seusing heads are blocked. This induces the gate to switch
which in tura acutates an indicator or shutoff device.

RATE SERSORS

There is a simple concept presented in the literature which senses
the rotational speed of spur gears (Reference 8). The primary sensor
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is an interruptible jet thkrough which the teeth of the gear travel. A
Jet of air emamates from the emitter nozzle. When the gear rotates, air
transported between gear teeth has a tangential velocity proportional to
the angular speed which deflects the emitter jet. Gear teeth block the
enitter Jet periodically, Thus, the deflected jet comes through the gear
as a pulsed signal at a frequency equal to the nimber of gear teeth times
the anguiar speed. The output collector then receives the deflected jet,
and the passive fluidic/circuit of the collzctor filters out the high-
frequency signals caused by the gear-teeth interruptions. The result is
an average analog output pressure signal that is a function of the an-
gular speed.

There are other devices for sensing angular rates of rotation which
inherently are much more sensitive than the device just described. They
are also more complicated and expensive and are better suited for use in
inertial guidance and control to sense the angular pitch or yaw rate of
a vehicle rather than the rotational rate of a shaft. In the latter case
one wished to determine the shaft speed with respect to a fixed position
on the machine. In the former case one desires to know the pitch rate
of the vehicle vith respect to a fixed reference such es the stars (or
the earth). In this case the entire system including the sensor, the
pover source and the control system are inside the vehicle. If these
devices were used to measure the speed of a shaft, only the sensor it-
self would be part of the rotating system and means would be needed to
provide flov into and out of “he moving shaft by means of rotating coup-
lings or pneumatic slip rings. Hence, plumbing such applications be-
comes unduly complicated.

Two types of devices are available for onboard measurement of the
angular rate of a vehicle. One of the earliest schemes for a fluidic
angular rate sensor uses a rigid jet pipe nozzle and is sometimes cal-
led a garden hose device. The principle in this scheme was first pre-
sented more than 30 years ago (Reference 9). It is based on the concept
that a jJet of fluid will be deflected from its initial straight line
path if the system is subjected to angular rotation (the Coriolis effect)
and can be used to make on-board measurements of vehicle motion. In this
way output signals, which are a function of angular rate of rotation
ai'e generated. The garden hose device principle is shown in Figure é
(Reference 10). A Jjet of fluid issues from a jet pipe rigidly mounted
on the instrument (as shown at the origin of the XYZ axes). The tube
is aligned with respect to a target (pickoff) located some distance
awvay from the origin leaving an unconfined fluid stream between the tube
exit and pickoff. In the absence of all inertial body forces and motion,
the fluid jet strikes the pickoff "on target". If there is motion of
the vehicle such as rotational velocity, w, about the Z axis or linear
acceleration, y, along the Y axis, there will be a deflection of the jet
from the line of sight. This is an example of a device which is sensi-
tive to two different inputs. Owing to this angular rate/linear accel-
eration coupling, this principle cannot be used in its simplest form in
a general-purpose instrument. As a linear accelerometer, it will have
an error due to angular rates of rotation and as an angular rate sensor

123




it will have an error due to linear acceleration.

In a practical form of the device the acceleration sensitivity can
be nullified. If the jet pipe and pickoff are totally enclosed, the jet
will discharge into a region which is filled with fluid. Therefore,
this ambient fluid, as vell as the unconfined jet, will be subjected to
the acceleration. The net result is the cancellation of the acceleration
sensitivity. The fluidic laminar angular rate sensor vill be discussed
in greater detail in a paper devoted only to that subject.

Work has also been done on an axisymmetric laminar jet angular rate
sensor (Reference 11). This device was constructed in a two-axis version;
that 1s, two pairs of outputs were provided to provide output signals
from the pitch and yav axes of a vehicle. Several design features of
. the sensor deserve mention. As is shown in Figure 9, the sensor con- :
l sists of two co-axial tubes. The power jJet flows inside the inner tube. L
3 This tube, called the entraimment tube serves to partially protect the )
pover jet against outside disturbances. It and the outer case provide a :
convenient method of returning entraimment flow to the power Jet. A
set of hcles at the junction of entrainment tube vith the power nozzle )
admit entrainment flow to the jet. The Jet can thus have a close-fitting ]
wall around it which helps its stability. Since entraimment flow is 3
furnished at the power nozzle exit, the jet does not have to perform as :
an ejector. Excess return flow is dumped to ambient by a set of axial ;
vent holes in the power nozzle block. :

Another device is the fluid vortex angular rate sensor. It is based 4

3 on the conservation of angular momentum and uses a gaseous or liquid
fluid. Upon entering the device, the fluid is given the angular rotational '

rate of the instrument housing. A typical configuration is shown in ( j

Figure 8 (Reference 10). There is a contimious flov of fluid into the

manifold, radially through the coupler and vortex chamber and axially

out of the drains. If there is a component of angular rotation around

| the axis of the device, the coupler superimposes a tangentiasl velocity

onto the radial flow, thereby creating a vortex. The amplification of

the circumferential velocity in this vortex is a function of the radial

velocity. For an inviscid incompressible fluid the angular momentum

L will be conserved. This creates a swirling flow as depicted in Figure

: 8. A suitable pickoff device senses this tangential velccity component.

Since the velocity increases hyperbolically at small radii, it is
potentially possible to detect small rates of rotation of the device. 1
In the ideal case, the circumferential velocity approaches infinity asn
the fluid approaches the center of the vortex. For a real fluid, viscous ]
effects change this distribution of angular momentum. The velocity
curve follovs the ideal (inviscid) case for large radii but it soon
reaches a maximm value at a critical radius. Inside of this radius
the circumferential velocity no longer increases. Hence, for design )
purposes it becomes important to predict the location of this point.
This requires an understanding of the flow field, including the effects
of viscosity.
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11quid and gaseous fluids. The sensitivity extends from a threshold of
less than 0.1 degrees per second to a full scale range of 3000 degrees
per second. Photos of hardware are shown in FPigures 10 and 11 (Reference
12). Other characteristics of the vortex angular rate sensor are as
follows:

O The tvo Zevices described here are available in mny sizes for both
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TABLE II
VORTEX SENSOR CHARACTERISTICS
(vata From Previous Programs)

Parameter Pneumatic Hydraulic
Range (°/sec) 3000 2000 500 100
Threshold (°/sec) 0.1 0.05 0.05 0.2
Frequency Response 15 8.3 25 5
(cPs) (90°Phase Shift)
Transport Delay (Sec) 0.0 5 0.030 0.010 0.050
Output level (Psi) 0.2 0.3 15 10
7cm5- Factor (Psi/° 0,00k 2.002 0.005 0.003
sec ]
Noise P-P 0.0} FS O. S 0.247FS 0.5% Fs k
2%/sec 0.01 °/sec 0.1% %/sec 0.5% ©/sec
Null offset (°/sec) Adjustable Adjustable Adjusteble Adjustable
to 1°/sec to 1°/sec  to 19/sec  to 1°/sec
Linearity (% Fs) 2.0 2.5 1.0 1.0
Pressure Drop (Psi) 10 8 60 60
Flovw 1.0 SC™M 0.k scm™ 4.0 CcIS 2.0 CIs ( 5
Size (Inch) 6D x 1 3D x .8 2.5Dx 20 2.5D x 1.5
Weight (1bs.) 1.5 3 0.7 0.5
Tp. Effects 0.1 0.(8 0.1 0.1
(% sr/°r)
Regulation (+ %) 1 1 1 1
Reliability
(bours MTEF) _ = 50,000 50,000
Accel, Eff. neg. 05°/sec/g _ _ "1
4
Vidbration Erf. neg. neg. neg. neg. 4
Shock Eff. neg. nege. —y - ( 2
Noise Eff. neg. neg. - - .
Radiation Eff. Hard Hard _ _
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O HYERID RATE SEMSORS

An interesting implementation of the Coriolis e®fect laminar jet
principle is in e hybrid device vhich utilizes an electrical pick off
to sense the fluid flow field as it is influenced by the rate of rotation
(Reference 13). An air pump (Pigure 12) connected to s long, small-
diameter tube creates a laminar air jet vhich, vhen undisturbed, flovs
along the centerline of the drift tube vhich houses the device. When
the device is subjected to an angular rotation about an axis perpendicular
to the centerline of the jet, the inertial properties of the air jet
cause it to be deflected laterally. The magnitude and sense of the de-
flection are proportionc. to the magnitude and sense of the input angu-
lar rate. The two tiny thermistor deflection sensors are positioned
symmetrically about the undisturbed air jet and separated a distance
approximately equal to the jet nozzle diameter. The thermistors are
electrically connected into a simple bridge circuit (as shown in the
sketch) vhich provides enough current to cause self-heating of the two
thermistors. In the undisturbed state the bridge is balanced and the
s meter indicates zero. When the &ir jet is deflected avay from its normal
(__) centerline position, the velocity of the air flowing by one thermistor
(toward which the jet is caflected) is greater than the velocity of air
flowing by the opposite thermistor. This causes an unbalance in the
cooling of the two thermistors. Since the thermistor resistance in-
creases vith decreasing tempersture, the electronic bridge becomes uh-
balanced; this unbalance is indicated by a positive deflection of the
meter. When the air jet is deflected in the opposite direction by a
negative input angular rate, the other thermistor is cooled, thus un-
balancing the bridge in the opposite sense. This causes the meter to
indicate a negative value. Thus the device yields an indicated output,
e the magnitude and sense of vhich are proportional to the input angular
U rate about a particular axis.

The significant characteristics of this device are as follows:
Size: l-inch in diameter x 3 inches long + 2 cu. in. of electronics
Weight: 3 oz. plus 3 oz. of electronics (2.8 vatts)

Range: Up to 2000 /sec.

Frequency Responge: Up to 70 HZ

Threshold Resolution: 0.005% of full scale, 0.005°/°%¢ minimum

Some of the fluidic devices mentioned earlier are limited to single-
axis instruments. Therefore, in a multi-axis system individual sensors
would be required for each axis. There are many applications for two-
axis rate sensors. Typical cases are stabilized platforms for air-
craft, missiles, armament, telesccpes and other instruments. A simple
scheme 18 available for two-axis rate sensing using a hybrid device.
Bread-board systems of two-axis, fluidic-output rate gyros have been de-
veloped. The rate gyros provide a gas output signal proportional to the
input rate about each of two orthogonal axes. Some can be built with

A eivher a conventional analog output, or a Pulse-Diration-Modulated (PIM)
output. PIM signals are particularly useful in flujdic control systems,
since they are easier to amplify and transmit than analog signals.
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There are several implementations of this principle by different manu-
facturers. One typical rate gyro design is shown in Pigure 13A (Refer-
ence 10). The rotor is suspended on a spherical, pressurized bearing
restrained by two pairs of pneumatic springs, vhich are produced by
pressurised torquing cavities located on two orthogomal axes. In the an-
slog mode, the pneumtic springs must be deflected vhen the gyro is pre-
cessed at the input rate. When the pneumatic springs deflect, a pressure
differentisl, vhich is proportional to the torque required to precess

the rotor, and therefore proportional to the input rate, develops

across them. In the slightly more complex PIM mode, the rotor position
is sensed by a fluidic pickoff ‘not shown). The two torquer pairs op-
erate continuously and cause the rotor to precess back snd forth at a
constant rate between twvo limits determined by the pickoff. When the
input rate is zero, the angular distance betveen the rotor precession
limits 4is the same in both the clockvise and counter-clockvise directions.
Since the precession rates are equal, the transit times are also equal;
hovever, in the presence of an input rate, the angular distances between
the limits are not equal. When the rotor precesses in the same direction
as the input rate, the pickoff limit attached to the gyro frame rotates
in the same direction, and the tatal angular travel is greater than that
for zero input rate. When the rqtor precession opposes the input rate,
the frame rotates towards the rotor and the angular distance is reduced.
The PIM signal is actually two on-off signals that are never on simul-
taneously.

Test results indicate that this instrument can provide either a
pulse-duration modulated or an analog pressure signal, having a full
scale input of (.1l revolutions per second. Resolution is 0.l percent
of full scale with a linearity of less than 2%. A photograph of an
alternate design is shown in Pigure 13B (Reference 6). Major design
goals achieved in this device vere both the development of a stable air
bearing configuration, as vell as a demonstration of the feasibility of
closing fluidic damping and torquing loops around the gyro rotor. A
scale factor of 0.2 psi/deg/sec was measured. The gyro loops were oper-
ated with sufficient gain to give a 4O rad/sec gyro bandwidth while still
retaining adequate nutation damping. The loops vere operated stable
over a rotor speed range of 3000 to 5000 rpm.

FLUIDIC ACCELEROMETERS - ANMALOG

S

One of the most needed instruments in aerospace guidance and control
is the accelerometer. Fluidic accelerometers (devices having & minimum
number of moving parts), which utilize a physical mass of solid material
and produce output signals in fluid form, are available. This output
can be used in flueric amplifiers 2nd logic devices to perform the neces-

sary signal processing.

Flueric accelerometers, vhich eliminate the solid proof mass and
use a purely fluid phenomenon, are not state-of-the-art devices, in the
same sense as other flueric sensors such as vortex angular rate sensors,
fluid temperature sensors, etc. Hence, the art of deriving a fluid
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output proportional to accelerstion has received concentrated investi-
gation. The main factor is to conceive a scheme in vhich a large output
signal is derived from the fluid due to acceleration. By using a liquid
Jet in the garden hose device described earlier, one may derive a large
enough signal at the pickoft from the high kinetic energy in the liquid
stream. However, this idea suffers from two problems. The angular rate
sensitivity must be compensated for and the power supply for the liquid
Jet becomes prohibitive in some application.

Many schemes become feasible when two fluids of different densities
are used; technically, jet devices then become feasible. Principles
vhich utilize the body force on the heavy fluid as a proof mass can be
applied. A light fluid is used as the sigmal transmission fluid and to
provide a low density ambient atmosphere around the jet. Recent work on
the viscous vortex angular rate sensor has ylelded a new form of flueric
accelerometer (Reference 14). By providing a manifold divided into two
halves, see Pigure li, a flov field composed of two different fluids is
created. These fluids enter at A and B, respectively. If A is nore
dense than B the body forces due to acceleration will create a svwirling
flow. The swirl vill be as shovn for downward body forces with fluid A
entering on the left and fluid B entering from the right. This would be
the case for the device resting on the lab bench in the earth's gravi-
tational field, or for the case of the device accelerating upward. The
sensitive axis is along the vertical line 00' passing through the parti-
tions in the manifold as shown.

