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density, lbm/ft3 
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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 protects the module during handling. This 
filter is located inside the supply manifold. 

In the photographs of Figure 1, a total of Qh  amplifiers 
are integrated into an 8-lr3 package, yielding a packaging 
density of about .l-lrv per amplifier. 

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

• 
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The Amplifier - A General Discussion 

The amplifier discussed is an Improved, miniaturized version 
of the flowmode   amplifier described in Reference (1), 

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

Pressure recovery at the collector of a laminar Jet produced 
by the emitter yields a "l" in the "on" state, typically 
15-lnches of water. 

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

The amplifiers are arranged In a radial array of K as shown 
in Figure 4, injection molded of ABC. 

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

1. Power Consumption 

Amplifier power consumption is usually expressed as, 

power consumption ■ VsAp 

where QE - mass flowrate 

^p  emitter pressure drop. 

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

number (Re -- nx ds a ) ranging from 700 to 1232, the emitter 
velocity profile is nearly fully developed, and the emitter 
pressure drop,Ap>  is given by Langhaar (Reference 2) as. 

Äp = CK ('/tpStJ 

where  Ot f( li .i 
dsRe 

P   = *ir density 

\xm        average emitter velocity 

o 
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s The emitter pressure flow curve Is shown In Figure 5.  It Is 
seen that, typically, power consumption Is 25 milliwatt (at 
1.5 pslg) 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 ■ 32H18 tu -  2.3 {l/2püm2) 

:; 

1: 

t 

from which It can be easily shown that 

QsAp ^ Re2 

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

2. Response Time 

Response time for a particular circuit Is govemrd by amplifier 
response characteristics. Interconnecting line lengths and 
circuit complexity. 

Circuit complexity and configuration are the basic restraints 
on speed. An 6 amplifier binary counter stage has been cycled 
up to 530 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, t^ie pertinent 
terminology Is shown in Figure 7.  Refer to Ref. 5 for further details, 

The emitter flow exits Into a constant velocity core, Xc, 
beyond which the Jet flow is fully developed and the center- 
line velocity decays in inverse proportion to the distance 
from the virtual origin, X ♦ XQ.  (Reference 5»6). 

Transport delays are based on laminar transport times, 
following W. Hayes (Reference t). 
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Total transport time.  At, Is the sum of core and developed 
Jet delays and Is given in Reference 5 as, 

&i + 

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

Measurements of above response time using the smallest 
pressure probes available confirmed these values only in 
a general way.    Large corrections, in the order of  .1 to .2 
msec, were 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 issuing 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 Jet. 

c 
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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 limit 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,  Remnx      is a 

fairly weak function of emitter length, being about I2$ö 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 obtained 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,  ds, 
is an equivalent diameter,  based on the above cross-sectional 
area. 

v 
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 Jets  than uniform profiles. 

However,  since Remax.   is only lightly dependent on emitter 
length,  the packaging 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 is  easily demonstrated that even though a 
shroud shields  the amplifier from ambient noise,  the maximum 
operating 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 dynamic viscosity of air,/; , varies with absolute 
temperature, T, as       , 

while the density variation is, 

r 
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In order to maintain a constant Reynolds number, the operating 
pressure (Figure 1?) must be varied as T2. Amplifier response 
time varies then as emitter velocity, as follows: 

At ^ T^/2 

Ambient Temperature Changes 

Since the components in the assembly have different co- 
efficients of expansion, bl-metal discs are used which main- 
tain a constant compressIve load on the assembly under 
varying ambient 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. 

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), 

- Small aspect ratios are difficult,  if not impossible, 
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 psi 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 
unit length for a square duct is 135^ greater than for a round 
duct of the same cross-sectional area. 

n 

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

A three dimensional computer model for a layout 
type circuitry is presently not available. 

of this 
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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 air sensor, for instance), must be 
properly selected when cycling at speeds in excess of 200 
to 300 cps. 

When the line is 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 certain frequencies 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 is expressed as, 

ZL   =   d£ 
dq 

while the line impedance   (crcs-sectlonal)  is given by, 

Zso    -  O^Eli (Ref.  9) 
Cross.Aret. 

Impedance matching for circular and rectangular fluidic 
lines has been extensively treated by Schaedel  (Ref.9). 
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Fig.   1(a)     A MINIATURE INTEGRATED CIRCUIT 
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ABSTRACT 

Supply jet attachaent switching by a control jet located downstreaa in 
the supply jet flow field is discussed. At aany control jet nozzle loca- 
tions switching is possible both to the opposite sidewall and fro» the 
oppoaite 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 
paransters - ainiauB control flow for switching and switching tiaa - 
are discussed and exanples given from experinantal results.  Conparisons 
are «ade with the performance of nonaal upstreaa-con trolled devices. 
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NOMENCLATURE 

* width of the control jet nozzle (an) 
width of the supply jet nozzle (aa) 
offset distance of the sidewalls  (aa) 
depth of diffuser section and both jeta  (OB) 
length of the aidewalls Ltm) 
increasing pressure  (n/a )    . 
flow rate of control jet (da /a at atandard conditions) 
ratio of control flow to the aiuiaua control flow for 
switching to occur 
ratio of control flow to supply flow 

minimum ratio of control flow to supply flow for switching 
to occur . 
flow rate of supply jet (da /• at standard condition!) 
switching tiae interval (a) 
mean velocity of supply jet 

downstreaa coordinate of control nozzle (m) 

downstreaa coordinate of flow splitter (mm) 

lateral coordinate of control nozzle (ma) 

inclination angle of sidewalls ( ) 
included angle of flow aplitter ( ) 
direction angle of control nozzle ( ) 
nondiaenaional switching time - U t/B 
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Introduction 

The two most ly used methods  for moving the attachment of a 
supply jet ftw ill of initial attachment to the opposite wall,a 
switching actic.i..   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 and the wall of attach- 
ment aa 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  tor controlling attachment switching. 

A conventional design feature of nearly all  device 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  I  and 2.   In devices designed 
for supersonic flows in the supply jet  these control pert» 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. 

One recently reported application of  the alternative 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 alternative was made by Lance and Swenson  (4) who used the 
unsynmetrical flow issuing from a vertically-oriented single-inlet 
vortex diode to control attachment switching.  The switching perform- 
ance was  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 
review of the literature on the movement of the attachment point 
of  the supply jet and on attachment  switching.   In addition it  includes 
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o 
• theoretical «nalysia of the aovenent of th« jtt attachncnt point du« 
to control flow« fro« nossl« location« inside of th« •«paration «on«, 
«nd «xp«riacnc«l evidence of th« d«flection of « supply jet by « down- 
«tr««B control jet. This present paper i« based upon the last portion 
of hi« investigation and discusses th« influence of control noztle 
location and direction on the typ« of «witching that is observed «nd 
th« influences of flow splitter location and controljet flow, location 
and direction on the switching perfonunce. Th« evidence «nd conclu«ions 
«r« illustrated for « syantric«! two-diaensional supply nozzle «nd 
diffuser geosHtry, first without « flow splitter and than with « 
syaaetrical splitter. 

Geopetric «nd Flow Parameters 

c 

r> 

Th« geometric paremeters for th« syonetrical  two-dimensional nozzle 
«nd diffuser for the supply jet «r« shown in Figure 3. Th« principal 
parameters are th« nozzle width B «nd height h, and the sidewall 
inclination angleo(, offset D «nd length L . The principal flow 
parameter for the supply jet is the flow ritt Q . For the experimental 
results presented in this peper the parameters with fixed value« ar« 
th« nozsle width B - 4.76 m, «sp«ct ratio h/B ■ 4.26, sidewall  length 
L /B - 26.6 and sidewall inclination angle o*" 15 . 

The geometric parameters for a control jet located downstream in th« 
supply jet flow field «r« th« nozzle width b, downstream distance X , 
lateral distance from the diffuser section centerlin« Y    «nd th« 
angular direction W of the control nozzle opening, as sfiown in Figure 
4. The flow parameter for the control jet is the flow rate Q . The 
fixed value parameter is th« nozzle width b/B -.13. The control nozsle 
height is the same as the height of the supply nozzle,h. 

Th« nozsle opening direction angle is alao the direction of th« control 
jet «nd V is measured from « reference line parallel  to the diffuser 
centerline with 0    in th« downstream direction and , as viewed from 
above th« diffuser section,  the positive sens« of rotation is away 
from the diffuser centerline. The supply nozzle, diffuser and the flow 
splitter «re symmetrical in the half-planes «bove and below th« 
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 th« mirror image location and direction in 
th« other half-plane. 

t 

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

Switching Types and Output Performance Parameters 
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The types of switching are named  tor the sidew.ill  to vhich the attach- 
ment  is moved.  Thus,   far-side switching is   fron 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  •*%  shown  in Figure 6. 

Two important performance parameters   for downstream control  are the 
control flow for switching to occur and the switching tine. 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 tine  interval   fron the start of control   flow 
until   the supply  jet cones  to rest at   its   final  position on the wall 
of reattachnent.  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  lo a piezometric opening near the end of 
the wall of  reattachnent.  The  time  interval  measurements  are made  fron 
traces of  the differential  pressure on records  fron recording oscillo- 
graphs  and a memory oscilloscope. 

Switching Performance without Flow Splitter 

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 control  flow required for switching  to  trace switching curves 
which are  the boundaries of  the   far-side  and near-side switching regions 
.  The minimum control   flow for iHlcching  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 witching 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  arc 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 
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and supply flow.  In Figure 8 Chit optimum location is at X /B - 9.33, 
Y /B - 1.33 for a control flow ratio of Q /Q   - 0.01 and iff for far- 
side switching. c   * 

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 «witch- 
ing is shown in Figure 9. The switching time results are in the 
nondimensional form T - u t/B, where U    is the mean velocity of the 
supply jet, t is the measured time intirval for switching, B is the 
supply nostle width and the ratio B/U    ia a nominal transport time. 
The sharp dip in the switching time curve is typical and the 
minimum values for switching times and the control flow for switching 
usually occur at the same control jet direction. 

v> 

r> 

r> 

Switching Performance with Flow Splitter 

The addition of a symmetrical flow splitter to the supply jet nozsle 
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 nostle exit to the leadtSg edge of the splitter, as shown in 
Figure 10. For the experimental reaults presented in this paper the 
included angle ß  of the triangular flow splitter is 30 which is equal 
to 2 Of, the included angle between the two sidewalls of the diffuser. 