Testing of this device has shovn a threshold of 10~* G and a full
scale range of 1/2G (Reference 14).

In general, dual fluid concepts are not readily accepted because of
the need for two sources of fluid power rather than one. Applications
in closed systems for long-flight durations have the added complication
of separating the two fluids before returning them to their respective
reservoirs. The ideal flueric accelerometer would utilize a heavy
fluid (1iquid) as a proof mass and a light fluid (gas) as a signal
transmission medium; the ultimate feasibility of such a scheme would de-
pend upon a means for capturing the heavy fluid so that only one fluid
pover source, the gas, would need replenishment in the system. As a
result of studies, a fluer'c acceleration sensor, based on a nev prin-
ciple vas ir-»nted. It use: a heavy liquid (mercury) in a configuration
that produces large hydrostatic pressure gradients proportional to &nd
aligned with the acceleration vector. The mercury is contained in a
capsule with porous walls; its surface tension prevents seepage through
the pores; hence, the mercury charge is held fixed. Gas flov is main-
tained inward through one wall of the porous capsule and emerges through
other walls. The gas passes through the mercury in the form of small
bubbles. The gas pressure required to maintain flow depends primarily
upon the pressure required to form bubbles at the entrance interface
between the liquid mercury and the porous wall. Since this pressure is
a function of the local hydrostatic pressure, it provides a measure of
the acceleration. A schematic is shown in Figure 15 (Reference 15).
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In tests of the exr~* - .tal model, the output sigmal pressure vas
determined as a functic. . '""e acceleration imparted to the device.
Pigure 16 depicts the r¢ ~ - ¢f the accelerometer in the range from
0-100g's. The maximum ou'; . differential pressure vas approximately
20 percent of the supply preasure of 25 psig, and the mercury volume
wvas 0.4 cc or 25 percent of the total intermal volume of the porous
cylinder. It is observed from Figure 16 that the output pressure in-
creases monotonically with increasing acceleration up to the point vhere
saturation occurs. The acceleration range over wvhich the output signal
increases monotonically depends upon the ratio of the volume of mercury
to total cylinder volume, i.e. the ratio rust decrease to broaden the
range. The signal output vas nearly i dentical for increasing and de-~
creasing acceleration and hysteresis was determined to be less than .0l
psi. No noise data vere specifically recorded. Figure 16 provides in-
sight into the dependence of the opersting range of the accelerometer
on supply pressure, and the volume of mercury encapsulated within the
device. The accelerometer yields a linear output over the greatest
range for a supply pressure of 40 psig. The maximum acceleration for
vhich linearity is maintained is in excess of 100 g's. As the supply
pressure is decreased, the range of linearity decreases proportiocately,
e.g., for a supply of 10 psig, the accelerometer exhibits linearity up
to approximately 35 g's. Linearity at lov g-levels (below 10 g's) vas
obtained and FPigure 16 shows the output signal pressure as a function of
acceleration for a supply of 2 psig. Linearity was exhibited over the
entire range and the maximum output signal pressure was 0.34 psig. The
data were obtained for both acceleration and deceleration, and as seen
from Figure 16, the hysteresis was approximately 0.0l psi. Preliminary
data indicated that the threshold of the accelerometer was approximately
0.08 g's. Only a small variation in threshold was observed for two sup-
ply pressures, 10 and 4O psig.

For some applications, higher scale factors are required from the
instrument without the use of amplification. This can be done in a hy-
brid device using a £0lid proof mass. There are several implementations
of devices of this type by different manufacturers; typical of these is
the schematic drawing showvn on Figure 17 (Reference 10). A proof mass, M,
is supported between two end plates, E, on a cylindrical gas bearing.

A continuous flow of gas streams from the gas supply through the restric-
tor Ag, vhere the pressure drops from P to Py (or P,) depending on vhich
side is being discussed. It then enters the forcing cavity of diameter 4.
It escapes through the peripheral area at h, and b2 and then is vented
through the end plates to the atmosphere. n an acceleration is ap-
plied to the case, it moves relative to the proof mass. This causes the
gaps to change, h, becomes smaller and 112 becomes larger. As a result,
a pressure differential across the proof mass develops in the forcing
cavities. This differential is maintained by the supply at a pressure
P. The pressure differential acting on the forcing cavity area creates
a force that just balances the inertial reaction, causing the proof mass
to accelerate with the case in the steady state. The output (Pl-Pa), is
linearly related to the acceleration. The scale factor is a function of
the geometry and mass and is therefore constant. The proof mass is
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supported on & cylindrical gas bearing made to minimize friction forces

on the proof mass. In addition, it affords a restraintless suspension of
the proo? mass. The One "G" fluidic accelerometer shown in Figure 18 was
tested against a typical performance specification. Figure 19 shows the
output pressure versus input acceleration. The data points are shown. The
tvo extreme lines shov the performance envelope, as defined by the maximum
signal error of + 5% F.S. and the mximum g error at zcro output pres-

sure of + 0.002 g« These results illustrate that a high scale factor

can be attained.

Other designs are available from other manufacturers. A different
design proved that a high G range device is feasible. Figure 20 shows :
a photograph and typical test results on this device. (Reference 16). {

The cylindrical seismic mass is supported radially by flexures which
are designed to provide rigld lateral and angular support of the mass.
Axial support is from gas thrust bearings that oppose the acceleration
forces on the seismic mass.,

Under the influence of axial acceleration forces, a pressure dif-
ferential is built up between the tvo gas bearings to support the seismic
mass. The change in pressure differential is linearly related to the
acceleration with a high degree of precision. The output is taken from
circunferential grooves in each gas bearing.

The accelerometer with ranges up to 400 g, has been built in both
steel and aluminum, and normally operates at supply pressures of 150 to
200 psig. Bowever the device can operate on supply pressures as low as
20 psig for lov acceleration ranges.

Output pressure levels are 20 to 70 percent of the absolute supply
pressure. Frequencies of the spring mass system are from 100 to 3000
cps, depending upon the range. Exact system response may be designed
to suit any specific application.

Accelerometer gains range from 0.02 to O.4 psid/g. If higher gains
are required, the accelerometer may be provided with a fluidic proportion-
al amplifier vhich will boost the differential pressure output to as much
as 2 psid/g.

Still another imjlementation of the seismic mass fluidic accelero-
meter showed accuracies suitable for inertial navigation systems could
be attained (Reference 17). The cylindrical seismic mass is supported
on & fluid film, the equivalent of a hydrostatic bearing. An accel-
eration force tends to displace the mass along the sensitive axis. This
motion causes a decrease in the gap betveen the mass and the pad, in-
creasing the resistance to flov and the pressure on the pad in a man-
ner as described earlier. The resetting pressure differential balances
the acceleration force and this pressure differential, which is measured
at the signal pressure parts, is proportional to acceleration.




A development model was designed, fabricated and tested and a fimal
model wvas built. The results showed the following opereating charscter-
istics: (Reference 1T)

Scale factor: 9.12 inches vater per G
1-G linearity: 6 x (1]

Null uncertainly: & 2.2 x 10~}

‘NMull repeatability: & 2.5 x 10~
Threshold: 5 x 10~5 @

Maximm Input: 9 G

Dynamic range: 2 x 10°5

later development incorporated a "squeeze filn" damping technique
that has incressed the damping ratio from less than 0.05 to 0.7. The
unit is shown in the photo in Figure 2la.

Pigure 21b (Reference 6) shows yet a different design. In this de-
vice acceleration applied along the sensitive axis results in a deflection
of seismic mass and jet pipe relative to the sigmal pickoff probe. The
sigml pressure is amplified and applied to the nulling notzles, to
produce a force to restore the mass to its peutral position. The restor-
ing force is proportional to the differential pressure. Closed loop op-
eration maintains the restoring force equal to the acceleration force,

The scale factor (psi perg) is then a function of the seismic mass and
of the area of the nulling nozzle.

In some specialized applications, it is desirsble to sense the accel-
eration of & vehicle by a special purpose device. This unit has neither
the precise performance nor the complexity of the accelerometers just
described. In the flight of an aerospace vehicle, the performance during
the boost phase has a Adirect effect on the trajectory of the flight. A
major factor here is the propulsion system. Its performance can be mon-
itored using onboard instruments by sensing pressure, temperature, fuel
flow, etc. The most direct way to measure the performance of the engine
is to measure the acceleration produced on the vehicle. A hybrid accel-
erometer wvas conceived vhich would sense the launch acceleration. The
objective wvas to devise a high reliability, low cost device to monitor
the time vhen a minimum acceleretion of the vehicle is reached. A design
having & minimum number of moving parts and imposing & minimum powver
drain on the gas supply was desired.

The Fluidic G Sensor and schematic are shown in Pigure 228 & D ]
(Reference 18). The conversion of & sensed accelerstion into a repre-
sentative pressure signal is the basic operatiomal function. Referring :
to Figure 22 the sensor consists of a seismic mass, a flat, unbonded 1
elastomer diaphragm, and a variable vent plate. The inlet, outlet, and J
varisble vent resistors shovn are sized to ensure sudbsonic flow. Ini- 1
tially, supply pressure, P, passes through the fixed flov inlet resistor f
into the chamber forcing the diaphragm off its seat and permitting the ( ) :
fluid to escape out the variable vent. As acceleration is applied, the
force acting upon the sensing mass will force the diaphragm down changing
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the distance x and partially blocking the variable vent. The chamber

O and orifice above the seismic mass act as a damper to restrain the motion
of the mass under dymamic conditions.

At a fixed acceleration level, a force balance is created in vhich

the force on the mass due to the chamber pressure balances the acceleration
force and the mass comes to rest. The value of this pressure is a measure
of acceleration and is transmitted to the fluidic system. A detailed
computer analysis of mass motion, fluid flow, vent ares calculations,
etc., are included in a separate paper. Results of tests are shovn in
Figure23. The "G" sensor is an example vhere high accuracy is not re-
quired and vhere an analog signal 1is tolersble. In the complete system
the sigmal is transmitted to a Schmitt trigger wvhich svitches at a dis-
crete "G" level. Typically, this system is active for only a matter of _s
seconds.

Sahs

[

FLUIDIC ACCELEROMETERS - DIGITAL

used in a computation scheme. Here, the device is active for an exten- ;
ded time period and mccuracy is important. For example, the accelero- )
meter signal may be integrated once (or twice) in a calculation of in- 1
crements of velocity (or distance). It is desirable here to integrate
a digital rather than an amalog signel in order to preserve accuracy.
Therefore, accelerometer concepts vhich yield digital outputs are of
interest. Tvwo devices under development are described in the following }
section.

G In other specialized applications, the acceleration meesurement is

Previously developed pneumtic accelerometers exhibited umaccep-
table sensitivity to environmental temperature changes and supply
0 pressure variations. Both of these parameters affected performance in
a non-linear fashion and were hard to compensate. In order to provide
acceptable performance characteristics under these conditions, a proof-
of-principle model of a unique concept for a fluidic accelerometer vas
amalyzed. The accelerometer concept studied was unique in that accel-
eration vas measured as a ratio of twvo frequencies generated by two
fluidic oscillators. The idea was that vhen ratios are used, enviro-
nmental influences vhich modify frequency will affect both oscillators
identically, thus keeping the ratio of the frequencies constant.

The testing of this proof-of-principle model (PPDA) indicated
several areas vhich required further development, namely, linearity and
hysteresis (Reference 19). A follow-on program was instituted to re-
duce the nonlinearities and hysteresis by redesign of the device.

The basic concept for this digital accelerometer concept uses the
ratio of two frequencies as a measure of acceleration expressed by
a = KN /'2' Thus frequencies N, and N, are generated by flueric os-
g cillatdrs“of identical design which will be affected indentically by
temperature and pressure variations.
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The digital accelerometer consists of proof mass vhich is suspended
by & spring in a cylinder. This mass responds to accelesration, moving
tvo identical pistons in cylinders causing changes in volume (and capaci-
tance) in the foedback circuit of a relaxation oscillator as shown in
Pigre 24. When a variable capacitance (or volume) is placed in the feed-
back line of a fluidic oscillators, as in the figure, the output frequency
of the oscillator is a function of this capacitance. This function is
generally non-linear, and accounts for the non-linear behavior of other
fluidic accelerometer concepts, vhere direct conversion of proof mass
motion into output frequency is used.

This accelerometer circumvents the problem dy utilizing variations
in oscillator period reather than oscillator frequency. Certain types of
fluidic feedback oscillators previously developed exhibited s linear re-
lationship (Pigure 25) between variations in volune and period of oscil-
lation. By using the change in volume created by the proof mass motion
a8 & feedback volume for the oscillator, a linear relationship between
acceleration and oscillator period exists.

The accelerometer concept is completed by processing the acceler-
ation sensitive oscillator sigmls together with a high frequency, free-
running oscillator signal, through a fluidic AND gate as shown ir Pigure
26. The number of pulses, N, from the free running oscillator, seen as
an output and the AND circuit per period T of the volume comntrolled os-
cillator, will be in direct proportion to the acceleration, a. A fluidic
counter accumulates the number of pulses, N, admitted through the AND
gate and is reset after each period T.

A photograph of the sensor is shown in Figure 27.

The second principle utilizes a vibrating system which is accel-
eration sensitive (Reference 20). The digital fluidic vibrating string
sub-assemblies are packaged diametrically opposite in a common housing.
Each vibrating string subassembly consists of a round wire, vire term-
inations, a tension spring, a seismic mass, an input pressure nozzle,

a receiver, and a nozzle and receiver support plate. The housing, in
addition to providing a means for mounting the vibrating subassemblies,
also accommodates a beat frequency detector element and a fluidic filter
capacitor. A manifold network is an integral part of the housing. This 'j
network directs the input air supply to the nozzles and beat detector and

the output pulses from the receivers to the various fluidic elements. A

schematic diagram of the device is shovn in Figure 26. The device oper-

ates in the folloving manner: A flov of gas (Air) at 5 peig, is intro-

duced into the input port of the device and directed by the nozzles .
towvards the midpoint of each wire, thus creating a disturbing force. 1
This disturbing force excites each wire in a transverse mode of vibra- 1
tion at its fundamental natural frequency. The gas flov exciting the )
input nozzles is periodically interrupted by the wire motion, resulting ]
in a sinusoidal pressure pulse (of the same frequency as the wire) vhich ( )?
is detected by the receiver. The sinusoidal pulses from each receiver A
are then fed to the beat frequency detector element through the manifold i

!
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netvork, and a modulated pressure signal containing the svin and difference
frequencies is obtained. This modulated signmal is demodviated by the
pneumatic filter capacitor and a difference frequency is generated at

the output port of the device.

The na‘ural frequency of each vire is directly proportional to the
square root of the tension in each wire. As acceleration is applied
along the input axis of the device, the tension in each wire changes by
virtue of the acceleration forces on the seismic mass attached to each
string assembly. The tersion in one wire is increased, thus raising
ite natural frequency, vhile the tension in the other wire is decreased
thus reducing its natural frequency. The beat difference frequency
vhich appears at the output port of the device is proportional to the
acceleration and therefore can be used as a direct measure of the ab-
solute acceleration applied. The device could also be used as an in-
tegrator to provide a measure of the velocity change acquired during
a specific time interval by an accumulated frequency difference count.

Typical performance results are shovn in Figure 29a (Reference 20)
and a photo is shown in Figure 29db.

ATTITUDE GYROS

In many aerospace systems it is desirable to control the attitude of
the vehicle. Hence an attitude gyro is needed. A means for sensing the
attitude with a flueric device (no moving parts) has not yet been demon-
strated and perhaps this objective 1s the most difficult to achieve.

For control of a vehicle about two axec, a two-degree-of-freedom
gyro is a nezessity. This function is best performed by elements having
a fev moving parts. The term "hybrid" fluidic sensor is used to des-
cribe a sensor in which a mechanical moving element is introduced into
a pure fluid component to obtain performance beyond the current state-
of-the-art for flueric devices. The use of a limited number of "hydbrid"
fluidic devices in a flueric system has certain advantages over the
fluidic approach at this time. Such devices provide simplicity, low
cost, and are less affected by severe environmental conditions.

A Tvo Axis Pneumatic Pickoff (TAPP) gyroscope was successfully
tested several years ago by the Army using Little John missilecs as test
vehicles. The miss-distance from the aiming point was neglibible
(Reference 10).

The gyroscope rotor, supported on a gas bearing, is the only moving
mechanical part. The gyroscope contains a spin-up, dbearing, and pick-
off gas supply bottle; a squid ignited activator; a unique internal
regulator; a gyro rotor and gas bearing assembly; a two-axis pneumatic
pickoff, and a flueric summing module. Versions are available which pro-
vide either analog or digital pneumatic output. These reet rigid per-
formance specifications in operating enviromments over 1200 G,s contin-
uous or shock loads and non-operating shock loads 10 times greater. A
photo of the TAPP gyro is shown in Pigure 30 (Reference 21).

An attitude gyro of a different design is shown in Figure 31 (Refer-
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ence 6).

This unit includes automatic sequencing for startup and un-
caging and is adaptable for use on stable platforms.

The gyro parameters

and the drift characteristics are as follows:
GYRO PARAMETERS

Size:

Weight:

Angular Freedom:
Readout Range:
Scale Factor:

g Capability:
Spin Time:
Operating Speed:

Caging Pressure:

14 inches diam. by 2 1/8 long

0.3 lbs

+ 10°

Tineer to + 3°

Uncompensated - 0.8 psi/deg
Compensated - 0.6 pei/deg

100 g @ 35 psig supply

100 RPM/sec/psi above cage pressure
Uncompensated - 6000 to 15,000 RPM
Compensated - 3000 to 5000 RPM

30 to 40 psig

GYRO IRIFT CHARACTERISTICS

00 g CAPABI
SN #1 SN #2 Uncomp. SN #2 Comp.
Bias Drift 10%/hr 10°/hr 50°/hr
Erection Drift "
in Phase #1 90°/hr/deg 165° /hr/deg 55° /br /deg
#2 729/hr/deg 2‘*0°/hr/deg 90°/hr/deg
Quad. #1 24°/hr/deg 00°/hr/deg 5°/hr/des
#2 50°/hr/deg 0°/hr/deg 40° /b /deg
G Sensitive
Spin Axis 360°/hr /g 300°/hr/g #Rotor was not mass
@ 6000 RPM @ 6000 RPFM balanced
Readout
Scale Factor 0.8 psi/deg 0.8 psi/deg 0.6 psi/deg
Noise (100Hz BW) 20 arc min 20 arc min 20 arc min
Bandwidth 300 rad/sec 300 rad/sec 300 rad/sec
Cage Repeatability 1.0 millirad 1.0 millirad 1.0 milldrad
A third attitude gyro design is pictured in Figures 32 and b. Teste
of this unit provided the following results (Reference 22).
FIUIDIC GYRO TEST RESUIIS
Deift Bias 84 Degrees/Hour 2
Acceleration Sgnsitive Drift 1.17 %T SA), 0.31 (IA) Degrﬁea/nour/msec
(Acceleration)c Sensitive Drift 0.018 Degrees/Bour/m°sec
Auto-Erection 1.0 Degrees/Hour/Hz/rad
Alignment Error 1.0 mrad (maximum
Uncage Error 1.0 mrad (maximum
Pickoff
Threshold 1.0 mra
Null Offset 1.5 ma
Flov Impact Beas 1.0 Degrees/ﬂour
Linearity O - 2 Degrees 0.28 Percent
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FLUIDIC GYRO TEST RESUIIS - con't

2 - 5 Degrees 1.85 Percegt

Scale Factor 0.025 Nem™</Degrees
Angular Freedom + 10 Degrees
Maximum Pickoff Angles + 5 Degrees
Spin-Up Time § Seconds
Operating Time 60 Seconds

A fourth attitude gyro design is shown in Figure 33 (Reference 23).
The overall size of this gyro is 24" in diameter and 34" long. The
objectives were to develop a fluid pickoff that used the natural rotor
boundary layer as the power source for the sensor, improve gyro uncage
repeatability to achieve a 0,5-mrad lo" value, develop new lapping methods
to advance the state of the art of rotor cavity fabrication, and verify
gyro performance in a simulated missile vibration environment.

TEMPERATURE AND CONCENTRATION SENSORS

An important characteristic of fluidics is the dependency of the
performance of certain fluidic elements on the properties of the fluid.
This is particularly significant in the case of gases. Here the effects
are so pronounced that some devices can be used to detect changes in
these properties and therefore become sensors of that property of the gas.
Of particular significance is the effect of acoustic properties on the
frequency of a fluidic oscillator. Since the speed of an acoustic wave
is a function of the molecular structure and the density and temperature,
the fluidic oscillator becomes a basic building dblock for sensing gas

temperature or for detecting changes in concentrations of a mixture of
gases of different densities.

There are two basic oscillator designs, the jet-edge resonator
cavity and delay line relaxation oscillator. Both have been used as
tempere.tm'e/concentration sensors. Typical of the applications of the

et-edge cavity resonators is the carbon dioxide concentration sensor
2Reference 24). The physical configuration of this device and the per-
formance characteristics are as shown in Figure 34. Devices having a
similar physical configuration have been applied extensively for temp-
erature measurement of gases. These devices can be designed for use over
a wide temperature range from room temperature to 4000° F and above.

A typical application is in the aircraft jet engine. Bere the
measurement of the turbine inlet gas temperature is particularly import-
ant for the optimum control of the engine parameters. The fluidic sensor
excels among all other types in accuracy and response time while holding
good ratings in maintenance, weight and cost (Reference 25). A com-
parative evaluation is shown in Table III.

These devices are digital in nature, that is, the fluidic signal
is a series of pulses, a frequency or a differential frequency.
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Other devices produce analog signals, that is, signals vwhich are
steady but modulated. Typical among these is a passive flueric gas con-
centrator sensor that can be used to determine the concentration of a
gas relative to a reference gas mixture. The sensor is composed of
linear (viscosity dependent) and nonlinear (density dependent) f1luid
resistors connected in a bridge circuit. The bridge output is a 4if-
ferential pressure signal proportional to the unknown concentration.

The low output signal of the sensor is amplified by a high-gain laminar
proportional amplifier. The sensor is capable of sensing from extremely
low concentrations to full gas concentrations with good linearity and

lov noise. (Reference 26). The schematics and geometry are as shown in
FPigure 35. The operating characteristic is as shown in Figure 36.
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FIGURE 6. FLUIDIC EAR AND OJ PROXIMITY SENSOR (2 of 2)
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FIGURE 27. DIGITAL ACCELEROMETER
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FIGURE 29b. VIBRATING STRING ACCELEROMETER
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FIGURE 33. ATTITUDE GYRO
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NOMENCLATURE

constant

speed of sound

constant

speed of wave propagation
discharge coefficients
see equation k1b
diameter

antenna directivity
frequency

frequency for laminar jet length of ¢
most sensitive frequency
foree

vortex chamber height

see equation 48

see equation 7

constants

length

see equation bic

Mach number

Reynolds number

Strouhal number

pressure

ambient pressure
pressure at sudden enlargement(fig. 1)

see equation A4
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U Pq output pressure

POl- Poz soe figure 1
Py supply pressure
P pressure drop across linear resistor
PN pressure drop across nonlinear resistor
Pr total signal pressure
q volume flow
r radial distance

] re radius of coupling ring

- rd drain radius

1 {‘ P h radius of reflecting surface

. Ri, Ry resistances

; Rg gas constant

| tiro fill time
T period

k Ta absolute temperature

u flow velocity

l ug stream velocity

: Ue see figure 1

g u, see figure |
Uy see figure 1|
u radial velocity

t e radial velocity at coupling ring
Uy radial velocity at drain

( Ures relative velocity between rate sensor housing and fluid

Ug tangential velocity

e

g

il
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éc

ecT

tangential flow velocity at coupling ring

tangential velocity at coupling ring at threshold angular
velocity

tangential velocity at drain
tangential velocity at rate sensor housing

tangential velocity of coupling ring

see flgure 1

see figure blc

ratio of specific heats
angle, also defined in equation 46
angular beam width
wavelength

viscosity

kinematic viscosity
density

switching time

flow angle

threshold flow angle
angular velocity

threshold angular velocity
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1.0 INTRODUCTION

Sensors are an important component of fluldic systems and appreciable
work has been done in an attempt to obtain sensors that are compatible
with and can take advantage of the fluid signal amplification possible
by the use of fluid amplifiers. Because a great deal of literature
has appeared and is still appearing In this area, we have allocated two
papers to this subject. Even so, we have not covered the topic fully.
Although we have made some effort to avoid duplication between the two
parts, there is some overlap which we hope will prove useful. Part |
provides engineering data on many of the important sensors. In Part I,

a number of devices are described and some are analyzed.

2.0 PROXIMITY SENSORS

Part | describes several types of proximity sensors.

In all of these devices the static characteristic (back pressure as
a function of distance between object and probe) depends on the specific
geometry including the resistance of the probe, the resistance in the
supply line, the resistance associated with the signal readout, and any
Jjet entrainment or venturi effects.

An analysis and data showing the improvement in the characteristic
when jet entrainment Is used Is given by Brychta and Suresh [1]*. in the
analysis that follows, the assumptions differ slightly from theirs and
therefore the results are also somewhat different.

Let us consider the back-pressure sensor geometry shown in figure 1.
In effect the sensor is two resistances in series (a half-bridge clrcuit).
The two resistances are: 1) a fixed upstream resistance formed by an orifice
of diameter, w, and a sudden enlargement to diameter, d, and, 2) a variable
downstream resistance that depends on the distance, 2. A source of pressure,
Pg: Is supplied to the half-bridge circuit. The sensor output pressure,

Py May be received at stations A or B. The pressure at each output
station Is generally not the same.

In figure 1, as the jet leaves the nozzle of diameter w and expands

into the region of diameter d, the velocity decreases from u; to u, and

a low pressure region, Pp» Is formed near the nozzle.

The pickoff regions A and B are assumed to draw negligible flow iIn
this analysis; however, if the flow to the pickoff is not small compared
to that through the probe, the analysis must be modified. When the pick-
off flow can be assumed negligible, the static pressure Pos Is approximately

equal to Pe and the static pressure Po2 is approximately equal to Py

*Numerals In brackets indicate reference number.
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We assocliate a discharge coefficient a1 with the nozzle and a dis-
charge coefficient €4, with the region between the probe and the object
whose distance Is belng sensed.

Assuming lossless steady Incompressible flov we then have the follow-
ing approximate equations:

Energy

pu,?
ps = pg + Tz (1)
pu pu
p. + T—‘ - zo (2)
Continuity 2 v 42
u' r -[.— =y dedz (3)

#here £ Is the object distance (fig. 1).
Note that the flow Is affected by 2 only If & < T— consequently

the maximum range of the probe Iis one-fourth Its dlomtc?
Momentum 2
Pp + pu|2 r v IDe + ouez. (%)
Now the substitution of the continuity equation (equation 3) into

the energy and momentum equations (1, 2, and h) yields.
2" 16u 25242
pc:d2 1 v,

Ps ™ Pb zcd W‘ (5a)
TR 2c
-—1d— —1' "‘6';'—) (5b)
1 1
Pp = P * 16&)u°21!.2 t:dz2 (37 . ;zzzr) (5¢)

The addition of equations S5a and 5¢ results in:

Pg = Pe * leu 2y2 4> ¢ (a-{ Llcd ” fc z;:,—) (6)

We may eliminate pu°2 from equation 6 by using the expression for puo2
provided in equation Sb. Thus,

1 _ 1682
+] c, 2 d?
p_-. dg 5 (7a)

£
H T’O‘ 16k°-a-[
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2d2 d*
k =1 - = + — (7b)
o W cd12 cdl wt

where 1 :_uzizr.