The influence of the location of the flow splitter on the minimtas 
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 haa negligible 
effect on the switching curves, but w*«-- ehe 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 11. 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 tor 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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Co«PTi»on with Upstream Control of Switching 

Positive switching as either momentum switching or pressure switching 
is the most connun  type of upstream switching control  and corresoonds 
to far-side switching in downstream control  devices. The nearest 
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 anplifi- 
erin devices with either large offsets   (D/B>S.O) 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 i'..e device from outside the device. 

The minimum control  flow    to supply flow ratio for switching in down- 
stream control devices compares favorablv 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,  .01, of the flow gain of 
about  100 reported by Markland (3)  as the approximate performance 
level of Tesar's jet flap devices,and also of the  low values reported 
in the literature for positive switching by Colborne and Williams  (7) 
of .007  (D/B - 0.0) and Foster and Jones   (8) of  .01  (D/B - 1.5, 
square-ended splitter). 

The minimum non-dimensional switching time of X^ 186 from Figure 13 
for far-side switching (Q /Q    - 0.18, Q /Q - 1.8, D/B - 2.0) 
compares not too unfavorably with the value    of   C ■ 105 for positive 
switching (Q /Q    - 0.18, Q /Q    .     - 6.4, D/B - 0.625) with the inter- 
polation of results  reporcSd §yLözgu and Sterming  (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 swiCchfng is a relative measure of the control flow. 

General Conclusions 

The control of supply jet attachment is possible for control nozzle 
locations downstream in the supply jet flow field. The type of switch- 
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 valuta of the performance paraaetera for downatreaa control devicca 
arc coaparablc to thoae for aimilar upacream control dtvlcta, with the 
potential advantage of smaller elementa and, becauae of the dependence 
of avitching thresholds on both direction of the control jet and the 
level of the control flow, angular and flow inputa can be conbined to 
control outputs in moving-part devicaa. 

Although evidence and concluaiona for only bistable switching davicea 
are presented in thia paper, control jeta at downstream, in-the-flow 
locations can be aaed alao in proportional devicea. 
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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 pressurlzatlon.    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 ppessure 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 ftuidics 
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. 

( 
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1.     INTRODUCTION 

Flueric logic 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 amplifies  require considerable 
continuous operating power.   In the order of 0.c watt-.     The necessity 
of a continuous supply of fluid.  If excessive, mskm  fluerics at best 
an unattractive choice when considering  large,  complex or mobile 
circuitry.    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 synoiymous with   laminar 
flow.    Several  studies of  laminar wall attachment [2,   3] showed that 
one coild 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 [A, 5].    Manion and Men [4] showed 
J.iat a laminar proportional  amplifier can exhibit 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. 
Since these laminar proportional amplifiers operate at  very  low powers 
(from 0.1 mW upwards),   the bistable device if feasible would also 
operate at this  low power. 

(  I 

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 I 
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Figure 1.    A Laminar proportional amplifier 

The flow field can be visualized readily and under normal 
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. 

When a sufficient pressure differentia]  is applied at the controls, 
flow from the control  is exhausted to the vents through the space 
defined by the Jet edge and the downstream 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.  If we consider one side, flow passes from the 
vent region to the Jet edge reducing the flow required through the 
control passage (R    in figure 3)«    However, consider the case where the c 
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, Q , must be supplied from both the upstream vent and 

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 P is increased to the point where the flow entrained by 

the Jet is equal to the flow from the vent Q , then the flow through the 

control port, Q , will be zero. The Jet is still centered because there 
c 

are no excess flows and entralnment Is satisfied. If the vent pressure 
Is now further increased so that there is flow entering from the vent 
In excess to that demanded by entralnment, then a metastable situation 
occurs. The excess flow, over and above entralnment, now exits through 

) 

54 

, __.. . ^-^  ■ in - • -  



o 

o 

o 

(. 

55 

 laaa    --.— --■-- ■ IMIIKMIM ii i       .   i   » fcti^n nHtliMMlill'- «i    ■    Ifciai-—-'—-—   -—    ■ ■^-  -..:-.■ ■   *-    ■'■-        ^rw .,J..._.. ._., 



mmm ■■in i >i 11» 

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 aid of  the simple equivalent  circuit  for 
the  Input  to the amplifier shown   in  figure  3- 

control  port 
pressure 

P -0      R 

jet edge pressure 

P. R 

flow out of 
control 
passage 

(vent pressure) 

P 

r-    I    r- 
flow     flow from 
entrained vent region 
by jet 

resistance between 
control port and jet 
edge 

resistance due to jet 
edge and downstream 
edge of the control 
channel 

H 

Figure  3-     Equivalent  circuit of one side of  LPA   input 

If  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,  R    (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.     DES IGN 

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. 

(J 

> 
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G 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 
a Jet and is exhausted across a vent, the grounding function  is per- 
formed.     If a new Jet  is formed to axial ly impinge on the control out- 
flow Jet, the back pressure of the outflow Jet will be increased, hence 
providing pressurization of the control   to flip the Jet.     Figure k shows 
schematically the first prototype LFF built. 

c 

r Figure k.    First prototype laminar flip-flop 

In this device the vent pressure was controlled from an 
independent, outside source. 

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 b    - 0.5 mm. 

4.    ANALYSIS 

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; this will come in a later 
report. 

:: 

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

ence.    For mathematical simplicity all quantities have been normalized. 

\ 
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flows by the supply flow Q , pressures by the supply pressure P  > 

dimensions by the supply nozzle width b . 

Q ci 
Q     + (b    + 6')  /|P    - P.  | 
ej v '     '   v       ji1 

Q      - Q      +  (b    -  V)   .'IP    - P.   (  - 0 
ej        er v '   v        j2 

(I) 

(2) 

'      ) 

where Q    is   the  input  flow,  Q    is   the entrained flow, 
C   6 

Q    •  (B    ± 61)  »fp    - P.I   Is  the  flow from the vent region  to the jet 

edge, b    is  the spacing between the jet and the control edge  labeled 

in figure 2 and 61   is  the jet deflection due to P! - 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). 

Q' Q' Q' 
Let QC1 " Qc * -f ' ^ " Qc " -T ' ^ " Qe + T ' «tc. 

p; 
P.    - P. ♦ -4- , and P,    "P. - P'./2, where primed (') quantities  refer 
Jl        J        2  ' j2        J        j     ' 

to small perturbations about the unprimed quantity.    Thus,  note that 
P' 

'■|PV -  P.J   is approximately equal   to /iPv -  P. |   (1  - Jp    . -p  ))• 
v j 

Substituting  these  terms  and  taking   the  difference between equations   (l) 
and  (2)  we get 

Q.   -Q. 
P: 

b    ( j )  + 2  S'/jP    - f.l 
v 2/rp-^pT v   J 1

   v        j' 

(3) 

From reference [i«\   the lateral  displacement of the jet at the 
control  downstream edre  is 

b2 

where b is the control nozzle width and c is the momentum flux dis- 
c ö 

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

5'  - 
Q: 

ai+ 

2kc ^p
v- 

Pjl 
2 ^|PV- Pjl 

(*) 

where a/'  - Q'  and k    - b2/(4c.) 
' e ceo 
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0 The input flow Q' is defined «s 
c 

Q' - p' - p; c -v-1 p* 
«     *' TTTnT 
c   c c 

(5) 

where R    is  the control   line resistance. c 
Using equations  CO and (5)  and multiplying through by 

3Q: 
input admittance jgr  is found to equal 

k      R 
c      c 

j- the 

o 

o 

c Nr-+ (•, + 1/k   R ) ZIP   - FTI - 2(P   - p.) I  2K l ccv       J' *v        J 

(6) 

The bistable phenomenon occurs when this slope is negative.  (Note, if 
9Qc  1 

P ■ Pj then rrr " ■"-) • ^he ""•"«•'•tor decreases to zero and then be- 
c   c 

comes negative at a larger value of |P - P.| for typical parameters. 

For example let b - 0.25. k ■ 8.86, a - .0668 when the jet is 
V c J 

centered then the slope will be zero or negative when (P - P.) > O.OIO't. 

The nunerator is negative while the denominator is still positive, 
giving a negative slope.  If 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. 

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 
(k    is determined by b2),  the entrainment and the pressure difference c c 
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 
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Drzewlecki  [6] derive this relation and verify it experimentally.    It 
is not usual  to consider digital  frequency response, but If one does, 
the limiting 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 P , 

then the maximum frequency of a switch-switch-back function would be 
500 Hz (f - '/(2TJW),  T8W - switch time).     If the same device switches 

in 0.5 ms at a control  pressure of 0.3 P,  then the maximum frequency 

would be 1000 Hz.    At each of these 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 Li'A 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 terms of step responses and switching 
times. 

I  i 

To estimate, analytically,   the flip-flop frequency response 
one may consider the follawii;g arguments.    When the LPA is opereted  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 eech output Just reaches a maximum pressure recovery without 
ringing)   it can be assuned that the Jet  is critically damped (damping 
ratio C ■ 1.0).    Assuming then a second-order response for the LPA 
results  in a transfer function, T, 

T - 1 

^-2 ♦ 2C — ♦ 1 

(7) 

Substituting Ju for the Laplace variable s, where J - /-T, u is 
radian frequency, and C ■ 1.0, the output amplitude. A, is Just the 
vector sun of the real and imaginary parts of the transfer function. 