To find the pressure relation Involving Py We substitute ouo2 from
equation 5b Into equation 5¢c to obtain

1, 62 Q- 242 )
p, c¢,.2 4T wic, ?
_b_ a d2 dl (8)
Pe 1 _16e?

42

The multipiication of equations 7a and 8 produces:

2 2
1 162 2d2

+
Pp g7 A 9)
P ' 16k ]

* cd25 o &

Figure 2 shows the pressure ratios pe/ps and pb/ps from equations

7a and 9 plotted against the normalized gap distance 42/d for several
values of d/w. The assumption here Is that €q " 1.0 and 4o " 0.8.

Several points of interest appear:

1. The sensitivity (slope of the curve) d(pb/ps)/d(hl/d) is In
general greater than or equal to the sensitivity, d(pe/ps)/d(hl/d).

2. Small values of %-(close to unity) result in higher sensitivity
at the Ipnger ranges whereas larger values of % Increase the near range
sensitivity at the expense of the longer range sensitivity.

3. The curves are most linear for ! < s-< 2.

3.0 OBJECT DETECTING SENSORS

Wiilen the presence or absence of an object is to be detected, as for
counting, proximity sensors can of course be used if the range of the
sensor Is adequate or an emitter and a catcher can be used for longer
ranges as |llustrated In figure 3a or figure 4 of part |. In this
case an object passing between the emitter and the catcher interrupts
the jet, thereby changing the pressure in the catcher which is then
indicated in the measuring device. This type of device has the drawback
that foreign particles may enter the catcher along with the fiow from
the emitter and may eventua''y cause a fallure to occur in the measuring
device. At the cost of additional flow, particle ingestion may be
prevented by using one of the back-pressure sensing devices such as
indicated in figure 2 of part | instead of the catcher. This results in
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the configuration of figure 3b. It Is apparent that the configuration O
of 3b is esser.tially the same as that of an impact modulator which can, ;
therefore, be modified to act as a sensor.

The range of detection may be increased by using a fluld amplifier
In the vicinity of the catcher instead of a passive device or by allowing
the emitter jot to deflect a second jet when the object is not present, ]
A detector of this type is discussed by Jacobs and Baker [3]. The
principle of operation Is very similar to that of a velocity sensor
which we discuss later, but a venturl shape Iis used to increase the
deflection of the detecting jet.

3.1 Thread Detectors i
Where surrounding conditions are sufficiently calm to permit It, long 1
ranges at relatively low pressures and flows can be obtained by the use |
of laminar jet emitters. These are also particularly useful for the detec-
tion of small objects which may cause negligible pressure drop when placed |
in a turbulent stream. I|f, however, the emitter parameters are such as o
to yleld a laminar jet, then turbulence can be triggered by even a very ( )
small object such as a thread. When the jet becomes turbulent the pressure {

recelved by the catcher drops drastically. A device of this kind can be
used, for example, to detect the breaking of a thread (fig. 4).

impact devices, apparently very similar to the impact modulator NOR |
element have been used as thread sensors in Japan according to K. lzawa [A].
The rapldly moving thread carrles with it a boundary layer of air thick
enough to appreclably affect the Jet which is allowed to impinge upon it. |
The opposing jet will then cause the interaction region to move out of =
the output chamber resulting In zero output signal. |If the thread
breaks, the jet which was formerly impeded by the cylinder of thread ' (_
and air will have sufficient momentum to force the interaction region
back into the chamber resulting in a nonzero output. ]

3.2 Acoustic Ear 1

As noted in part |, the longest range fluidic sensor Is the acoustic
1 ear [5,6,7], which uses a beam of ultrasonic sound instead of a jet and
which has a range of about 5 meters.

The acoustic beam may be generated by a fluidic oscillator or by a
plezoslectric crystal and is detected by a jet sensitive tc the transmitted
frequency, that Is, a transition device is designed [8] with the proper
nozzle width and jet velocity so as to be sensitive to the desired frequency.

To determine the frequency to which the Jet is most sensitive let us
note that the data on jet stability show that the Strouhal number, Ns. for

maximum jet sensitivity is proportional to the square root of the Reynolds ( )
number, NR’ for Reynolds numbers greater than 150. Thus from the data we may o
write
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Ny = Al (10)
where Ns = fs d/uo, NR =y d/v, fs

in Hz, d is the nozzle diameter, Uy is the exit velocity, v is the

is the most sensitive frequency

kinematic viscosity, and A is an experimental constant. The constant
A may take on a wide variety of values that depend on the jet nozzle
geometry and the geometry of the chamber that supplies the nozzle. In
assembling the data of many investigators, Rockwell [9] presents bounds
for those cases when the Reynolds number is between 200 and 10,000.
These bounds are equivalent to

0.037 < A < 0.015; axisymmetric-jet (11a)
0.002 < A < 0.008; two dimensional jet (11b)

As an example suppose that we have an axisymmetric air jet of diameter
0.7 mm and an exit velocity of 75 m/sec. We want to approximate the
frequency to which the jet Is most sensitive. The Reynolds number of the
glven jet is 3540. Therefore, from equation 10 and the condition on A
in equation 1la, the Strouhal number has the limits 0.42 < Ns < 0.89.

Now from the definition of Strouhal number we find the sensitive frequency
range as 45,000 Hz < fs < 95,000 Hz.

For a particular geometry the jet will have a most sensitive frequency.
However, to some extent the jet is sensitive to a relatively broad band
around this particular frequency. This broad band sensitivity is partially

due to the fact that the velocity of the jet decreases and its width increases

with downstream distance. As a result the length of the laminar region
tends to decrease as the frequency increases.

If at a given frequency, f,, the length of the laminar portion is
2, then if the distance to the sensor receiver is less than &, the sensor
output will be unchanged for frequencies less than f , but will be drasti-
cally reduced for a band of frequencies somewhat higﬁer than fl"

Ar. opening, in the form of a horn, built into the housing of the sensor
allows the beam to impinge on the jet. To the extent possible, the geometry
of this opening should be chosen so that its impedance is least at the
sensitive frequency of the jet. This will narrow the band of frequencies
to which the sensor is sensitive.

The range of the sensor depends, on the transmitter power, the
absorption by the air of the energy associated with a particular frequency,
the antenna gain, and on the receiver sensitivity.

If the beam width, eb, of the major lobe of the transmitted beam

is defined as the angle between the points at which the intensity becomes
zero then, [10] oy, 1
sin e 2 0.61 — (12)
"h
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where A Is the wavelength of the radiation and ™ Is the radius of the
reflected surface.

The directivity or gain of the antenna, D, which is intensity in
the given direction divided by the intensity which would result from
an isotropic source [11] is given by

2ﬂrh'
(—=)

D= A

(13a)
ﬁnrh "

) (A )
s !‘l’rh

A

bur
where J, (-—735 Is the Bessel function of the first kind of order one.

4ar

i, aoanh, 2nr, 2

D& (—y) (13b)
r
For -; > 1, the error In 13b Is less than about 20%.

The sensor may be used In either the direct or the reflex mode. In
the Jirect mode, the beam passes directly from the transmitting oscillator
to the receiver, except when interrupted by the object to be sensed. In
the reflex mode, both transmitter and receiver are side by side and face
in the same direction. The beam goes off into space unless an object
causes it to be reflected into the receiver.

Kishel [12] gives a method for sharply limiting the band to which an
acoustic detector is sensitive. Two transition devices are mounted close
to each other so that the beam affects both jets. By using different gap
lengths and slightly different pressures, the band of frequencies to which
each of the devices Is sensitive is different. For example, transition
device A cuts off (zero output) at frequency fAl and remains off for ali

frequencies between fAl and fAz’ but is on again for all frequencies above
fAz' Transition device B Is off for all frequencies between fll and f
but is on for all other frequencles where

B2

Far < foy < fay < fp,

The outputs of the two devices then go to a simple logic circuit
which ylelds an output only when A is on and B is off. This occurs only
for frequencies, fN’ where

fap < fy = f

A2 82
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4.0 FORCE SENSORS

It is apparent that proximity sensing may be used in conjunction
with other components to obtain other types of sensing. For example, a
force sensor can be obtained by holding a flapper against the probe by
the force of a spring. The distance that the flapper can be moved away
from the probe by a second force. which is to be measured, will then
depend on the magnitude of the force, and of course the signal obtained
will be a function of the distance and, therefore, of the force.

4.1 Pulse Width Modulated Force Sensor

A more sophisticated variation of a force transducer given by Daruk
and Rukhadze [13] is accomplished through pulse-width modulation. In
their version (fig. 5), the applied force is balanced by increased pressure
in the bellows so that the equilibrium position of the flapper is the same
for all applied forces.

In figure 5 the two unconnected outlets of a bistable switch are
both vented to ambient and the topmost outlet is connected through a
resistor R; to the bellows and to the readout device.

If the nozzle is initially closed by the flapper, jet entrainment
through the two open outlets will cause the jet to flip to the topmost
one. Part of the flow from this outlet is fed back through a high
resistance R, to the opposite control where it helps hold the jet over.
Flow from the topmost outlet also feeds to the bellows causing it to
inflate and thereby move the flapper lever away, thus opening the nozzle.
Since the flow entrained through the open nozzle is greater than the flow
through the high resistance Ry, the jet is flipped to the bottom outlet,
thus removing the flow into the bellows so that the spring tends to
again close the flapper against the nozzle initiating a new cycle.

As functions of time, figure 6a indicates the motion of the flapper,
figure ¢b shows the pressure at the topmost outlet of thie amplifier, and
figure €c gives the pressure at the output and in the bellows. The
average pressure p is a measure of the applied force.

4.2 Strain Gage

Another type of force sensor is the fluidic strain gage. Orzewiecki
[14,15] has pointed out Lhat since tensile stress along the length of a
tube stretches it, its resistance to flow changes. This change in flow
resistance may be used to measure an applied force.

Figure 7 illustrates the relationship between the pressure change
and the length change. Although Drzewiecki has described many forms
of the device, figure 8 illustrates only one of them. In the configuration
shown, a metal tube is coiled around a cylinder in a helix. A force on
the cylinder causes it to expand, resulting in stretching the length of
the metal tube.
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5.0 VELOCITY SENSORS

A fluld velocity sensing device [16] is shown in figure 9. The d
device is placed in the fluid whose velocity it is desired to measure
so that the flowing fluid strikes the supply jet perpendicularly. This
causes the jet to be deflected and varies the amount of the jet caught
in the two catchers that are placed symmetrically about the main jet.
The velocity sensitivity can be varied by altering the supply-jet pressure
and, consequently, the jet velocity. Whereas, lowering the power-supply
velocity increases the sensitivity of the device, it also decreases its
range since the jet will eventually be deflected beyond the catcher.

5.1 Fluidic Devices Using the Vortex Shedding Phenomenon

A clrcular cylinder whose axis is perpendicular to flow past it,
causes the flow on both sides of the cylinder to break up into eddies
which are shed alternately from each side.

For a range of Reynolds numbers between about 40 and 150, the eddies
are stable; that Is, they proceed, in a regular pattern for an appreciable
distance downstream of the cylinder, along two approximately parallel
planes. This stable condition is known as a Karman vortex street after
Theodore von Karman who first developed a theory for this phenomenon.

The Strouhal number, Ns’ is defined as

fd
Ne = o

where f is the shedding frequency, d is the cylinder diameter and u is
the free stream velocity. Because Ns varies in a known way with Reynolds

number, it was pointed out by Roshko [17] that the velocity of a stream
can be determined by measuring the frequency of vortex shedding. This
frequency can be determined by detocting the oscillations downstream of
the cylinder, with hot wires, [18], or by an ultrasonic beam [19]. The
oscillations may also be measured by mounting a detector within the
cylinder itself. Sharpsteen [20] discusses the use of a fluid amplifier
within the cylinder. The controls of the amplifier lead to holes on
opposite sides of the cylinder, the holes being situated in the vicinity
where the eddies are formed.

For Reynolds numbers between about 150 and 105, the Strouhal number
is approximately constant so that the frequency is proportional to the
velocity. Unfortunately, the eddy shedding is not stable over these
Reynolds numbers so that the measurements must be made close to the
cylinder, and there is appreciable noise.

The alternate shedding of vortices causes an alternating force
on the cylinder. This force is perpendicular both to the cylinder axis
and to the flow velocity and tends to cause the cylinder to vibrate.
This transverse force per unit length F, is given approximately [21] by

198




i B o )

F=0.73 pd 2;- (14)

where p is the density. Since this force is applied as an essentially
square wave in time, the amplitude of the fundamental is 4/n times the
above.

Vortex shedding can thus be used to vibrate a body. The vibrating
of the budy causes a coupling of the resonant frequency of the object
with the eddy-shedding frequency, tending to alter both frequencies
somewhat. |f the object is not very stiff, the frequency of the system
will be close to the resonant frequency of the body. The resulting
oscillations can be destructive of buildings, bridges, and even of power-
lines; however, they have also proven useful, as in the vibrating string
accelerometer.

5.2 Vortex Precession

Another method of measuring fluid velocity depends on vortex
precession [18,22]. The device consists of a tube having a converging
section followed by a constant area section and a diverging one.

Vanes at the entrance force the flow to swirl forming a vortex
tube, shaped in a fairly tight spiral that moves down the center of the-
tube until the diverging portion is reached; at this point the spiral
opens up taking on the form of a conically wound, spiral spring, with the
vertex pointing upstream. The whole spiral rotates about its own axis
as the flow proceeds downstream. A sensor in the wall of the diverging
portion, senses the vortex tube everytime the tube passes the sensor as
the coil rotates (or precesses). Since the precession rate depends on
the flow velocity, measurement of the frequency of rotation gives the
flow velocity.

5.3 Oscillator

Velocity can also be measured using a flulidic oscillator. This will
be discussed in conjunction with temperature sensing. (Section 14.0)

6.0 ANGULAR POSITION SENSORS

The proximity sensor may also be adapted for use as an angular
position sensor by the use of a tilted ccllar as has been pointed out
by Fox [23].

This concept is illustrated in figure 10. Because of symmetry, there
is an ambiguity involved in that a particular pressure can correspond to
either of two angular positions. This ambiguity can be eliminated either
by the use of two probes some angle apart (e.g. 90°) or by making the
collar as a single spiral of a helix,
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6.1 Code Whee!

A more accurate but more complex technique is the use of a collar
containing coding [25]. This coding can be in the form of holes or
of channels etched, machined, or drilied sufficiently close together in
angle to yield the required angular sensitivity. This collar is perpen-
dicular to the shaft (fig.11).

6.2 Jet-Receiver

The angular position of a body rotating only through a smal) angle
can be measured accurately by a method due to Bright [26].

This concept involves placing a nozzle on the rotating body so that
it points out toward a set of two receivers similar to those of a fluid
amplifier. A center dump may also be incorporated between the two
receivers. |f the nozzle points so that it is centerea between the two
receivers, the outputs will be balanced. When the nozzle deviates from
the center position one receiver will have a larger output.

6.3 Counting

Holes or slits placed at equal angles around on circumference of
a disc may also be used to indicate angular position by counting the
number of jet interruptions caused by turning of the disc. This concept
has been used by Welk to detemine the position of an automobile steering
whee! [27].

7.0 TWIST MEASURING DEVICE

The twist in a rotating shaft can be measured by attaching the type
of discs described in 6.3 at two positions along a bar. Twisting of
the bar will change the phase of the interrupted signals from one disc
as compared to the other [28].

8.0 ANGULAR RATE SENSORS

8.1 Fan Type

A pressure sensor can be adapted to measuring rotation speed. One
configuration is simply to mount a blower or fan blade on the end of the
shaft or to have the speed of a blower or fan blade controlled by the
rotating shaft. Then, as is shown in figure 12a it is only necessary to
measure the alr velocity caused by the rotating fan which results in a
dynamic pressure. This dynamic pressure will of course be a function of
the rotatlion speed of tke fan.

8.2 Blade Counter

If more accuracy is desirable at the expense oi a more sophisticated
and complicated system, the sensor may be placed close enough to the plane
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of the blades so that the pulsation caused by the passage of the blade
past the sensor is easily detectable (fig. 12b).

8.3 Jet Deflection or Interruption

Another method of measuring the angular velocity is to use the air
velocity caused by the boundary layer around a rotating disk to deflect
a jet [29] as shown at top of figure 13. This deflection may be made
more efficient by using a gear [30] instead of a disk as is shown at the
bottom of figure 135. The pressure picked up by the catcher shown in the
bottom of figure 13 may be smoothed and used directly to measure the
angular speed, or here again, a more “ophisticated system can be used
and the frequency measured to obtain more accurate results.

8.4 Pulse Propagation Time

An angular rate-control device discussed by Katz [31] and Iseman [32]
controls the angular rotation rate of a disc by comparing the time it
takes a pulse to propagate along a fixed length of line with the time
it takes the disc to make one revolution.

The comparison is accomplished by injecting a pulse :nto the line
through a hole in the rotating disc and accepting the pulse out of the
line through a second hole (at a different distance from the axis) in
the disc. |If the disc deviates from the proper speed, the length of the
received pulse will change.

8.5 The Vortex Rate Sensor

Still another technique for determining angular rate is the use of
the vortex rate sensor, which is particularly useful when the angular rate
is very small.

In its original form [33] the vortex rate sensor (fig. 14) consists
of a circular chamber. An outer manifold surrounds a porous coupling ring
through which flow enters and (when the angular rate is zero) moves radially
toward the drain at the center. A pickoff which may be placed in the drain
or just upstream of it is used to detect the flow angle. The purpose
of the coupling ring is twofold; it is intended to cause the radial flow
to be uniform from all directions, and it imparts the tangential velocity
of the solid device to the fluid passing through it. Various types of
coupling devices have been tried, including sintered metals, porous ceramic
materials, layers of wire screens of various meshes, grille structures
(like those on an automobile radiator), large numbers of small balls,
spaced washers, etc. All have problems of one type or another and contribute
appreciably to the threshold and accuracy limitations of the sensor.

If some angular velocity is imparted to the device, the fluld will
take on the angular velocity of the device as it moves through the coupling

ring and will spiral in toward the drain w!th a tangential velocity, Ug s
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which increases as it moves toward the drain and is given for inviscid
flow by Ky
wy & (15)
where k) is a constant
r is the radial distance from the axis.
If the radius of the coupling ring is e and Ygc is the tangential
velocity at the coupling ring, then from equation 15
u, "
6c ¢
o o <= (16)
The solld portions of the device have a tangential velocity Ugs
which obeys the equation
ues = kor (17)
where k; is a constant.

Thus, since the coupling ring tangential velocity is equal to that
of the fluid at r = r

c
Yesc = Yoc " kzrc
so that S 29&.,
os r
c
At the radius r, the relative velocity, Uret? between the housing
and the fluid will be
= u - u = i‘-’e-c_r-c. - ?-e-c:
ret 0 8s r r
; c
L
Yrer = Yoc (7" rc')

thus at a point where __c; = 10

Urer ™ Yoc (10 - 0.1) = 9.9

Yoc

The pickoff, or sensing element, Is rigidly attached to the solid bydy
of the device. Thus, the flow variable that the pickoff must sense is the
relative velocity, Uray: Furthermore, since the relative velocity increases

as the radius decreases, the pickoff should be placed at a small radial
position, r, for maximum sensitivity.

Various types of pickoffs have been tried, including pitot tubes, and
a number of devices, usually placed in the drain, that measure angle of
attack. An angle of attack pickoff of one type f3b' Is illustrated in
figure 15. Other variations are given by Sarpkaya ﬂBS]. Ogren [36],
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" " Doyle [37], Jones [38], Scudder, et al. [39] and others. In some cases a
' stage of fluid amplification is built as an integral part of the rate
sensor,

To gain scme insignt into the importance of the various parameters,
let us consider the geometry of figure 14 and assume stnady incompressible
Inviscid flow.

The continuity equation is

&) =0 (18)

] The radial momentum equation for invisicid flow is
] 2 2
kB d U P Ue
a5 (= + p) le o (19)

Now from 18

1 ( ) ru_=r_u. (20)
f

! where Ue Is the radial velocity at the coupling ring.

The substitution of equations 16 and 20 Into equation 19 vields
2y 2 r i 2

d "¢ Yre P c Yoc
rrii Tzl (21)

Equation 21 integrates to
( prcz 2 2 2
Ps = P+ gpr (U ® +ug”) - %‘Uec (22)
where Ps is the supply tutal pressure. ]

In equation 22 the terms containing u, 2 are centrifugal force terms.

6c
For a given supply pressure the centrifugal force terms tend to decrease
the signal availab'e in the drain region. The total signal pressure, Pr»

available at the drain (r = rd) is therefore (assuming ambient pressure 1
at the drain): n 2yt

Pre e 1

pT = pa + —rz—rd (23)
;

Thus at the drain, from equations 22 and 23 we obtain for T4 << re
N
prc2u92c
= - = 2
‘ Pr = Py —frd_ Py * ¥ puy (24)

where rg ™ radius of drain;
ug = axial velocity In drain.
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For a given supply pressure, .he total pressure available at the drain (\/)
depends on the tangential velocity Uoc and on the ratio of the coupling

ring radius to the drain radius. It is apparent that for any given ratio
pu
there is a tangential velocity for which the dynamic pressure -35-becomes

zero. Thus, the maximum angular velocity that can be sensed depends on
the coupling ring to drain radius ratio. Although equation 24 assumes
inviscid flow, the result still holds qualitatively unless the height

Is so small that viscous effects predominate.

8.5.1 The Angle of Attack Pickoff

Using the assumption of potential flow, the classical solution for
the pressure distribution around a circular cylinder in a stream of uniform
velocity Uy is

p(e) = P, + 4 pudz (1 - b4 sin2g) (25)

This distribution is illustrated In figurs 16.

From equation 25 we find that the pressure gradient is

g% = - bpu,? sin cose (26)

As may be readily found from equation 26, the pressure gradient
g% is greatest when 6 = U5°; consequently, if the stream angle changes

from zero by some small amount, the largest change of pressure will occur
at 6 = 45°,

Although real flow is viscous so that the above solution is not
exact, It does indicate that maximum sensitivity to a slight change in
flow angle should be obtained by measuring the pressure at an angle of
approximately 45° to the flow. The pickoff, thereafore, has a small hole
In It which is set at approximately 45° to the flow, when the probe is
inserted into the drain. Ideally the hole should draw no flow since
this will change the pressure distribution in its vicinity.

A type of pickoff is illustrated in figure 15. It contains an inner
partition dividing it into two sections and is inserted in the drain with
the holes at 45° to the axis as In figure 14, When the angular rate is
zero, the flow in the drain Is essentially vertical and both holes in the
sensor make an angle of 45° with the flow. The pickoff shown uses an
external plate to increase sensitivity.

When an angular velocity, w, Is Imparted to the sensor, the flow
spirals through the drain In a helical fashion so that the flow strikes
one hole at an angle greater than 45° and the other one at an angle less
than 45°, The pressure therefore increases on one side of the pickoff
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partition and decreases on the other side . This pressure difference
Is thus a measure of the angular velocity.

The change in the difference in pressure produced across the pickoff
partition, divided by the change in angular rate, is the sensitivity. In
general one would like to make the sensitivity large. MNow from equation 26,
for a small change, 46, in flow angle, the change in pressure, 4p, Is
given by

bp = -4 ud2 sind cos6 A®
and at 45°
dp = -2pud2 A6,
The difference in pressure between the two sides of the pickoff

(a2p) is then
Azp = 2|ap| = lmpud2 46 (27)
where o is a loss coefficient.
Now the change in angle, 46, Is given by
‘ed ¢ ec

sin 40 = —— =
“ 89

where Ugq is the tangential velocity at the drain.

For small A6
49 = sindd = e (28)

Inserting equation 28 into 27

2
r
c c
Ap = hap F: Ug Ypc * bap ;;—-ud w (29)
The substitution of uy from equation 24 into equation 29 yields
2 w2 |
r 2(p. ~p.) rtw
ke A s o _ ¢
Azp ‘mp rd ("] ) rd7 (30)

It is seen from equation 30 that the output signal initially increases
approximately linearly for small w, but as the second term under the
radical becomes comparable to the first term, Azp reaches a maximum and then
eventually decreases as the angular velocity w increases.

The sensitivity is the derivative of equation 30 with respect to
w,and for small w is given by 3
2 a
Fe 2(p, - »,)

dazp - hap (31)
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At least as Important as the sensitivity is the threshold; that is,
the smallest angular velocity that can be detected above the nolise at
a given bandwidth (or rasponce time).

The flill time is the chamber volume divided by the volume flow.
For inviscid flow the fill time tiro is given for Fe >> Ty as

r
c

tare * 70 (322)

rc
where Upe is the radial velocity at the coupling ring.

The threshold angular velocity “In is given by

u
ecT
: “Th” -
c -
f where u is the tangential velocity at the coupling ring radius (r = r ) ]
; correspoﬁslng to the threshold angular velocity. (\::)
" The product of the threshold angular velocity and the fill time is i
4 then UgeT
“Thtdro ™ Tu’_ o)
u
] The flow angle ¢ for the vortex devices is defined by tany = agu We ,
i may specialize this equation to dcfine the threshold flow angle as ' ‘
: tan 4o, = (32d) (::)}
re
E hence for small flow angles
‘ YocT - 1
4 YTh . u 2 “rh tdro (32¢)
h rc
1 Since the pickoff of the sensor actually measures flow angle, it follows ]

that the important consideration is not wgy, Or tdro but their product;

that is, we should be able to detect a smaller angular velocity by
increasing the fill time.

in analogy with the inviscid case, we define the threshold angle for
a sensor as the product of the threshold angular velocity and the response
time. It is a figure of merit for the rate sensor. Threshold angles of
the order of 103 degrees have been obtained.

A third factor is the null shift. When the angular velocity is
zero, the difference signal out of the pickoff should be zero, but in
general the signal is not zero and moreover the null shift varies with (::)
time (drift).
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1::’ Null shift is due to asymmetries in the sensor, the most significant
of which are usually due to inaccurate placement of the pickoff in the

drain, slight differences between the two sides of the pickoff, particularly
the holes, and asymmetry of the coupling ring. The most undesirable
effect associated with the null shift is that it is pressure dependent.
As a result, null shift is a major source of low frequency noise (drift)
that comes from smal! fluctuations in the supply pressure. This causes
variations in the amount of flow-field asymmetry and results in appreciable
drift for small changes in pressure. The effect of pressure variation on
the flow-field asymmetry is much greater than, and should not be confused
with, the relatively small effect that occurs due .o a small change of
supply pressure as indicated in equation 31.

The circular pickoff is a major source of noise due to the shedding
of vortices that occurs when there Is flow past a circular cylinder. Al-
though an appreciable portion of the resulting oscillation occurs over
a narrow band of frequencles, there is also considerable broad-band
noise. This vortex shedding can be minimized by streamlining the

(::) pickoff.
Another major source of noise Is turbulence both within the chamber
and in the drain. A great dea! of the noise is generated as the fluid
b turns from the chamber into the drain.

The increase of tangential velocity according to the 1/r law is

based on the assumption of inviscid flow. For real flow a boundary

layer forms near the top and bottom plates that retards the flow so that

the tangential velocity does not increase as fast as 1/r. |f we define

the momentum efficiency as the momentum actually delivered to the pick-

off, divided by the initial momentum, then in general the efficlency
(_ﬂ) decreases as the top and bottom plates of the chamber are brought closer
3 together. For this reason, the original designs of the vortex rate sensor
' used bottom-to-top plate distances greater than the boundary layer thick-
ness, and a number of the earlier papers [35, 40] deal with this aspect.
Recently however, Ostdiek [41] has pointed out advantages resulting from
top and bottom plate distances appreciably less than the boundary layer
thickness that outweigh the disadvantages of loss in sensitivity. These
are the decrease in noise and in time response.