A- 1//(UA) )2)2 + k  (u/w )2 
n n (8) 

To calcuiate the -3db point  (break point frequency) set A ■ 0.707 which 
results   in u/u I ■ O.Skk.    The natural   (or resonant)  frequency f 

nl-3db n 

of the LPA (therefore also of the LFF)  has been found by Han ion and 
Hon [A]  to be {  ) 

f    - 0.01 7 /b. n s    s 
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ü or rewritten, noting that the average supply velocity V 

c. /2(P - P )/p where c. is the supply nozzle discharge coefficient 

and p the fluid density, 

0.01 cd^Tr- TJK /b (9) 

Note  that  pressure,  flow and dimensions  are not norrralized here.     Using 
equation   (9)  and noting that u/u  | ■ f/f  I -  .6kk (since  f ■ 

n|-3db n,-3db 
tü/2TT),   then  the breakpoint or maximum operating  frequency  for the LFF 
is approximated by the expression 

f ^k - 0.006H c .  ^(P    - *> )/D% /b -Jdb d s        v s (10) 

C 
The minimum switch  time can be estimated as 

sw 0.5/f 3db (11) 

PROTOTYPE  CHARACTERISTICS 

( 

The device depicted in  figure  k was  tested statically;   the 
supply  and  input  impedances,   the b'ocked output pressure transfer 
characteristic,  and the output   impedance  characteristic were measured 
at  a supply Reynolds number based on nozzle height of about   I03.     Figure 
5 depicts  graphically  the measured characteristics. 

The blocked-pressure gain   is  the  change of an outpjt 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   (.he product of the 
supply pressure and the supply flow.    These three characteristics are 
obtained from the data  in figure 5 and are   listed  in Table  I   in com- 
parison with a high performance, wall   attachment  turbulent flip-flop 
described by Warren [7] and also  in  ref [6],  and with  the  lowest  power 
consumption,  commercially available  flip-ficv [6]. 

As  can be seen,   the  laminar 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 consunption,  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 mm  (o ■  k)  nozzle,  and down  to about 0.1  mW if the Reynolds number 
h  /2Ps/p  /v   is  reduced by half. 
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Table  I.    Comparison of LFF performance to typical   turbulent deivces 

LFF TFF  [?,   8],  HDL TFF [8],  Commercial 

Gain,  Gp 
.-.P  /P o    sw 

15 17 3-5 

Fanout 
Q /Q o ^sw p 

sw 

8 10 3 

Power 
PSQS(watts) 0.0035 1.37 0.0(4 

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

Dynamic 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. 

J?     -, 

o 

-4 

10 

•o- 

THEORY, EO 6 

0-OATA FEEDBACK OSCILLATOR 
bt : 0.5 mm 

h   = 0.5mm 
Pt =0 6kPo, Pv =01 kPo 

20 40 80      100 

FREQUENCY (Hi) 

Figure 6.     Bode Plot of  LFF Response 

too 
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Wh Ma 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 '<* and eq.   (10) since the LPA 
-3db frequency is 290 Hz for this geometry, then the LFF -Jdb point 
should occur at 165 Hz since f/f I - .644.    From figure 6 one can 

n|-3db 
<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,   logic 
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 switch'ng 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 result has a 
well-defined switching point.    This means  that extremely accurate 
Schmitt triggers,  counters,  adder«,  and analog-to-digital  converters 
can Lie made.     In addition such systems as pulse-duration modulators 
and digital   Information transfer «/stems 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. 

7. CONCLUSIONS 

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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o the possibility of yet  another order of magnitude  reduction to about 
0.1   mW. 

The  concept of the   laminar flip-flop has   led  co 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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o PROJECTS ON MOVING PARTS FLUIDIC DEVICES CARRIED OUT AT 

SIR GEORGE WILLIAMS UNIVERSITY 

by Clyde C.K. KWOK 

U 

U 

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 fluldlc 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 Magnetlc/Fluldlc 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 fluldlc technology. 

Hybrid Magnetic Pulse Shortener 

In many fluldlc 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 fluldlc bistable and monostable amplifiers 
with suitable delay lines.   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 lift 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 Input 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 thermodynamlc 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. 

(VP,) 
(x *x9)

2 
- w. dfX 

dT2 
(1) 

2   2 
constant (2) 

♦2(1 - A* X) constant 

w 
dP2 w 

d* 
2 

1 + A 

(3) 

(4) 

(5) 

I      ) 

where 

P, 
Input pressure p, 

atmospheric pressure p,. 

output or chamber pressure p2 

2 " atmospheric pressure p^   ~~~ 

mass density of air Inside chamber p 

2 " mass density of atmospheric air pT 

x   m distance travelled by disc x 
chamber length L 
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o 

i ( 

location of Imaginary magnetic pole from the surface of magnet x 

' chamber length L 
0 

area of orifice a 

o ^ area of disc A 

.   _ (length of output port passage t)(area of output port a) 
(chamber length L) (Area of disc A) 

mass of disc NL 
a   =—UTp  
K   m magnetic co.istant K 

" L   AP„ 

weight of disc WD 
Wx p—J  rflD 

and the magnetic constant K and imaginary pole X0 were determined 
experimentally [1] using the relationship 

0     pa 
— - 1 

x. - ^ (6) 

Pb 

and 
K = pb A (xo + L)2 (7) 

where p   and p.  were experimentally observed pressure levels where the 
disc waf separating away and attracting towards the magnet respectively. 
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 
psla, the output characteristics for this particular pulse shortener 
under study Is Insensitive to the variation of the Input signal 
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 

Flow measurement and monitoring are Important In many Industrial 
applications.    There always exist requirements for a low cost reliable 
flowmeter.   An unconventional concept to utilize the vortex principle 
In measuring flow rate was tried [3].   The basic device shown In 
Fig. 4 consists of a thin cylindrical chamber with tangential Inlets ) 
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 
the vortex chamber [4].    Forces and moments acting on the sphere were /" 
found and may be summarized as follows: \_) 

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

D - 12 IT u R V (8) 

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

(II) 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. 

(lli)The moment of mechanical friction Mz about the axis of rolling 
which is given by 

M2 - £ . F (9) 

where £ is the distance between the point of contact and the 
rolling axis of the sphere. 
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0 (1v) The total moment on the sphere Mf, 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, u Is given by 

M, -8 TT p   R3U) (10) 

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 

L 

N = 
2   TT2 ri2   R2 do   Kt [1 1  KZ (?)2I 

(ID 

0 
where d0 Is the diameter of the inlet port, Rt and R0 are the track *   aim   n, 
means radius and vortex chamber radius respectively, 
rate. 

and Q is the flow 

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 

C 
N 

do2 R? n + f (T)2] 
[Q - QJ (12) 

where Q0 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. 

L 

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 limb 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 bltck 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.   TIM 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 Toad.   Consequently, as a unique feature of the valve 
design, no return spring Is required.   For the experimental prototype, 
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 repeater and as an inverter are shown in Figs. 10a and 10b 
respectively.    In both sets of characteristics, the normalized switching 
pressure /£ci is plotted as a function of the supply pressure ps. 

Preliminary analysis of the repeater and Inverter valve operation 
using force balance equations across the diaphragm yield the following 
expression: 

d^) 

) 

Meff 
(13) 

where Aeff 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. 
P0 and P_ represent the output and supply pressure respectively.    One 
of the chief 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,(offJ and P3{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 Rj. 
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)  [= Pj(off)]. 

Also, since the seat pressure P/\] and P^off) are now equal  to each 
other, the output pressure in the OFF state, P0(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 Pi(on) is predetermined by the setting of Rj.    When the device 
is switched on, the sensor seat Al is closed by the relay diaphragm and 
the pressures P^i and P0 quickly become equal to the supply pressure 
Ps.    It is assumed here that the restrictors R0, R2 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 Pj and P, begin to decrease due to 
discharge through R,, while the pressure PRO in seat 82 is increased to 
the value P0(on)  (Prj.    As a result, the "B" - element diaphragm is 
switched so as to close the seat B3.    The pressure P, in cavity 2 then 
increases to a value P2(on) determined by Pg(on), and by the pressure 
divider circuit consisting of R0 and R;.    Since the pressure P (on) is 
cottmunicated via the diode D, to cavities 3 and 1, the pressure Pj 
reaches the value P^on) = P2(on).    Assuming that area A/y  is much 
smaller than the diaphragm area the pressure P^on) determines the 
magnitude of P.(off), to which the control pressure must now be reduced 
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In order tö obtain switch-off.   Thus It may be seen that Pi(on) and 
a* (off) required for switching the device on and off, respectively, can 

erefore be set Independently by means of the adjustable restrlctors 
R, and R2.    The diode D also ensures the control of pressure P^off) 
through res trietor R, alone. 

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/m2) and the 
repeatability and minimum available hysteresis were found to be about 
1.5X and 11 of Ps, respectively.    Deterioration In repeatability was 
sometimes observed, but was traced to a shift In the values of P.(off) 
and Pi(on), probably caused by poor flow stability In the control res- 
trlctors.   Predictable switching was obtained up to repetition 
frequencies In the region of 15 Hz [with Ps ■ 10 psig (69 kN/m2), 
Pi(on) ■ 1.4 psig (9.55 kN/m2), and Pi(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 fluldlc 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 lov 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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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 
as a "waterpic" which produces strong pulsating jets of water at 
approximately 15 cps for cleaning teeth as well as massaging the gums. 
After some Initial experimentations with no-moving parts pure fluldlc 
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 propogatlonal 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 
[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 
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. 

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 
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 venturl 
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.    Furthermore, it can be seen that as maximum flow into the 
vent chamber Is achieved, the fluid velocity between the diaphragm and 
the seat is at its highest value and, according to the Bernoulli's 
relation, pressure will decrease correspondingly.    The reduction In 
static pressure in that region causes the diaphragm to start moving 
downwards.   When this happens, the cross-sectional flow area between the 
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 

75 

L. 



■ ■     ■■■^   ■   ■'■    *mw 

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, tht total force acting on the diaphragm, including that due 
to the supply pressure acting on the valve seat, will be high enough to 
overcome the force exerted on the opposite 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 stud> was 
carried out by S. Sankar (Ref.  {10)) using the linear graph technique. 
The oscillator was subdivided into three systems: 

(l)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 
retainar; 

(3)The linkage between the f1uid and the mechanical system. 