]

1 The response (fill) time for the inviscid scnsor is essentially
] determined by dividing the chamber volume by the volume flow into or
3 out of It
;

1

ﬂfczh
taro = Fr.%u (332)
d °d
! The expressions given for the fill time in equations 32a and 33a
— are equivalent. This can be proven by noting that from continuity
(, ) uy - Zurd h/rd and then applying equation 20. For low angular velocities

(uec a 0), the substitution of equation 24 into equation 33a leads to




et 4 (33b)
t & 7 33b
dro rdzlg'(ps . p‘)l

This equation shows that for a fixed volume flow (or for a fixed supply
pressure) the response time is proportional to the chamber height and
that reducing the height reduces the time constant.

For the inviscid case consideresd, the drain radius is the determining
factor for the volume flow at a given pressure, the volume flow being
unaffected by the chamber size; however, when the plates are closer
together than the boundary layer thickness, the effect of viscosity becomes
appreciable so that the volume flow is no longer determined only by the
drain area; we can then no longer be sure that the time constant Is
proportional to the height for a fixed pressure. On the other hand, we
can still make a similar statement with respect to a fixed volume flow.

Actually the response time will decrease faster than the height for
a fixed volume flow because for plates close together, the plates are
closely coupled to the fluid by the boundary layer so that the angular
velocity information is applied to the fluid from every point on the
plates. This effect makes the coupling ring unnecessary and reduces the
time constant.

The vortex rate sensor is primarily used to detect or measure small
angular velocities. As has been pointed out (eq. 30), the output becomes
non-linear for large angular rates. The linear range can be extended,
however, by application of the technique for using feedback to null the
device. In order to use this method, it is necessary to provide a counter
rotation so that the output of the sensor is near zero. This counter
rotation can be applied as proposed by Senstad [42] by using an electrolyte
for the fluid and passing a current through it. A coll wound around the
outer diameter of the sensor provides an axial magnetic field that acts
on the moving charged-fluid particles causing them to move in the direction
perpendicular to toth the charge flow and the magnetic field; namely, iIn
a circular path around the sensor.

The fluid signal from the pickoff is converted into an electrical
signal that controls the polarity and amount of current through the elec-
trolyte so as to attempt to make the pickoff output zero. The current
necessary to cause this null is a measure of the angular velocity.

8.6 Variations of the Vortex Rate Sensor and Pickoffs

8.6.1 Ridged Double Drain

Schmidlin and Rakowsky [43] have devised a double drain that feeds
directly into a fluid amp.'ifier as illustrated in figure 17. Ralsed
ridges arranged in a spiral manner placed around these drains tend to
cause the flow to swirl down the drains, one clockwise and the other
counterclockwise when there is no motion of the device itself. The two
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driins feed the two controls of the fluid amplifier. Under conditions

of no angular rotation, the flow Into both controls is the same, resulting
in a balanced output from the amplifier. Rotational flow in a drain
effectively increases the resistance of the drain. |f angular rotation
causes the whole device to turn, then the circulation In one of the drains
will Increase and the circulation i~ 'he other will decrease, thereby
increasing the resistance of one drain and decreasing the other. The
resistance of the spiral ridges to the flow will also be different for

the two drains. The .low will, therefore, no longer be balanced and

the amplifier will become unbalanced s'nce the flow into its controls

will differ.

The device will saturate at values of anguiar rate equal to the
angular rate that will cause zero rotation in one of the drains.

8.6.2 Plate and Pitot Tubes

This type of pickoff [44] is placed in the drain or just downstream
of the drain. As illustrated in figure 18, the device essentially consists
of a plate which closes off part of the drain, and two pitot probes placed
as illustrated. Flow not having any swirl will cause the same pressure
in each of the two pitots. However, as a result of a swirl givan to the
flow, the effect of the plate will be to shade the helical flow in such a
way as to decrease the flow into one of the pitots with respect to the
flow into the other.

8.6.3 Double Vortex Chamber Oscillator

This device [45] (fig. 19) uses two vortex chambers, one on either
side of amplifier that Is part of an oscillator circuit. The oscillation
Is obtained by feeding the outputs back to the controls. tn addition
to flow leaving from the conventional outlets, which in this case are
used to provide the feedback to cause the oscillation, there is a second
output to a set of vortex devices, one on each side of the amplifier
as shown in figure 19. These vortex devices also feed back to the inter-
action region. Rotation of the entire device causes a circulation in
the same direction in both vortical regions on either side of the amplifier.
One of these will, therefore, be in the same direction as the flow from
the amplifier; whereas, the other will be in the opposite direction.

This will, therefore, cause a pressure difference across the amplifier
resulting in departure from the symmetrical ''sinusoidal' signal obtained
when the device is not rotated (see fig. 19).

8.6.4 Application to a Drive Shaft

In most applications of the vortex rate sensor, one is concerned
with very low angular rates. At low rates, the resistance drop across
the sensor (from input to output) due to swirl is relatively small; at
large angular rates, however, the pressure drop between the input and
the output becomes large enough to be measured. This method is used, for
example, to measure the speed of rotation of a drive shaft [46].
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As figure 20 Illustrates, a disc or whee! integral with the drive
shaft provides the vorticity that causes a resistance drop between input
and outpit. The input and output are then applied to the controls of a
fluid amplifier.

8.6.5 Spherica! Pickoffs

Sarpkaya [47] has designed a vortex rate sensor that uses vanes to
obtaln uniform input flow and to couple the sensor rotation to the fluid.
The pickoffs consist of two spheres each supported by signal transmission
tubes. This arrangement allows two additional degrees of freedom compared
to the cylindrical plckoff, since the holes in the spheres can be translated
and/or rotated with respect to each other. Sarpkaya states that this
arrangement has resulted in increased sensitivity, more accurate nulling,
less noise, and improved linearity.

9.0 ACCELEROMETERS

Most fluidic accelerometers involve a mass of some solid as well as
the fluid. Even in those cases where only fluid is used, a diaphragm is
usually involved. There is, however, one type that we will discuss that
uses two different fluids and no diaphragm, and there are several t,res
that use a single fluid directly affecting a fluid amplifier.

9.1 Seismic Mass

We first consider those types of accelerometers involving a solid
seismic mass. A number of these are of the proximity sensor type. In
this type of device the mass is situated between two proximity sensors
such as shown in figure 21. A typical device measures the acceleration
along the axis of two proximity sensors. Under acceleration, the ball
moves toward one of the sensors and away from the other, causing pressures
signals to arise as is usual in proximity sensors of this type [48].

The mass may also be inserted into a circuit [49] thet includes one
or more fluid amplifiers as illustrated in the figure 22. The mass used
is a cylinder rather than a ball. When there is no acceleration the
cylinder is midway between the two controls and the output of each of the
two fluid anplifiers is balanced. Some part of each of the last stage
outputs is fed back as Illustrated. When acceleration causes the cylinder
to move closer to one side than the other, the flow will be restricted
causing tihe pressure in the side nearest the cylinder to increase, thereby
deflecting the amplifier jets. This increases the feedback in a way that
tends to further increase the pressure on the side nearest the cylinder.
It is, therefore, necessary that care be taken in the design so that
the gain is not large enough to cause saturation at too :mall values
of the acceleration.
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9.2 Vibrating String Accelerometer

The operation of the vibrating string accelerometer [50, 51] is based
upon the fact that the vibration frequency of a string is dependent upon
the tension. If, as is shown in figure 23a, an acceleration Is applied
in the direction A, the force on the mass will change the tension in
the string. Air is blown past the string from a nozzle into a receiver
opposite the string, resulting in Karman vortices being shed from the
string which causes it to oscillate. Coupling of the resonant frequency
of the string with the vortex oscillations force the oscillations to
take on essentially the resonant frequency of the string. The vibration
of the string in front of the receiver openings (fig. 23b) causes an
output signal of the same frequency. By using two pairs of nozzles and
receivers on opposite sides of the proof mass, a difference frequency
is obtained.

10.0 ANGULAR ACCELEROMETERS

The principles used in the linear accelerometers can in general also
be used for angular accelerometers. This is particularly true ror fluid
types such as those described by Schmidlin in part |. Schmidlin discusses
[52] using one or more loops, filled with mercury, connecting the two controls
of a fluld amplifier, as an angular accelerometer.

Depending upon the resistance in the loop, connecting together .the
two controls may cause oscillation. The device can still be used in
that case as shown by Munch [53]. When there is no angular acceleration
the signal out Is sinusoidal. When an angular acceleration is present
the waves become distorted in the same way as the rate sensor of
Neradka [45]. Of course it is then necessary to process the signal in
order to determine the acceleration.

Angular acceleration can also be measured by a device due to Colston [54].
This device also depends on lcops or windings; however, these windings are
interposed between two stages of fluid amplifie's and are perpendicular to
the plane of the amplifiers.

11.0 PRESSURE DETECTING DEVICES

In certain processes it is necessary that 2 particular action should
occur if a preset pressure level is reached. One way of doing this is to
bias one control of a bistable switch, using a reference pressure so that
the unit will switch when the pressure of the other control exceeds it.
The comparison may also be made in a proportional amplifier, the output
of which may then be used for actuation of some device or to switch a
bistable device.

By using the geometry of figure 24, a band of pressure in the vicinity
of the reference pressure may be selected [55]. |f the unknown pressure
is close to that of the reference pressure, the flow exits through A.




If the unknown pressure is either sufficiently less than or more than the
reference pressure, the flow exits through B.

The need for an auxiliary reference pressure can be avoided by taking
advantage of the different flow-pressure relations in a linear and a nonlinear
resistor. The source to be measured is fed to one control of an amp!li-
fler through a linear resistor and to the other control through a nonlinear
resistor. |f the source and reference pressures are equal the amplifier
outputs arc equal. At low pressures, the flow through the nonlinear
resistor will be less than that through the linear resistor (fig. 25).

If the source pressure |s greater than the reference pressure, the flow
through the nonlinear resistor will be greater than that through the

linear resistor. This concept has been used to obtain a pressure regulator
by White and Kirshner [56, 57].

12.0 LEVEL SENSORS

These sensors are usually adaptations of a proximity and/or pressure

sensor. In general if a number of tanks are to be filled with a liquid,

the liquid Itself is used in the fluid amplifiers sensing and controlling
the level. When the desired level is attained, as indicated by some

ressure threshold, the liquid is switched to another tank or to a reservoir
58, 59, 60]. If the system is one that requires that the liquld flow
be shut off, then the sensing Is done with air which actuates the valves

to start or stop the flow of liquid [61, 62].

12.1 Acoustic Ear

The acoustic ear may be used to measure the distance to the top of
the liquid or granular solid level, using an interference pattern to
determine the distance between the sensor and the top of the material to
be measured [63]. The sensor Is situated vertically above the container
of material. As the level of the material in the container rises, the
distance between the sensor and the top of the material changes. As
this distance dscreases, the pressure intensity due to the interference-
pattern receiver at the amplifier alternately increases and decreases,
forming a wave pattern. The wave pattern is, however, not of constant
amplitude because the intensity also changes not only because of inter-
ference, but also because the distance that the signal must travel
decreases. As a result, the peaks of the signal grow successively larger
as the distance decreases as shown in figure 26. The amplifier is set
so that at the desired level the intensity of the peak reached will be
sufficient to actuate turn off the material being supplied to the container.

12.2 Biased Amplifier

A method of sensing 'iquid level is to use a properly biased bistable
amplifier to fill the container. One outlet of the amplifier empties
Into the container. The other goes back to the reservoir. One amplifier
control is connected to a sensing tube which is perpendicular to and normally
out of the liquid. While the container is being filled the amplifier
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is biased in the direction causing the flow to move into the container.
Air is being drawn through the sensing tube into the amplifier control.
When the level of the liquid becomes high enough to cover the open end

of the sensing tube, the pressure is lowered on that side of the amplifier
which, therefore, flips so that the flow is now back into the reservoir
instead of into the container [59, 60, 64].

12.3 Aspirator Fine Control

Aspiration through the sensing tube may be used to control the liquid
level more accurately where that is desirable. In general there will be
some liquid left in the outlet line when the liquid level has covered the
sensing tube. This liquid will drain into the container changing the
level somewhat. Suction caused by entrainment can be used to remove
this excess fluid [66].

12.4 Proximity Sensor

A proximity sensor perpendicular to the liquid may also be used as
a means of flipping an amplifier [66]. Air from a sou-ce supplies both
the amplifier control and a tube. When the tube opening is above the
liquid level, the tube resistance is low. When the water level rises to 1
cover the tube opening, the resistance to flow becomes hich and sufficient
pressure and ‘low is then available to flip the amplifier. When the water :
level covers the tube, air from the tube bubbles through the water. This ]
is, therefore, commonly called a bubbler tube type of sensor.

T Ly,

12.5 Interrupted Jet Sensor

An irterrupted jet sensor such as shown in figure 3 can also be used
as a liquid-level sensor. The sensor is positioned in the liquid so that
it is perpendicular to the surface of the liquid with the emitter on the
bottom. As long as the surface of the liquid is below the emitter, air
from the emitter moves into the catcher. When the liquid level covers
the emitter, the flow of air is interrupted causing a signal [67].

Interrupted jet sensors of the simple type (fig. 3a) are used to
detect the level of oil-air foam mixtures according to a patent by
Meyer [68]. The sensor is situated at the desired liquid level. The
pressure recovery decreases as the foam mixture covers the jet receliver
combination. In order tc compensate for changes in pressure that may
occur for environmental reasons, a second sensor is completely immersed
within the liquid. The pressure recovery of the two sensors are then
compared in an amplifier. The differential pressure indicates the presence
or absence of the foam at the upper device.

12.6 Signal Propagation Time

The capacitance, or signal propagation time of a tube immersed in a
liquid, has also been used to change the frequency of an oscillator as a
function of the liquid level. The frequency of oscillation increases
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because as the liquid rises in the tubs its capacitance [69, 70]
Is changed.

13.0 TEMPERATURE SENSORS

In contrast with the many other types of temperature sensors, fluidic
temperature sensors measure the temperature of a fluid In motion. Like
the more conventional devices, however, the measurement is made on some
parameter that is a function of the temperature.

1
1
When it is feasible, the gas whose temperature is desired, is moved
through the temperature sensor. This technique gives the fastest response

time. In other cases the sensor is used as a probe inserted into the

material whose temperature is rejuired, in which case the gas within the

sensor must be allowed to approach thermal equilibrium with its surround- |
ings. |

13.1 Flow-Resistance Temperature Sensor

in the flow-resistance temperature sensor (fig. 27), the temperature (::’
of the flowing gas is determined by measuring the pressure drop across

8-C [71]. 1t is more or less obvious that this requiras that the pressure

drop between A and B and/or C and D change in a different way with tem-

perature than does the pressure drop between B and C.

One way of doing this is to place an orifice resistor between A and
B and a capillary resistor between B and C as shown in figure 27.

For an orifice, the pressure drop Ap Is given by

g O
Ap-,--fgg. (34a)
where d Is the orifice dlameter. '

For laminar flow in a capillary tube that exits into a sudden enlarge-
ment and has a uniform velocity input, it can be shown that [72]

ap = 128uta | Sogl (34b)

where, in equation 34, u Is the axial velocity, q is the volume flow, d is
the tube diameter, 4 is the dischirge coefficient, u Is the viscosity and

L is the length of capillary.

For most gases, u is an exponential function of temperature over at
least a limited range, i.s.,

n

W T, (35a) 0
where Yo and n are positive constants (for air, n = 0.76 over an appreciable
range) and T‘ is the absolute temperature of the gas.
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U Furthermore, from the ideal gas law
b= (35b)
) s
where R9 is the gas cons®ant. i

; Now, p, o, and T‘ will actually be functions of position along the

] duct; however, for our purposes we shall use the averages over the duct
1 volume and assume that equation 35b holds approximately for the average
b values.

e i o

dow, if the volume flow, q, is xept constant, the pressure drop i
] % across an orifice as a function of temperature, (from equations 34a and .
] 35b), is of the form
{ bp = aT_-! (36)
{ a
1
. whereas, the pressure drop across a capillary duct is of the form
" . |
= -l U
- op blTa +b2T‘ (37)

It follows from equation 36 that the pressure drop across the orifice
decreases* with temperature; whereas, except at extremely low temperatures
(when equation 37 no longer holds in any case) the pressure drop across
the capillary increases with temperature since the first term for the most
practical cases is numerically appreciably greater than the second. The !
factors that make the capillary (linear) term of equations 34b or 37 1
large with the respect to the square-law term also increase the capillary
resistance so that a high sensitivity is associated with a large resistance.
If this pressure drop is to be used as an input to a fluidic control
system, it will be a high impedance source and the device into which
it feeds must have a high input impedance.

Very often an ever. more impoirtant consideration is the time constant
of the system arising from the high resistance, necessitated by the above
requirement, coupled with the volume capacitances of the fluid lines.

When the measurement is made by immersing a probe, through which
gas is flowing, into the medium to be measured, the internal gas is hot
only downstream of the point of immersion so that the pressure drop will
be different than for the case discussed above, where the measured gas
flows through the resistance.

13.1.1 Bridge Type Resistance Temperature Sensors

Haspert has reported [73] the use of a fluldic bridge for measuring
small temperature changes due to the passage cf current through a wire.
The sensor consists of two parallel sets of orifice and capillary resistors

*Note that this is not true if mass flow rather than volume flow is held
constant.
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the orifices and the bridge becomes unbalanded when the gas temperature

in series (fig. 35 of part 1). The wire lsién the vicinity of one of
changes due to passage of current through the wire.

13.1.2 Infrared Sensor

The infrared sensor [74] uses four laminar resistors each of which
is 2ig zagged back and forth on a quadrant of a circular disk so as to
substantially cover that quadrant. The four resistors together conse-
quently cover the entire circular disk. The resistor covered disk Is
positioned on the axis of a parabolic reflector such that when the infrared
source is on the reflector axis, the beam will be focused at the center
of the disk and all four quadrants will be equally affected. If the
heat source Is off axis, the beam too will be off axis and the direction
will be sensed by heating of the quadrant (or quadrants) upon which the
beam falls. The resistors on diagorally opposite quadrants are connected
to fluid amplifier inputs, the outputs of which provide an indication
of the position of the beam.

13.2 Fluidic Oscillator Temperature Sensors

The frequency of a fluid oscillator [75, 76, 77, 78] depends on
the speed of wave propagation. Since the speed of wave propagation in
a gas depends u. temperature, the frequency of oscillation is a measure
of the temperature. The obvious approach is to use a fluid amplifier
or a bistable switch together with a feedback circuit. The bistable
switch used as an oscillator is shown in figure 28, The method of operation
is as follows: If the jet is, for example, on the right-hand side, some
of the flow will be returned through the feedback loop on the right-
hand side to the right-hand contral where it will switch the jet to the
left-hand side. This in turn will now cause some of the flow to be returned
through the left-hand feedback loop through the left-hand control and
again switch the jet back vo the right-hand side, thus completing the
cycle.

The period of osclillation T will be

21
T= C_ + ZTS (38)
where g
1. Is the switching time and is inversely proportional to the jet

veloclity,
¢ Is the speed of wave propagation,
L is the length of one loop.

If the duct is not too small, then the speed of wave propagation
c will be approximately equal to the speed of sound a,, glven by

a, = (R (39)
where vy is the ratio of specific heats.
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If we assume that the switching time Tg is negligible, the frequency
of oscillation, f, is then given from equations 38 and 39 by

(YR T )
e fn g o

The derivative of the logarithm of (40) shows that a change in fre-
quency is related to a change in temperature by

f .
df.IT_;dTa' 1

Thus, for a given temperature the change in frequency is proportional
to the frequency of oscillation. This means that to increase the sensitivity,
it Is necessary to increase the frequency at which the oscillator is operating; )
consequently, the feedback path should be short. (Making the feedback path

short makes it necessary to take the switching time into account in relating
temperature and frequency).

The feedback path is shortest if a resonant chamber or internal feed-
back is used instead of the external ducts. This configuration together
with the high speed of oscillation eliminates wall attachment so that
the switching time need not be considered.

13.2.1 Cavity-Type Oscillators

Gottron and Gaylord early in 1962 [75] found on examining the frequencies {
present in an oscillator built with external feedback that not only the '
frequency due to the line length was present but that a much higher frequency
also existed. This higher frequency was quickly attributed to cavity
resonance. Further experiment seemed to indicate that the frequencies
were related both to edgetone frequencies and to the resonant frequencies
of the cavities. This type of temperature sensor is often called an
edgetone-cavity oscillator.

Since this oscillator is actually a special case of a beam deflection
amplifier, equations (details will be published elsewhere) based on previous
discussions E?Z, 79] of the beam deflection amplifier are presented.

Assuming rectangular cavities of breadth bT and length & (in direction

of the jet) on each side and that the nozzle-splitter distance is also
i, then for an assumed constant jet velocity u and nozzle width b, the
following expression relating the various parameters with the frequency
is obtained:

B, By 1 - CiBy? (1 + 2m)

tan = * 5 V- CTB;Z (1 +m (41)

where - 3 )
6. & bT NM T Pl s Y% i
i e R\ Y |
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w = angular frequency

N, = mach number-

Expression 41 Is plotted in figure 29 for the first two modes of oscillation.

Although an infinite number of modes are possible from equation 41,
considerations of the gain around the loop cause the higher modes of
osclllation to drop out as CT increases so that for CT > 0.045 only the

fundamental exists. it Is interesting to note that this model predicts
that for values of Cy near zero, the frequency of oscillation is the
edgetone frequency.

Although quantitatively incorrect, the results do agree qualitatively
with experiment wi.h respect to the effect on the frequency of veloclty,
chamber length and breadth, and temperature. It is believed that the
major reason for lack of quantitative agreement is the assumption of
constant jet velocity. In addition to omitting the velocity dependence
of the jet, the theory also neglects nonlinear effects that cause distortion
of the wave at high amplitudes resulting In harmonics.

If the frequency is considersd as a function of pressure it is apparent
that as the pressure increases, a maximum frequency must eventually be
reached when the flow becomes sonic somewhere in the system, since for
pressures higher than that causing sonic flow, the velocity remains
constant unless the temperature is changed.

When used as a temperature sensor, the flow should preferably be
sonic in the sensor input or output line so that the Mach number in the
oscillator is relatively independent of pressure. Then as the speed
of sound changes, the velocity will change in the same way and because
Bz is constant, the frequency will be proportional to the velocity and
consequently proportional to the speed of sound.

The design is optimum if, when the flow is choked, the value of CT

Is such that only the undistorted fundamental is present and its amplitude
is maximum. This value must be slightly greater than 0.045 according to
the linear analysis presented, so as to eliminate the higher modes, but
must actually be appreciably greater than 0.045 to el iminate the modes

of oscillation due to wave distortion.

13.2.2 Response Time of Oscillator Temperature Sensors

Very often an important consideration in a temperature sensor is
its response time, i{.e., the time that it takes to approach some fraction
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of the final temperature when the temperature changes in the form of a
step. When the temperature sensor is used as a probe to measure the
temperature of its surroundings, the important considerations are to
keep the mass flow through the sensor small and the walls thin.

When the gas, whose temperature is to be measured flows through the
sensor, the physical considerations entering into the response time of
the sensor can be essentially determined by examining the geometry of
the system and conslidering the material of which it is made. The first
relatively obvious requirement is that the sensor should be placed as
close as is feasible to the point at which the temperature is to be
measured and if possible the lines should be insulated.

Any distance between the point where the measurement is desired and
the temperature sensor will allow the gas to exchange heat with its
surroundings (the duct); and since in general the duct will never come
up to the gas temperature because of its heat losses, the temperature
at the sensor will not only take appreciable time to arrive at equilibrium,
but will also be in error.

A second contributor to response time is the flush out time, the
time involved in cleaning out or exhausting the gas at the old temperature.
To the extent that the old gas tends to remain in the chamber and mix
with the new gas, the response will be delayed. Therefore, the device
rast be designed to be flushed out by the incoming gas. A final important
factor contributing to the response time is heat transfer between the
walls of the oscillator and the gas by radiation and, to a lesser extent
by conductivity.

When one attempts to read out the temperature or transfer this infor-
mation to some other point, the advantages of the frequency technique
compared with the resistor method become apparent. Temperature gradients
in the readout system will affect the output of the resistor method
(precsures and flows) to an unknown extent leading to erroneous results,
but this will not affect an output frequency. Thus, the frequency signal
can be transmitted for some distance without altering the frequency and
may be used as a fluid control signal.

If this signal is to be carried over an appreciable length of line,
several considerations are important. {n general we desire a high signal-
to-noise ratio. A temperature sensitive oscillator not only has to contend
with random noise but because of the nonlinearities involved, harmonics
of the frequency corresponding to the temperature also appear. |(f this
signal is to be used in a servo system, then it is necessary that the
ratio between the amplitude of the fundamental and the next harmonic be
fairly large. This ratio can be kept reasonably large by careful attention
to the design of the oscillator and to the fluid lines, and the matching
of the oscillator to the fluid lines. In some cases it may be necessary
to add acoustic filters to filter the harmonics or to decrease their
amplitudes.
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In many cases it |s necessary to convert the oscillating signal
into a d.c. pressure proportional to frequency. Some circuits to do this
are discussed by Sutton and Chapin [80].

The time resporse of temperature sensing oscillators is discussed 3
by McMillan and Pamperin [81] who mode! it as the sum of two first-order
lags )

= k) k2 .
G(s) = vy T8 T T # 158

where 1) Is the time delay associated with the flush-out time and 15 is
the delay associated with the thermal inertia of the body.

The authors give typical time constants as i

1) = 0.01 seconds
12 = 2.0 seconds.

i

The second time constant may be compensated for by a lead circult, -
according to the authors. (Hﬂ)

14.0 VELOCITY METER OR FLOWMETER

An oscillator can be used as a flowmeter [82, 83] over some velocity
range because the frequency Iis velocity dependent for the lower veloclties.

For example, 1f we examine figure 29, we note that for CT sufficently
small, Bg Is approximately constant.

Since 32 s 3& = 2:f1, it follows that for Bk = constant, the fre- (\ )
quency f is propo?tiona? to the velocity. Thus, for low velocities, the 3
frequency will Increase approximately linearly with velocity. If a
cavity oscillator is used to measure velocity, it is apparent that the
geometry should be chosen such that CT & ,03 for the highest velocity to

be measured and, in general it Is seen that figure 29 equations U1 indi-
cate that for an osci)lator intended for use as a flowmeter, the ratio {
bT/l should be made small so as to extend the linear region; whereas, for

an oscllilator intended as a temperature sensor, the ratio bT/l should be

large so that the frequency can be made pressure insensitive at lower |
pressures.

The external feedback type of oscillator (fig. 28) has some advantages
over the cavity type when used as a flowmeter. This type of oscillator {
can be designed to give a long linear range of frequency vs. velocity
and tends to provide a cleaner signal at low velocities than does the
cavity type oscillator. The reason for the cleaner signal Is that the ( )
cavity type has many modes of oscillation competing for the energy at
low velocities, as compared with the external feedback type.
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Now the period of oscillation T is given in equation 38 as

2L
T= E—-# Zts

where Tg is the switching time. This switching time is inversely pro-
portional to the jet velocity, i.e.,

=
%

I:lg

where L is the nozzle to splitter distance. A fast switching device
has a value of k between one and two, but in some devices k can be appre-
ciably greater. If a long linear range is desired, then k should be
large and the feedback line should be as short as possible so that L

is large compared to the time for feedback. This will result in a long
1inear range.

15.0 RESISTANCE BRIDGE CONCENTRATION SENSOR

The bridge configuration used for temperature sensing can also be
used to determine the concentration of a known impurity in a gas. (See
fig. 35 of part 1).

An equation, relating the concentration of gas it is desired to
measure, |s obtained by Villaroel and Woods [34] as follows:

The pressure drop across the linear resistor is given by
PL = auq (42)
where 1 = viscosity;
q = volume flow;

a = constant dependent on geometry.

The pressure drop across the nonlinear resistor is glivern by

py = beg? (43)

where p = density;
b = constant dependent on geometry.