The schematic representation of ♦'he 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 kef ill]. 
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 ristantaneous 
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 fluldlc 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 
conslstant with the main theme of this Symposium that the fluldlc 
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. 9:    Exploded View of Valve Block 
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FIG.  12:    Schematic of the Diaphragm-Ejector Schmitt Trigger 
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FIG.  14:    Photograph of the Diaphragm-Ejector 
Schmitt-Trigger. 
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TABLE I 

o 

o 

( 

Fluid Oscillator System Equations REMARKS 

1 Contiiuity at 
Vertex S r' QRn J Qto flow through 

1    supply nozzle 

1 Continuity at 
Vertex 1 kn " QRo " QRc " Qcs - 0 j Q  incremental flowrate 1 

1    into seat chamber   | 

1 Continuity at 
Vertex 2 kc " QI " Qcv » 0 

1 Q  incremental flowrate 1 
1    into vent chamber   j 

1 Elemental Equation 
for Rn Ps- 

Ps ' Rn(PS' Ps)QRn R n is a non-linear func- 1 
tion of Pg «> P8     I 

1 Elemental Equation 
for R 

1 
ps = RO^PS)QRO Ro is a non-linear func- j 

tion of Ps 

1 Elemental Equation 
for R 

i     c 
jPs- Pv" Rc(Ps' VQRC 

Rc is a non-linear func- j 
tion of P8 & Pv 

1 Elemental Equation for 
1 inertance in vent tube 
!  * 

Pva 1 IT 
I is inertance in vent  j 

tube - $ 

1 Gyrator relation- 
ship I 

• 
y = 

Fs- 

Ks
Qcs 

AsPs 

• 
y 

F
8 

■ velocity of 
diaphragm 

■ force at seat 
chamber           j 

1 Gyrator relation- 
ship II 

• 
y ■ 

Vv 

Av 

Fv 

■ X-sectional area 
of vent chamber 

■ force in the vent  j 
chamber 

1 Continuity Equation 
1 at Vertex 3 Fs + Fv - Fm - Fk = 0 

Fm 
Fk 

* force due to mass  | 

= force due to spring 1 

1 Elemental Equation 
1 for the diaphragm    j Fm- >i M = lumped mass of the 1 

diaphragm         1 

I Elemental Equation   j 
1 for the spring       j 

• 
y ■ 

1 dFK 
K dt K - spring stiffness   ! 

< 

Subscripts: c curtain area; Symbols: Q 
I vent tube; L 
n supply nozzle; P 
o output orifice; R 
s seat chamber; y 
s supply; A 
V vent chamber. 

length of vent tube; 
density of fluid; 
fluid resistance; 
diaphragm displacement; 
cross sectional area. 
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A    FLUERIC   PRESSURE    OF    FLOW    INTERFACE 

E.C. Hind * 

Abstract 

The interface device, which has no 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 a chamber containing an interface 
region with provision for discharge of the two fluids.  The controlled 
fluid is admitted 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 liquid 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 
a discharge flow by means of the pressure or flow rate of one 
fluid. 

Introduotian 

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 
characteristic curves for one interface geometry wi^h 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 Hales, Australia. 

Prattilng page Mink 
"v 



imm****' '-•..••^nmf.wm iui imniiimi,   ,^HI.IHI.. i) -  •   ■ DU'l -WJ '  ■'    W P«i,"l l-9m. i»w    _    ■ I II ^Ijp 

1 

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 gas flow rate. 

To vary gas pressure or gas flow 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 
amplifier 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 subamblent 
pressures and so the feasibility "f using an aspirator to convert the 
output signal range from a conventional pneumatic controller into an 
acceptable subamblent pressure range would need to be investigated. 

Bgaia Nature of Interfao« Devioe 

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 is admitted to one inlet unrestricted and the controlled fluid , 
which 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.  In 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. 

g. vlanation of Operation 

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

Q 

* Woods, R.L.     A Fluerio Gas-to-Liquid Interface Amplifier, 
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 coonon surface down, increasing the flow rate of air and reducing 
the area of the aperture for water discharge.  This will reduce the 
water flow rate through the aperture and Increase the water 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. 

If the air pressure is reduced the conunon 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 comon surface is forced down, 
reducing water flow rate through the aperture, resulting In sn 
increased water pressure and an increased air pressure. 
If the air flow rate is decreased the conmon surface moves up, 
increasing water flow rate through the aperture and reducing water 
pressur« snd air pressure. 

Experimental Operating CharaoteriBtioa 
The operating characteristics depend on the geonetry in the interface 
region, the realstance of the restriction in the controlled fluid line, 
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 pslg with zero controlled fluid flow, i.e. with sn 
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 rat« 
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 

o 

G 
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t««t«d with the tub« vertical and air adalttad at tha top and «atar 
at tha bottoa: circular holaa, square with aides parallel to tube 
axis, triangle with apex at tha top, triangle with apes at tha bottoa, 
longitudinal elot, tranaverae slot. Other devlcea Include vortex 
aapllflera with ilr driving water and water driving air; and a pair 
of concentric snail bore tubea one inserted Into the other with various 
anounts of overlap. 

The Interface device, consisting of s pair of vertically opposed 
triangles with a connon apex and bases both acroaa the tube, exhibited 
the most neerly linear characteristics.  This waa ao «hen controlled 
pressures and flows ware plotted agalnat either liquid or gaa controlling 
preaaurc and when both preaaure and flow characterletlea were 
conaldared. 

Figures 2, 3, 4 and S ahow the characteristics for thlj type of aperture 
with equilateral triangles of side approximately 1/16 inch cut into 
the aide of a tube of 3/16 Inch inside diaaetcr. 

Figures 2 and 3 are for air controlling water with ». water aupply 
pressure of 30 pslg    Figure 2 shows water preaaure pal, water 
flow rate cc/aln tnrough the restriction, end air flow rate ft'/hr 
at N.T.F., plotted agalnat controlling air preaaure pal   The 

characteristics are shown for no load (full lines) and driving a snail 
bore tube of length 1.87S Inch and inside dissietcr 0.042 Inch aa 
a water load (daahed lines).  Figure 3 shows controlled water pressure 
and water flow rate plotted agalnat controlling air flow rate with 
end without the water load resistance. 

Figures 4 and S are for water controlling air with an air aupply 
preaaure of 22.5 pslg    Figure 4 shows air preaaure, air flew rate 
through the reetrlctlon, and water flow rate plotted egalnat 
controlling water preaaure.  The character let lea are for no load 
(full lines) and driving a aaall bore tube of length 1.87S Inch 
and Inside dineter 0.024 Inch aa an air load (daahed lines). 
Figure 5 shows controlled air preaaure and air flow rate plotted 
agalnat controlling water flow rate. 

Preaaure galna Indicated at the ■eaaurlng polnta are about 0.94 
and are no doubt Influenced by pressure drops In the line and fittings 
between each preaaure gauge and the Interface device.  Aa force 
balance acroaa the area of the coason surface la neceeaary preaaurc 
galna neaaured in the Interface region could be expected to be very 
nearly unity and ahould not depend on the ahape of the aperture. 
The experlaental evidence for apertures In tube type interfaces 
certainly suggests that the preaaure gain doea not depend on aperture 
ahape.  Measured preaaure galna for air controlling water were found 

! 

I 

104 



I 

Co be !••■ than unity and to be mainly In tha range 0.90 to 0.97 
while praaaura gain« for water controlling air ware often unity (to 
batter than 0.1 pai over the signal range), but could vary to below 
a gal» of 0.9 for thia type of device. 

The ahape of tha aperture, in an aperture and tube type device, doe« 
influence the «hape of tha controlled flow versus controlling pressure 
characterietic, although the way in which the shape influences the 
characteriatic is not at this stage clear. 

Oscillations can be troubleaovand for soac types of interfece 
they reach a Mrt— of 0.4 psi peak to peak.  In isolates cases, 
the oscillations can reach 2 psi peak to peak.  In contract, sosw 
interfaces produced no oscillation over tha «hole of tha signal range. 
In thia respect triangular apertures with air controlling ware very 
good.  The relationship between aperture eise and tuba eise saeaed to 
have aosw bearing on the eaount of oscillation; saallar apertures 
giving less oacillation, e.g. a 3/32 inch diaaater aperture in 
a 3/16 inch diaaater tube produced significant oscillations, 
particularly with water controlling, whereas a 1/16 inch diaeater 
hole in a 3/16 inch disaeter tube produced saall oscillations only 
near tha top of the range and no oscillations over the raaainder of the 
range.  Concentric tubes (e.g. air tuba of 0.060 inch I.D., 
0.063 inch O.D., length 1.875 inch and water, 0.089 inch I.D., 
length 1.87S inch with about 0.25 inch overlap) with air driving 
showed no oacillation, with water driving oscillations of 0.1 psi 
occurred only in the range of 13 to 15 psi. 

There is no doubt that on soae occasions tha oscillations ware due to 
the preaance of air buhhlaa trapped in the water line in the vicinity 
of the water pressure gauge.  In other cases, oscillations ware 
eliaicatad by Increasing the flow of the controlling or controlled 
fluid.  Soae oscillations were probably due to instability in the 
flow through the aperture. 

A few interface devices appeared t* produce a discontinuity in the 
water flow rate characteristic when air waa the controlling aediua. 