The pressure drop across the two resistors In series, pg, is held
constant and

Pg ™ PLS * Pis " PLr * PR (44)

where the subscripts S and R indicate the halves of the bridge through
which pass respectively the sample and reference gases.




From equations 42 and 43 we have for the reference gas
2
Par = bPp ;7;;7 (45)

e Np—

A similar cquation holds for the sample gas.

From equations kbl and 45

2
' - E.li + m = ﬂ'ﬂ +* prpB pLR
Pe Pg Pg 2%u° Py

e

Defining
boop
R"B
62— (46)
a uR
PlR /T + %9 -1 '
= 5 (47)
Ps 0
Then defining
F I
Bpc = PLs T Pip
2
Pek
» k £ LB (48)
pR“s
' P
After finding p:s from equations 44 and 45, we obtain 3
e AT e -1 AT -1 (49) p
Pp 2ke 20
If the bridge is to be used to measure the amount of a known impurity
in a known gas, for example excess CO02 in alr, then air is used as the
reference gas and excess CO; In alr is the sample gas. For small amounts
] of CO2, k will be approximately equal to unity. On the assumption that {
5 k # 1, G(6) defined below, can be approximated from equation 49 as
4p /T+ 58 - = 2
P 20/7 + %o
From equation 46, 6 is a constant whose value depends on the
geometry of the resistors, the characteristics of the reference gas
and the pressure across the bridge; whereas, k Is the parameter that Is
sensitive to the concentration of the impurity.
The function G(8) has a maximum at 6 = 1.207 where )
sto) « AT T - 20 - | (51)
20 /T + Lo
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Consequently maximum sensitivity is obtained If, for the particular

reference gas being used, resistor geometries and the pressure P is
chosen such that 6 = 1,207.

The above analysis assumes that both the |inear and nonlinear
resistances are pure; in actual fact, however, the linear resistances
will have some nonlinearity and vice versa. Villaroel and Woods show

that this Impurity of the resistances cen be accounted for by a multi-
plicative factor n.

A plot of G(8) for CO2 is given in figure 36 part |.
16.0 (N CONCLUSION

The sensors described in parts 1 and 2 by no means include all the
fluidic sensors. New types are continually being deviseda, most often
by adapting, modifying, or combining one or more existing sensors to
a new use, and occasionally by applying for the first time some fluid
phenomenon that had previously escaped recognition as a means of sensing.

Seemingly unrelated improvements in fluidic devices (such as low
nolse laminar amplifierz) often make possible new or improved sensors.
Thus, we can continue to look forward not only to the capabllity of better
sensing techniques to Improve current devices, but to the possibility of
measuring fluid properties In ways not thought of as yet.
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ABSTRACT

A fluidic sonic generator utilizing edgetone principles
and a sensor dependent upon the acoustic disturbance of
laminar flow are described. How the two components are
coupled to create the fluidic analogy to the photocell
is explained. Various system configurations along with
optional characteristics are outlined. Also included is
a discussion of target resolutions and envirormental
influence.
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(;~} THE FLUIDIC ACOUSTIC SENSOR

Introduction

It has been known for nearly a century that a free laminar
Jet, or stream, subjected fo acoustic perturbations will
become turbulent. Tyndalll first observed this in 1867 in
his so-called "sensitive flame" experiments. Later, as
reported by Rayleigh2, he used smoke for a visual study of
the stream itself and correctly interpreted the observed
effects as a result of turbulence induced by the acoustic
waves impinging upon the stream. The first U.S. Patent

on a device utilizing this phenomenon was issued to

C. Bell3 some 20 years later. Others followed subsequently.

In 1962 Raymond Auger? of the U.S. demonstrated acoustic
sensitivity as a property of his "turbulence amplifiers".
They could be shut-off (made to go turbulent) in the region
of 8 khz. This incidentally was considered at the time as
detrimental to their use as control devices in an area of
high level machine noise.

R. O'Keefed in 1967 described a "flow mode" device utilizing
laminar stream properties for use as a fluidic digital
amplifier. The structure of this device lent itself to
production of arrays on a flat s t and has since become
known as the Flowboard Amplifier s, abbreviated FB Amplifier.

This unit was found to be sensitive only to a narrow band
of frequencles well above the audible range and out of the
normal machine noise spectrum., He revealed that by design,
one could fix the range of frequencies to which the device
was most sensitive. That is, by proper variation of ihe
geometry, such a device could be designed to response to

a specified narrow band of frequencies. It is this device
that serves as the sensing element of the fluidic acoustic
sensor.

For an air driven acoustic source, various types were
investigated resulting in the choice of an edgetone device.

The Sensor (Soni-Ceiver)

As a compromise between practical considerations, high
sensitivity, and resolution of a reasonably small target,
the region of 50 khz was chosen as the operating frequency.
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What resulted was an amplifier of similar proportions but
only 1/U4 the size of the Flowboard Amplifier (Figure 1).
As in the Flowboard Amplifier, the long narrow emitter
channel serves to generate the parabolic velocity profile,
which provides a stable jet attached to the upper plate
and issuing across the short distance of the interaction
chamber to the collector. In the normally stable mode,
the collector receives a substantial portion of the

stream energy and is registered at the output. When the
stability of the jJet is broken down by a control jet of
lower energy in the complex manner described by R. 0'Keefe5,
relatively little energy is received by the collector and
registered at the output. Utilized as an acoustic sensor,
the instability is caused by the incident acoustic energy
of the proper frequency directed at the Jjet where it
issues from the emitter. A small aperture in the bottom
of the interaction chamber at that point allows for the
sound entry. The exponential horn opening out through
the backside of the block containing the amplifier
provides for efficient transmission of the acoustic energy
through this opening. The frequency response of such a
device (output pressure versus frequency) is shown in the
graph of Figure 2.

Because of the smaller dimensions of the element Just
described, the power consumption and, therefore, 1its

output 1s substantially lower than that of a standard
Flowboard, (FB) Amplifier. However, its output is

sufficient to control a FB Amplifier at the same supply
pressure. In order to provide a package with a high

enough level for fan-out and transmission through long lines,
a standard Flowboard Amplifier was added to serve as a stage
of amplification for this purpose.

The photograph of Figure 3 shows a top view of the complete
sensor package with the cover plate removed. Figure 4
shows two views of the assembled unit, which is fabricated
from an ABS plastic by a molding process.

In order to prevent contamination of the sensing element
from dust and oil ingested through the throat of the
exponential horn, a thin mylar window (.00015 inches thick)
is positioned across the mouth of the horn.




— —

The placement 1s Jjudiciously chosen to insure a maximum
standing wave ratio on the sensor side of the window. This
results in an optimum coupling across the membrane with a
minimum loss of acoustic energy.

The Source (Soni-Emitter)

For reasons outlined by B. Beeken® in 1968, an edgetone
device was developed for use as the acoustic source.

A double edge 1s oriented in the stream to provide a push-
pull effect. Open ended resonator columns are used in
conjunction with the edges to fix the frequency at the
desired value. The open end of one of the resonator columns
serves as the emission source in a direction laterial to
the jet. The unit is represented in the schematic of

Figure 5. This configuration essentially latches the
lateral oscillation of the jet between the orifice and

the edges, somewhat, like a taut wire vibrating in its
fundamental mode. The length of the resonating column is, 4
as might be expected, approximately 1/2 a wave length less :
the end corrections. The output intensity at one end of the

resonating column is significantly increased, about 3 db, by

appropriately reflecting the energy from the end of the

other resonating column back through the jet and in phase ]
with the emission from the unblocked column. Figure 6 shows '
graphs of the frequency and intensity characteristics of
such a unit with a .020 x .040 inch throat.

The Horn System

The operating frequency of a fluidic acoustic source is
apEroximately 52 khz, The wave length, therefore, is about
1/4 inch. From the dimensions given in the schematic of
Figure 2, the emission aperture of the resonator cavity is
roughly equivalent to a circular cross-section with a
diameter of approximately 1/4 of a wave length.

As such, 1t turns out to be essentially a spherically
radiating point source.

Spherical radiation wastes much of the energy lateral to
the axis of the generator. Therefore, a perperly designed
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conical horn section was appended to direct more of the
energy along the axis. For a 52 khz wave, a reasonable
compromise between the ideal and practical resulted in a
horn of about 1 inch in length with a mouth diameter of
2 wave lengths or 1/2 inch. This provided sufficient
directivity to span 4 feet and actuate the sensor.
Figure 7 reveals the internal structure of the acoustic
source with the horn appended. The material is again an
ABS molded plastic.

The polar plot calculated for this unit is shown in Figure 8
along with that actually measured for comparison. The first
side lobe is down about 18 db and is a factor to be considered
in very short range reflex applications. The angular beam
width at the 3 db points is approximately 300.
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The sensor element is simlilarly fitted with a horn to
provide an antenna gain characteristic along the axis

of the system, which by the reciprocity principle is
similar to the emission characteristics of the generator.

g

Figure 9 shows the ABS plastic components of the system \ 1
completely assembled. For applications in industrial en-
vironments where protection by a rugged enclosure is ;
mandatory, cast aluminum housings are provided (Figure 10).
Air supply and signal tubing are routed through standard

electrical type sealtite conduit firmly anchored by ]
standard connectors to the enclosure.

Fluidic Ear as a Sensing System

| What has been developed is a fluidic sensor with no
moving parts. An acoustic analog to the photocell or \
electric eye, the terms sonicell or Fluidic Ear have been
coined. As a simple presence or proximity sensor, it may
be used in either a direct or reflex mode schematically
represented in Figure 1lla and b.

S T T—

In the direct mode when an acoustically opaque object 1is ;
placed in the beam from the generator, the acoustically
sensitive element in the sensor circuit resumes its
normally "on" state and thus turns off the output amplifier.
, The spanning range in this mode is a furnction of the supply
3 pressures, both common and separate, as seen by the data of
‘ Figures 12 and 13.
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In Figure 14 is shown the supply pressure and flow
characteristics. At a common nominal supply pressure of
1.4 psig, the system requires about 1.4 watts (Joules/
second) to operate. Figure 15 shows the range of output
pressures avasilable from the device.

For the reflex mode, a suitable reflecting surface positioned
to satisfy the law of reflection will deflect the acoustic
energy into the sensor turning the output amplifier on.
Figures 16 and 17 show the assembled ABS package and its
rugged industrial enclosure, respectively.

Resolution of a target 1s, of course, a function of the
wave length. It turns out, empirically for this system,
that the minimum for any dimension of the obstructing
target can be no less than four wave lengths or about

1 inch. For effective scattering of the acoustic energy
and reliable actuation of the sensor, the target cross-
section should be no less than about 1 square inch.

The Paraboloid System and Extended Range

The span limitation of the system described above is due
primarily to the simple acoustical beaming techniques
employed in the system. The conical horns used have
' aperture dimensions of only two wave lengths, and
{ therefore, the spread of the sound energy due to the
1 beam angle is significant. The loss of the acoustic
~ energy lateral to the axis of the system due to the
beam spread is what contributes significantly to the
4 (' limited spans.

Since the band in which the sensor is most sensitive is
centered about 52 khz, the frequency of the generator must
| remain fixed. Improvement of the directivity (reduction
of beam spread) and the resulting increase in span can only
be implemented by an increase in the radiation aperture.

For the reasons outlined by B.Beeken’ in 1972, a
paraboloid system was adopted.

The source is mounted with its aperture at the focal point
of the paraboloid as shown in Figure 18a. The radiation
pattern measured for this array is shown in Figure 19, i
along with that calculated theoretically, assuming a point

source and, therefore, a uniform intensity across the face |

TOIOPL  = g ——
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of the paraboloid. Clearly, considerable improvement in
directivity and side lobe suppression was achieved in
this design.

The receiver section of the system was similarly provided
with a paraboloid antenna and for compactness a Cassegrain
structure was adopted. See Figure 18b.

The Convex secondary reflector re-directs the energy back
along the axis through the aperture at the vertex. This
aperture is shadowed by the secondary and constitutes an
unused portion of the paraboloid,

The secondary reflector is placed so that its focal length
coincides with that of the paraboloidal reflector. A
flange at the back serves nicely as a mount for the
receiver horn section. The energy is thus effectively
focused into the sensor unit.

The Production Unit

Rugged cast aluminum housings were fabricated incorporating
the paraboloid surfaces. They are shown in the photograph
of Figure 20. Note that the paraboloids are an integral
part of the housing. The wave length involved is about
1/4" so that the rough surfaces of the paraboloids are
sufficiently smooth to provide a near perfect acoustic
:eflgcting surface. This system allows for spans of up
o 16 feet.

The active elements of the paraboloid system are the

same as those for the standard horn systems; the power
consumption remains the same. The graphs of Figure 21 and
22 reveal the span dependence on supply pressures.

One implementation of the parabolic system is in its use
as an Area Coverage Sensor. A curtain of 50 khz acoustic
waves is created by folding the 3-inch diameter collimated
beam back and forth using a sawtooth array of U45° angle
plane reflectors (Figure 23).

The Area Coverage Sensor, thus generated, senses the

presence of objects with a projected area of at least
3 square inches anywhere within the area covered.
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For applications where the system 1s considered for
personnel detection as a safety device, monitoring circultry
has been developed which provides a continuous check on the
sensor to assure proper function.

Resolution and Environmental Considerations

For wave phenomena the resolution of the object under
illumination is a function of wave length alone. System
geometries and object shapes do not alter this basic
principle. Therefore, there is a minimum specification

for target cross-sectional dimensions. Empirically it

turns out that the acoustically opaque object must present
at least the equivalent of a 3.0 square inch cross-section,
regardless of its shape, anywhere across the 3.0 square inch
diameter collimated beam,

For the larger spans the extent to which cross air flows
can be tolerated must be considered. Air being the medium
through which and by which the acoustic energy 1s being
transmitted, its displacement cannot be more than that
which would divert the beam by about 1/2 a beam width.

For a uniform velocity at 90° across a 10 ft. span, this
turns out to be approximately 14 ft./second.

Severe temperature gradients in a direction other than the
direction of propagation must also be considered. According
to Snell's law, refraction of waves occurs where changes in
propagation velocities take place and where the angle of
incidence is other than normal. Since the veloclty of

sound in air is proportional to th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>