( 

Limitationa on Ui« 

When the coablned flow froa the interface region is not being used 
the device will be acceptable provided there is no objection to the 
alxing of tha two fluida, to the venting of gaa froa tha nixed 
discharge, or to the draining of liquid froa the aixed discharge. 
In thia caae, it will be necessary to tolerate sacrificial flows, 
although these are widely accepted in pneuaatic and hydraulic systcas. 
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ConoluBJon 

An Intcrfae« dcvlc«, without aovlnt parts, has been descrlbad which 
will causa tha prassura and/or flow rata of one fluid to vary ia 
accordance with tha praaaure and/or flow rate of another fluid. 
Characteristic curves have bean presented for one interface geouctry 
baaad on water or air praaaure input signal ranges of 3 - IS pai 
with either air praaaure or air flow rate controlling water prenaura 
or water flow rata, and with either water pressure or water flow rate 
controlling air praaaure or air flow rata.  Although tha device 
deecribed here ia atill under developeaent, it ia clear that 
aatiafactory interfacee can be developed for any of tha above 
■entioned conveisions and that a reaaonably linear general purpose 
interface is alao poaeible. 

a 
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o FLU 101C  SENSORS 

PART   I 

Albertus E.   Schmidlin 
Picatinny Arsen«I 

PART   II 

Joseph M. Kirshner 
Harry Diamond Laboratories 

o 
ABSTRACT 

These two papers discuss many of the available fluidic sensors and 
the phenomena that make them possible. Included are various types of 
proximity sensors» angular rate sensors, accelerometers, temperature 
sensors, concentration sensors, flow temperature sensors, concentration 
sensors, flow sensors, and level sensors. Part I is devoted primarily 
to the description of devices and of their operating characteristics. 
Part II discusses some additional devices and gives the theoretical 
analysis for several. 
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PAPER FOR HDL FUJIDICS STATE OF THE ART SYMPOSIUM 

FIfJIDIC SE11SCR3 - A SURVEY 

PART I 

BY 

ALBERTUS E.  SCHMIDLIN ♦ 

* OTSOl1* * EffectlTene88 D1^«»^, wnSD, Plcatlnny Araenal, Dover, H.J. 
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FLUIDIC SENSORS 
by 

Albertus E. Schmldlin 

IWTRODUCTION 

Fluldlc technology tea proved to be a viable means for Systems im- 
plementation in industrial, commercial and military systems.    Necessarily 
the fluldlc system 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 is 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 H 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 generalised input might be rep- 
resented by the function F^n.    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 is not responsive to all of the others.    Unfortunately, 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 variables.   The variables x,x,x and oc,«*-^*-rep- 

resent linear and angular ex^jressions for the displacement, velocity and 
acceleration, respectively.   These may be inertial variables used to 
rc-present the position of a vehicle in flight, or of a machine or part of 
a machine in motion.   This is the case where the application involves 
inertial control of a system.    On the other hand 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 «T 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 where 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, P       1P necessarily very simple.    It consist of fluidlc 
potentials only,    umce, pressure, P, flow, Q and frequency, are the only 
variables to te expected in this signal.   The great number of parameters 
in the FlQ function .Illustrate the difficulty in preparing a comprehensive 
paper on the subject of fluidlc sensors.    Hence, this paper Is only a 
beginning and is an Invitation for other authors to present their know- 
ledge and experience in this very Interesting and necessary part of 
fluidlc technology. 

(     ) 

PROXIMITY SEWBORS 

The first sensor to be discussed is perhaps the simplest.    It la 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 where 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 fluidlc 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 Figure 2 (b), the switching function 
is accomplished.    The basic difference between these two devices is that 
(a) is proportional and (b) is digital.   This means that partial cover- 
ing of the nozzle will produce a proportional pressure increase at the 
output while partial covering at C, will 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 3.0 pslg, consume between U2cu. 
In. per minute and 0.3 scfm and provide output pressures between 2C$ and 
Uojt of the supply.    Manufactures package these devices in numerous combin- 
ations with push buttons, toggles, etc.. Including colors and styles. 

The next group of devices is i family of position or proximity sen- 
sors.    The flapper/nozzle principle can be applied here also with tbr 
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, con* 
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 low 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 Jet 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. 

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 objects and cloth or 
screen mesh can be sensed with precision by this device because of the 
convergent shape of the Jet.   Efficient pressure recovery permits sen- 
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oing a distance of up to 1/8". 

The sensor Is nearly Insnune to external contamination since the out- 
put flow is principally supply air reeorered fron the interior of the flow 
pattern.    If desired, positive purging can he achieved by introducing a 
snail flow 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, which employs a vortex chamber to produce a swirling flow in the 
shape of a diverging cone.    This high-velocity flow field entrains air 
from the surrounding atmosphere.   Air entraineO. from the center of the 
vortex is normally replaced by ambient air draw.i in through the open top, 
as shown in Figure 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 
a reduced pressiuv region forms there, since entrainment continues.    This 
region may be sewed 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 slpial is analog, proportional to the gap between sensor 
and object, but liaited in range and gradual in slope. For this reason, 
the vortex sensor can be used only with a high gain fluidlc amplifier or 
the fluidlc Schmitt trigger, an extremely sensitive switch with very 
narrow hysteresis. This combination provides an effective sensing range 
up to 1/2". 

Contamination of the external parts of the vortex sensor fron am- 
bient air is likely and is not a dangerous condition.    The positive out- 
put presßui „> prevents contaminants from entering the internal 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 OJ sensor.   This is a 
longer-range sensor (Reference M employing an annular nozzle to create 
a diverging flcrw of air, as shewn in Figure 3.    If there is no obstruc- 
tion, mutual attraction causes the sides of the air stream to converge, 
enclosing a central bubble that contains a slight vacuum.   This signal 
is sensed trrough an opening in the raised centerpiece at the point 
where the air strean sakes the sharpest turn.   The output signal under 
this condition is approximately 0.1O psi vacuum. 

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

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

The range of the OJ »ensor le approxlnetely 1-1/8" end reaalns rel- 
atively oonatent, regardless of changes In supply pressure.   An Inter- 
face valve Is supplied with each sensor to convert the OJ 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 fluldlc Interruptlble Jet sensor. In its simplest 
form, employs an air stream projecting from a transmitting nozzle across 
a gap to a receiver.   As long as tne flow Is unimpeded, sufficient pres- 
sure Is recovered by the receiver, as shown In Figure U, to hold a 
switching element In the "on" condition.   When an object enters the Jet, 
the output prescirre at the receiver is reduced, changing the state of 
the switching element to signal the event.   This sensor can be built 
Into the structure of A mechanism.    The basic parameters for such s 
design are given in Figure U (Reference 3).   Air consumption limitations 
dictate a sensing gap no greater than O.75" to 1.0". 

Another obscuration scheme employs a beam rather than a stream ( 
which is interrupted by the object.    The beam connlsts rf a high frequency 
(30 kHz) wave which is transmitted to a receiver, a Fluldlc Bar, (Ref- 
erence 5).   The signal is delivered when the inaudible 50 kHz sound la 
received and the signal becomes zero when the sound Is Interrupted; 
maximum 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 h.    Response time is 2 milliseconds and objects 
as sar 11 as 1 square inch are detectable at a separation distance of 5 
inches. 

In the reflex mode, shown In Figure 5» a non absorbing surface, \_.' 
positioned to satisfy the law of reflection (angles of incidence and of 
reflection equal and in the same pip"*}, 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 
on. 

By using interferometric techniques, the resolution can be improved 
by at least two orders of magnitude.    One sensor, 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 postlon 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 when the null point 
of   the fringe is centered in the mouth of the sensor.    Using this 
technique displacements as small as .001 Inch can be measured.    This . 
sensor is described In more detail in another paper devoted entirely v_ 
to it.   A summary of the various types of object sensors is given in 
Table I.   Photos of typical off the shelf hardware are shown in Figure 6. 
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A logical progression from proximity sensors Is to sensor systems 
which employ these devices.    Sensors which count can be Implemented by 
using a proximity sensor (or an interruptlble Jet, a fluldlc 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 find manufacturers who will define his pro- 
ducts and will design a system to satisfy his requirements.   A few ex- 
amples of sensor systems which are available In a package will be given. 
For example, a liquid level sensor can be implemented by using a back 
pressure sensor and a bubble pipe.    One manufacturer advertises the 
system In Figure 7 with the switching characteristics shown (Reference 6). 

U 

A sensor for continuously monitoring the size of a wire filament or 
yam can be Implemented.   This is accomplished by passing 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 a 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 is moving through the manufacturing 
process. 

An unusual measuring device is the hot forging sensor (Reference 7). 
The fluldlc non-contacting gage Is a system designed for taking measure- 
ments on a rotating hot rhell 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 and low areas of the 
rotating shell move under the Jet, the lever action transmits the up and 
down motion to the opposite end of the arm where an appropriate fluldlc 
back pressure sensor measures the dimensional change in the shell. 

I 

A successful demonstration of the fluldlc 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 ± 
0.1mm.   A fluldlc sensor designed for these thicknesses was described 
by P.O. Bavaguoll of Polltecnlco dl Torino of Italy at the Fourth Cran- 
fleld Fluldlc.s Conference held in Coventry, England.   The basic element of 
the fluldlc sensor is an inhibited OR-NOR gate.   The inhibitor signal 
divides betweet; two channels which are connected to two sensing heads 
during operation.   When a single sheet passes, the suction forces it 
toward one senuing head, leaving the other head free.   When two sheets 
pass, both sensing heads are blocked.   This induces the gate to switch 
which in turn acutates an Indicator or shutoff device. 

RATE SEHSORS 

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 interruptlble Jet tizrough which the teeth of the gear travel.   A 
Jet of air emanates from the emitter nozzle.   When the gear rotates, air 
transported between gear teeth has a tangential Telocity proportional to 
the angular speed which deflects the emitter Jet.    Gear teeth block the 
emitter Jet periodically.   Thus, the deflected Jet comes through the gear 
as a pulsed signal at a frequency equal to the number of gear teeth times 
the anguiar speed.    The output collector then receives the deflected Jet, 
and the passive fluldlc/circuit of the coll -ctor 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 ' 1th respect to a fixed reference such es the stars (or 
the earth).    In this case the entire system including the sensor, the 
power 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 flow into and out of the moving shaft by means of rotating coup- 
lings or pneumatic slip rings.    Hence, plumbing such applications be- 
comes unduly complicated. 

Two typea of devices are available for onboard measurement of the 
angular rate of a vehicle.    One of the earliest schemes for a fluldlc 
angular rate sensor vises 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 Jet of fluid will be deflected from its initial straight line 
path if the system is subjected to angular rotation (the Corlolls 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, 
are generated.   The garden hose device principle is shown in Figure 8 
(Reference 10).   A Jet 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 
away 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 
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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 plckoff are totally enclosed, the Jet 
will dlseDarge Into a region which is filled with fluid.   Therefore, 
this ambient fluid, as well as the unconflned Jet, will be subjected to 
the acceleration.   The net result Is the cancellation of the acceleration 
sensitivity.   The fluldle bunlnar angular rate sensor will be discussed 
In greater detail In a paper devoted only to that subject. 

Work has also been done on an axlsymnetrlc bunlnar Jet angular rate 
sensor (Reference 11).   This device was constructed in a two-axis version; 
that is, two pairs of outputs were provided to provide output signals 
from the pitch and yaw axes of a vehicle.   Several design features of 
the sensor deserve mention.   As is shown in Figure 9* the sensor con- 
sists of two co-axial tubes.   The power Jet flows inside the inner tube. 
This tube, called the entralnment tube serves to partially protect the 
power Jet against outside disturbances.    It and the outer case provide a 
convenient method of returning entralnment flow to the power Jet.   A 
set of holes at the Junction of entralnment tube vlth the power nozzle 
admit entralnment flow to the Jet.    The Jet can thus have a close-fitting 
wall around it which helps its stability.   Since entralnment flow is 
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 
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 
Figure 8 (Reference 10).   There is a continuous flow 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 tangential 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 
will be conserved.   This creates a swirling flow as depicted in Figure 
8.    A suitable plckoff device senses this tangential velrdty component. 

Since the velocity increases hyperbolically at small radii, it is 
potentially possible to detect small rates of rotation of the device. 
In the ideal case, the circumferential velocity approaches Infinity art 
the fluid approaches the center of the vortex.   For a real fluid, viscous 
effects change this distribution of angular momentum.   The velocity 
curve follows the ideal (inviscid) ease for large radii but it soon 
reaches a imxlimim 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. 

I 
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ö The tvc -ievlces described here »re available In many sizes for both 
liquid 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 Figures 10 and 11 (Reference 
12).    Other characteristics of the vortex angular rate sensor are as 
follows: 

G 

O 

r: 

125 



■• ■    ■ 

TABIS II 

VCRTBC RATE SBBOR CHARACTERISTICS 

(ükta Proo Frevloufl Prograas) 

Parameter Pneumatic Hydraulic 

Range (0/8ec) 3000 2000 500 100 

Threshold (0/Bec) 0.1 0.05 0.05 0.2 

Prequency Response 
(CPS) (900Pl»Be Shift) 
Transport Delay (Sec) 

15 

0.0 5 

8.3 

0.030 

25 

0.010 

5 

0.050 

Output level (Pel) 0.2 0.3 15 10 

Scale Pactor (Psl/0 o.ook 0.002 0.005 0.003 
/sec) 
Noise P-P 0.01% PS 

.25/sec 
o,oo<M ps 
0.01 ö/sec 

0.2% PS 
0.1% 0/sec 

0.5^ PS 
0.511 0/8ec 

Jlull offset (0/sec) Adjustable Adjustable Adjustable Adjustable 
to    r/sec to l0/8ec to 10/Bec to l0/sec 

Linearity (% PS) 2.0 2.5 1.0 1.0 

Pressure örop (Psl) 10 8 60 60 

Flow i.o scm O.U SCPM h.O CIS 2.0 CIS 

Size (Inch) 60 x 1 3D x .8 2.50 x 20 2.5D x 1.5 

Weight (lbs.) 1.5 • 3 0.7 0.5 

Temp. Effects 
(* SP/0?) 
Regulation (+ %) 

0.1 

1 

0.06 

1 

0.1 

1 

0.1 

1 

Reliability 
(hours NTBP) 50,000 50,000 

Accel. Eff. neg. 050/Bec/g _ _ 

Vibration fff. neg. neg. neg. neg. 

Shock Eff. neg. neg. _ _ 

Wolse Eff. neg. neg. _ _ 

Radiation Eff. Bard Hard 
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HCTRID RATB SHCCRS 

An Intereitlog Implementation of the Corlolls efect i«"<*«»w jet 
principle Is In • hybrid deriee which 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 (Figure 12)  connected to a long, small- 
diameter tube creates a lamlner air Jet which, when undisturbed, flows 
along the center line of the drift tube which houses the device. When 
the device Is subjected to an angular rotation about an axis perpendicular 
to the center line 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 proportlontA 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) which provides enough current to cause self-heating of the two 
thermistors. In the undisturbed state the bridge is balanced and the 
meter indicates zero. When the ulr Jet is deflected away from its normal 
center line position, the velocity of the air flowing by one thermistor 
(toward which the Jet is deflected) 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 with decreasing temperature, 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 «ngnl»» 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, 
the magnitude and sense of which are proportional to the input angular 
rate about a particular axis. 

The significant characteristics of this device are as follows: 
Size: 1-inch in diameter x 3 inches long t 2 cu. in. of electronics 
Weight: 3 oz. plus 3 oz. of electronics (2.8 watts) 
Range: Up to 2000 /sec. 
Frequency Responoe: Up to 70 B2 
Threshold Resolution: 0.005% of full scale, 0.0050/8ec minimum 

Some of the fluldlc 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, telescopes and other Instruments. A simple 
scheme Is available for two-axis rate sensing using a hybrid device. 
Bread-board systems of two-axis, fluldic-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 
either a conventional analog output, or a Pulse-Wratlon-Modulated (PEM) 
output. PDf signals are particularly useful in fluldlc control systems, 
since they are easier to amplify and transmit than analog signals. 
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There are several ImpleBientatlone of this principle by different aanu- 
facturere. One typical rate gyro design Is shown In Figure 13A (Refer- 
ence 10). The rotor is suspended on a spherical, pressurised bearing 
restrained by two pairs of pnui—tic springe, which are produced by 
pressurised torquing cavities located on two orthogonal axes. In the an- 
alog node, the pneuaatic springs must be deflected when the gyro is pro- 
cessed at the input rate. When the pneumatic springs deflect, a pressure 
differential, which is proportional to the torque required to precess 
the rotor, and therefore proportional to the input rate, develops 
across then. In the slightly more complex PIM node, the rotor position 
is sensed by a fluldic pickoff (not shown). The two torquer pairs op- 
erate continuously and cause the rotor to precess back end forth at a 
constant rate between two limits determined by the pickoff. When the 
input rate is zero, the angular distance between the rotor precession 
limits is the same in both the clockwise and counter-clockwise directions. 
Since the precession rates are equal, the transit times are also equal; 
however, 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 Hhit attached to the gyro frame rotates 
in the same direction, and the total 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 0.1 revolutions per second. Resolution is 0.1 percent 
of full scale with a linearity of less than 2%.   A photograph of an 
alternate design is shown in Figure 13B (Reference 6). Major design 
goals achieved in this device were both the development of a stable air 
bearing configuration, as well as a demonstration of the feasibility of 
closing fluldic damping and torqulng 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 Uo rad/sec gyro bandwidth while still 
retaining adequate nutation damping. The loops were operated stable 
over a rotor speed range of 3000 to 5000 rpm. 

FLOIDIC AOCEiatOHETglS - AlttLOQ 

One of the most needed instruments in aerospace guidance and control 
is the aceelerometer. Fluldic accelerometers (devices having a 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 eai logic devices to perform the neces- 
sary signal processing. 

Flueric accelerometers, which 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 acceleration has received concentrated Investi- 
gation. The main factor Is to conceive a scheme In which 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 plckoff 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 
which utilize the body force on the heavy fluid as a proof mass can be 
applied. A light fluid is used as the signal transmission fluid and to 
provide a low density ambient atmosphere around the Jet. Recent work on 
the viscous vortex angular rate sensor has yielded a new form of flueric 
accelerometer (Reference 1U). By providing a manifold divided into two 
halves, see Figure Ik,  a flow field composed of two different fluids is 
created. These fluids enter at A and B, respectively. If A is aore 
dense than B the body forces due to acceleration will create a swirling 
flow. The swirl will be as shown 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 shown a threshold of 10'^ 0 and a full 
scale range of 1/20 (Reference lh). 

Gin 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 (liquid) 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 
power source, the gas, would need replenishment in the system. As a 
result of studies, a fluer.'c acceleration sensor, based on a new prin- 
ciple was in-, ■jnted. It use<; a heavy liquid (mercury) in a configuration 
that produces large hydrostatic pressure gradients proportional to and 
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. Oas flow 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 «xj-0'-  (tal modal, the output signal pressure was 
determined as a funetlc. >.  « acceleration Imparted to the device. 
Figure 16 depicts the re *»   cf the accelerometer In the range from 
O-lOQg's. The maximum our;. .1 differential pressure was approximately 
20 percent of the supply pressure of 25 pslg, and the mercury volume 
was 0.U cc or 25 percent of the total Internal volume of the porous 
cylinder. It Is observed from Figure 16 that the output pressure In- 
creases monotonlcally with Increasing acceleration up to the point where 
saturation occurs. The acceleration range over which the output signal 
Increases monotonlcally depends upon the ratio of the volume of mercury 
to total cylinder volume. I.e. the ratio must decrease to broaden the 
range. The signal output was nearly Identical for Increasing and de- 
creasing acceleration and hysteresis was determined to be less than .01 
psl. Ho noise data were specifically recorded. Figure 16 provides In- 
sight Into the dependence of the operating 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 ho pslg. The maximum acceleration for 
which linearity Is maintained is in excess of 100 g's. As the supply 
pressure is decreased, the range of linearity decreases proportionately, 
e.g., for a supply of 10 pslg, the accelerometer exhibits linearity up 
to approximately 35 g's. Linearity at low g-levels (below 10 g's) was 
obtained and Figure 16 shows the output signal pressure as a function of 
acceleration for a supply of 2 pslg. Linearity was exhibited over the 
entire range and the maxloun output signal pressure was 0.3^ pslg. The 
data were obtained for both acceleration and deceleration, and as seen 
from Figure 16, the hysteresis was approximately 0.01 psl. Preliminary 
data indicated that the threshold of the accelercoeter was approximately 
0.08 g's. Only a small variation in threshold was observed for two sup- 
ply pressures, 10 and Uo pslg. 

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 solid proof mass. There are several implementations 
of devices of this type by different manufacturers; typical of these is 
the schematic drawing shown 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 restrlc- 
tor AQ, where the pressure drops from PQ to P^ (or Pg) depending on which 
side Is being discussed. It then enters the forcing cavity of diameter d. 
It escapes through the peripheral area at h, and hn and then is vented 
through the end plates to the atmosphere, when 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 h» 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 inertlal reaction, causing the proof mass 
to accelerate with the case in the steady state. The output (Pi-Pg), 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 a cylindrical gas bearing made to minimize friction forces 
on the proof nass. In addition, it affords a restraintless suspension of 
the proof mass. The One "0" fluidic accelerometer shown in Figure IS was 
tested against a typical performance specification. Figure 19 shows the 
output pressure versus input acceleration. The data points are shown. The 
two extreme lines show the performance envelope, as defined by the maximum 
signal error of + 5^ F.S. and the maximum g error at zoro 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 0 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 rigid 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 two 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 
circumferential grooves in each gas bearing. 

The accelerometer with ranges up to UOO g, has been built in both 
steel and aluminum, and normally operates at supply pressures of 150 to 
200 psig. However the device can operate on supply pressures as low as 
20 psig for low 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. Sxact system response may be designed 
to suit any specific application. 

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

Still another implementation 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 a 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 between the mass and the pad, in- 
creasing the resistance to flow 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. 
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A derelopaent aodtl «M designed, fkbrloated end tested end a final 
■odel wee built.   The results showed the following operating eberaeter- 
isties: (Reference 17) 

Seele factor!    9,12 inches wmter per 0 
1-0 linearity: 6 x KT* 0 
lull uncertainly: e 2.2 x lQrk 0 
Hull repeatability: t 2.5 x KrM 
Threshold: 5 x 10-5 Q 
Maxiiwi Input: 9 0 
Dynamic range: 2 x 10-5 

later developeient Incorporated a "squeese f lla" daaping technique 
that has Increaeed the damping ratio from less than 0.0$ to 0.7. The 
unit is shown in the photo in Figure 21a. 

Figure 2lb (Reference 6) shows yet a different design. In this de- 
vice acceleration applied along the sensitiTe axis results in a deflection 
of seismic nass and Jet pipe relative to the signal plckoff probe. The 
signal pressure is amplified and applied to the nulling nossles, to 
produce a force to restore the mass to its neutral position. The restor- 
ing force is proportional to the differential pressure. Cloeed loop op- 
eration maintains the restoring force equal to the acceleration force» 
The scale factor (pel perg) is then a function of the seismic mass and 
of the area of the nulling nozzle. 

In some specialized applications, it is desirable to sense the accel- 
eration of a vehicle by a special purpose device. This unit has neither 
the precise performance nor the complexity of the acceleroamters Just 
described. In the flight of an aerospace vehicle, the performance during 
the boost phase has a direct effect on the trajectory of the flight. A 
major factor here is the propulsion system. Its perfoxvance can be mon- 
itored using onboard instruments by sensing pressure, temperature, fuel 
flow, etc. The most direct «ay to measure the performance of the engine 
is to measure the acceleration produced on the vehicle. A hybrid accel- 
erometer «as conceived which would sense the launch acceleration. The 
objective «as to devise a high reliability, low cost device to monitor 
the time «hen a minimum acceleration of the vehicle is reacted. A design 
having a minimum number of moving parts and Imposing a mintoim power 
drain on the gas supply «as desired. 

The Fluidlc 0 Sensor and schematic ere shown in Figure 22 a & b 
(Reference Iß). The conversion of a sensed acceleration into a repre- 
sentative pressure signal Is the basic operational function. Referring 
to Figure 22 the sensor consists of a seismic mass, a flat, unbonded 
elastomer diaphragm, and a variable vent plate. The inlet, outlet, and 
variable vent resistors shown are sized to ensure subsonic flow. Ini- 
tially, supply pressure, P, passes through the fixed flow inlet resistor 
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 «ill force the diaphragm down changing 

o 



— w——— 

Q 

G 

C 

C 

\ 

the distance x and partially blocking the variable vent. The chember 
and orifice above the selsalc nass act as a damper to restrain the notion 
of the nass under dynaalc conditions. 

At a fixed acceleration level, a force balance Is created In which 
the force on the mass due to the chanber pressure balances the acceleration 
force and the nass comes to rest. The value of this pressure Is a measure 
of acceleration and Is transmitted to the f luldlc system. A detailed 
computer analysis of mass notion, fluid flow, vent area calculations, 
etc., are Included in a separate paper. Results of tests are shown in 
Flgure23. The "0" sensor is an example where high accuracy is not re- 
quired and where an analog signal is tolerable. In the complete system 
the signal is transmitted to a Schmitt trigger which switches at a dis- 
crete "0" level. Typically, this system is active for only a matter of 
seconds. 

FUJIDIC ACCEiatCMETroS - DIQUAL 

In other specialised applications, the acceleration measurement is 
used in a computation scheme. Here, the device is active for an exten- 
ded time period and accuracy is Important. For example, the accelero- 
meter signal may be integrated once (or twice) in a calculation of in- 
crements of velocity (or distance). It is desirable here to integrate 
a digital rather than an analog signal in order to preserve accuracy. 
Therefore, accelerooeter concepts which yield digital outputs are of 
interest. Two devices under development are described in the following 
section. 

Previously developed pneunatic accelerometers exhibited unaccep- 
table sensitivity to environmental temperature changes and supply 
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 fluldic acceleroneter was 
analysed. The accelerometer concept studied was unique in that accel- 
eration was measured as a ratio of two frequencies generated by two 
fluldic oscillators. The idea was that when ratios are used, enviro- 
nmental influences which 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 which required further development, namely, linearity and 
hysteresis (Reference 19). A follow-on program was instituted to re- 
duce the nonllnearities 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./H-. Thus frequencies N, and If» are generated by fluoric os- 
cillators of identical design which will be affected indentically by 
temperature and pressure variations. 
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Tb« digit*! »colero—tw consist« of proof MM which is suspeodad 
by • spring in a cylinder. This MSS responds to nceolsration, aoring 
two Identical pistons in cylinders causing changes la TOIUM (and oapacl- 
tanee) in the feedback circuit of a relaxation oscillator as shown in 
Flgire 2k.   When a variable capacitance (or roluae) is placed in the feed- 
back line of a fluldic 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 betaawior of other 
fluldic aeceleroaeter concepts, where direct conversion of proof aus 
notion into output frequency is used. 

This aeeeleroMter clrcuavents the problaa by utilising variations 
in oscillator period rather than oscillator frequency. Certain types of 
fluldic feedback oscillators previously developed exhibited a linear re- 
lationship (Figure 25) between variations in voluae and period of oscil- 
lation. By using the change in volume created b> the proof mass notion 
as a feedback volume for the oscillator, a llnesr relationship between 
acceleration and oscillator period exists. 

The aceelerooteter concept is coopleted by processing the acceler- 
ation sensitive oscillator signals together with a high frequency, free- 
running oscillator signal, through a fluldic AID gate as shown in Figure 
26. The number of pulses, I, fron the free running oscillator, seen as 
an output and the ARD circuit per period T of the volume controlled os- 
cillator, will be in direct proportion to the acceleration, a. A fluldic 
counter accumulates the number of pulses. If, admitted through the AHD 
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 fluldic vibrating string 
sub-assemblies are packaged diametrically opposite in a cotnaon housing. 
Each vibrating string subassembly consists of a round wire, wire 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 accomodates a beat frequency detector element and a fluldic filter 
capacitor. A manifold network is an Integral part of the housing. This 
network directs the input air supply to the nozzles and beat detector and 
the output pulses from the receivers to the various fluldic elements. A 
schematic diagram of the device is shown in Figure 28. The device oper- 
ates in the following manner: A flow of gas (Air) at 5 paig, is intro- 
duced into the input port of the device and directed by the nozzles 
towards the midpoint of each wire, thus creating a disturbing force. 
This disturbing force excites each wire in a transverse mode of vibra- 
tion at its fundamental natural frequency. The gas flow exciting the 
input nozzles is periodically Interrupted by the wire motion, resulting 
In a sinusoidal pressure pulse (of the same frequency as the wire) which 
is detected by the receiver. The sinusoidal pulses from each receiver 
are then fed to the beat frequency detector element through the manifold 
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network, and a modulated pressure signal containing the ava and difference 
frequencies Is obtained. This modulated signal is demoduiated by the 
pneumatic filter capacitor and a difference frequency is generated at 
the output port of the device. 

The natural frequency of each wire is directly proportional t% 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 seiaoic nass attached to each 
string aBBembly. The torsion in one wire is increased, thus raising 
ite Datural frequency, while the tension in the other wire is decreased 
thus reducing its natural frequency. The beat difference frequency 
which appears at the output port of the device is proportional to the 
acceleration and therefore can be used aa 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 shown in Figure 29a (Reference 20) 
and a photo is shown in Figure ?9b. 

ATTITUBE (KR06 

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 fluoric device (no moving parts) has not yet been demon- 
strated and perhaps this objective is the most difficult to achieve. 

For control of a vehicle about two axes, a two-degree-of-freedom 
gyro is a necessity. This function is best performed by elements having 
a few 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 fluoric devices. The use of a limited number of "hybrid" 
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 Two Axis Pneumatic Pickoff (TAPP) gyroscope was successfully 
tested several years ago by the Army using Little John missiles as test 
vehicles. The miss-distance from the aiming point was negllbible 
(Reference 10)* 

The gyroscope rotor, supported on a gas bearing, is the only moving 
mechanical part. The gyroscope contains a spin-up, bearing, and pick- 
off gas supply bottle; a squib ignited activator; a unique internal 
regulator; a gyro rotor and gas bearing assembly; a two-axis pneumatic 
pickoff, and a flueric sunning module. Versions are available which pro- 
vide either analog or digital pneumatic output. These n-eet rigid per- 
formance specifications in operating environments over 1200 0,s contin- 
uous or tthock loads and non-operating shock loads 10 times greater. A 
photo of the TAPP gyro is shown in Figure 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: 1^ inches dlam. by 2 1/8 long 
Weight: 0.3 lbs 
Angular Freedom: + 10° 
Readout Range: Linear to + 3° 
Scale Factor: Uncompensated - 0.8 psi/deg 

Compensated - 0.6 psi/deg 
g Capability: 100 g @ 35 psig supply 
Spin Time: 100 RFM/sec/psl above cage pressure 
Operating Speed: Uncompensated - 6000 to 15,000 RPM 

Compensated - 3000 to 5000 RPM 
Caging Pressure: 30 to ho psig 

GYRO ERXPT CHARACTERISTICS 
100 g CAPABILETY 

SN#1 SN #2 Uncomp.     SN #2 Camp. 
Bias Drift 100/hr loo/hr          50P/hr 
Erection Drift 

in Phase #1 9CP/hr/deß l650/hr/deg      550/hr/deg 
#2 720/hr/deg 2l*00/hr/deg      ^/hr/deg 

Quad. #1 2l|0/hr/deg 1000/hr/deg      250/hr/deg 
#2 jC/hr/deg 800/hr/deg       U0o/hr/deg 

0 Sensitive 
Spin Axis 360o/hr/g» 3000/hr/g  »Rotor was not mass 

@ 6000 RFM • 6000 RH<  balanced 
Readout 
Scale Factor 0.8 psi/deg 0.8 psi/deg      0,6 psi/deg 
Noise (100Hz BW) 20 arc mln 20 arc min       20 arc mln 
Bandwidth 300 rad/sec 300 rad/sec      300 rad/sec 
Cage Repeatability 1.0 milllrad     1.0 millirad      1.0 mlllirad 

o 

o 
A third attitude gyro design is pictured in Figures 32 and b. 

of this unit provided the following results (Reference 22). 

FLUIDIC GYRO TEST RESUUTS 

Teste 

Drift Bias 
Acceleration Sensitive Drift 
(Acceleration)2 Sensitive Drift 
Auto-Erection 
Alignment Error 
Uncage Error 
PisLoff 

Threshold 
Null Offset 
Flow Impact Beas 
Linearity 0-2 Degrees 

Bh Degrees/Hour 
1.17 (SA), 0.31 (IA) Degrees/Hour/msec* 
O.Olfl Degrees/Hour/m sec"^ 
1.0 Degrees/Hour/Hz/rad 
1.0 mrad (maximum) 
1.0 mrad (maximum) 

1.0 mrad 
1.5 mrad 
1.0 Degrees/Hour 
0.28 Percent 

C) 
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PIAJIDIC GYRO TEST RBSUUTS - con't 

2-3 Degrees 
Scale Factor 

Angular Freedom 
Maximum Plckoff Angles 
Spin-Up Time 
Operating Time 

I.85 Percent 
0.025 KcnTVDegrees 
+ 10 Degrees 
+ 3  Degrees 
7 Seconds 
60 Seconds 

A fourth attitude gyro design is shown in Figure 33 (Reference 23 )• 
The overall size of this gyro is 2^" in diameter and 3?" 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 Itr value, develop new lapping methods 
to advance ^he state of the art of rotor cavity fabrication, and verify 
gyro performance in a simulated missile vibration environment. 

TagBBATURE AMD C0WCEHTRATI0N SENSORS 

An important characteristic of fluidlcs 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 block 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 
temperature/concentration sensors. Typical of the applications of the 
Jet-edge cavity resonators is the carbon dioxide concentration sensor 
(Reference 2k).   The physical configuration of this device and the per- 
formance characteristics are as shown in Figure 3^. 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 UOOO0 F and above. 

A typical application is in the aircraft Jet engine. Here 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 23).   A com- 
parative evaluation is shown in Table HI. 

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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o Other devices produce analog signals, that Is, signals vhieb are 
steady but nodulated. Typical among these Is a passive fluerlc 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) fluid 
resistors connected in a bridge circuit. The bridge output is a dif- 
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 
low noise. (Reference 26). The schematics and geometry are as shown in 
Figure 35» The operating characteristic is as shewn in Figure 36. 

o 

o 
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FRONT VIEW 
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kJt'   NARROW GAP 

SUPPLY 

OUTPUT 
(VACUUM) 

OUTPUT. 
(AMBIENT) 

OBJECT 

OJ PROXIMITY SENSOR 

MODEL 

| NOMINAL 
SENSING 
DISTANCE 

. OUTPUT SI6I 
3 PSI SUPP 

NE6 

MAL AT 
LY PRESSURE 

PCS 

AIR CONSUMPTION 
AT  3P8I 

SUPPLY PRESSURE 

A 0.12 INCH 3 IN. H20 0.7    SCFM 

B 0.3 INCH 4. IN. H20 0.4    SCFM 

c 0.7 INCH 4 IN. H20 0.75 SCFM 

D 1.2   INCH 4   IN. H2O 1.4    SCFM 

E .3  INCH PROP( DRTIONAL 0.9    SCFM 
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145 



7r II 

: 

. 

TT 
■\L 

V 

Ä  I—  j 

iFjll inii 

HHawr «•.>■»<« »ma i nwn 

I      O       J 

Ml ! 

I 
vj 

0 

(1 

\ 

 -.^..    -     .-    ...   . !_.,   .J^...      .^ 



■ ■■ ■■   "      ——'—"■■--" ""■«»•■■, 

IG 

O 

o 

o 

 -VVTfc-.   A 

v     N SVV 

if X. 

147 5      FUJIDIC EAR 

---   —— IM    ilii^  mi       --■  '-^-   ■ 



l^M^pw ni«i mm ^p^^^w 

o 

o 

o 

o 

I ., 

II. 3r 

147 5     FUJIDIC EAR 

-----        -   —-■ — - ■   -  



^WW^^n«.     i"-" mm -'--- 

o 

'S 

I 
3 

i 
I 

L 

148 

  ■        .^ -..., „..^.^..- 



0 

o 

0 

FIGURE 6. FLUIDIC EAR AND OJ PROXIMITY SENSOR (2 of 2) 
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NOMENCLATURE 

« constant 

•» 
speed of sound 

b constant 

c speed of wave propagation 

cd, c. , cd   discharge coefficients 

CT see equation '♦lb 

diameter 

antenna directivity 

frequency 

fl frequency for laminar Jet length of t 

f$ most sensitive frequency 

force 

vortex chamber height 

see equation 48 

0 
see equation 7 

kj, k2 constants 

length 

see equation k]c 

NH Mach number 

NR Reynolds number 

NS Strouhal number 

P pressure 

Pa ambient pressure 

Pb pressure at sudden enlargement(fig. I) 

PB see equation kk 

I ) 
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( 

po,' pc2 

r 

'h 

Rl> R2 

I 
9 

rc 

rd 

rei. 

output pressure 

see figure 1 

supply pressure 

pressure drop across linear resistor 

pressure drop across nonlinear resistor 

total signal pressure 

voIume fIow 

radial  distance 

radius of coupling ring 

drain  radius 

radios of  reflecting surface 

resistances 

gas constant 

fill   time 

period 

absolute temperature 

flow veloci ty 

stream velocity 

see figure 1 

see figure 1 

see figure  I 

radial  velocity 

radial  velocity at coupling  ring 

radial  velocity at drain 

relative velocity between rate sensor housing and fluid 

tangential  velocity 
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'ec 

JecT 

'ed 

'68 

desc 

6i 

9t 

Th 

"Th 

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 figure 1 

see figure 'lie 

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 

i 
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1.0    INTRODUCTION 

Sensors are an Important component of fluldlc 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  I 
provides engineering data on many of the important sensors.     In Part  II, 
a number of devices are described and some are analyzed. 

2.0    PROXIMITY SENSORS 

Part I 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 
Jet 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 [l]*.     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 circuit). 
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,  £.    A source of pressure, 
p ,  is supplied to the half-bridge circuit.    The sensor output pressure, 

p , 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, p. ,   is formed near the nozzle. 

The pickoff regions A and B are assumed to draw negligible flow in 
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 p      is approximately 

equal  to p   and the static pressure p      is approximately equal  to p.. 
6 02 D 

♦Numerals in brackets  indicate reference number. 
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We associate a discharge coefficient c.,    with the nozzle and a dis- 

charge coefficient c .   with the region between the probe and the object 

whose distance Is being sensed. 

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

Energy 
pu. 

Pb + 

pu 2      pu 2 

•    _      o 
Pe + T  

Continuity .? 
w2      ued 

cdi "I? r- 

where £ Is the object distance (fig.  1) 

o       02 

(1) 

(2) 

(3) 

Note that the flow Is affected by i only If £ <_%-— consequently 

the maximum range of the probe  Is one-fourth Its dlamete?. 

Momentum 

Pb * pul2 JT" pe + pue2- W 

Now the substitution of the continuity equation (equation 3)  into 
the energy and momentum equations  (1, 2, and k)  yields. 

pc   2    I6u 2t2d2 

02 O 
'b + Ti di •^T 

PU0^d2     t   1 
^ 

Pb - Pe + 16Puo2i2 cd22  (3T - ^T-T) 

The addition of equations 5a and 5c results  In: 

01 0 

(5a) 

(5b) 

(5r) 

(6) 

We may eliminate pu 2 from equation 6 by using the expression for pu 2 

provided In equation 5b.    Thus, 
1        16£2 

(7a) 
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o 

c 

o 

w cdl       cdi w 
(7b) 

wh«r« 4 ^ ijr 
d2 

To find the pressure relation  Involving p.   we substitute pu 2 from 
equation 5b Into equation 5c to obtain 

1    +  I6f2   n 2d2 , 
w^c 

1 iHT 
dl (8) 

'd2 

The multiplication of equations  7« and 8 produces: 

1       4 16*2   „      2df , 
Pk     c^o d^ wZc.T^' b        02 dl 

^7 od7 
(9) 

Figure 2 shows the pressure ratios p /p    and p./p,  from equations 
c       S D      S 

7a and 9 plotted against the normalized gap distance kl/d for several 
values of d/w.    The assumption here  Is that c.   - 1.0 and c.    > 0.8. 

Several points of interest appear: 

1. The sensitivity (slope of the curve) d(pb/ps)/d(l*l/d)   Is  In 

general greater than or equal   to the  sensitivity, d(p /p )/d(ltl/d). 
d es 

2. Small  values of rr (close to unity)   result   in higher sensitivity 
d at  the longer 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 1  < — < 2. w 

3.0    OBJECT DETECTING  SENSORS 

Wiien 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  Illustrated  in figure 3a or figure k of part  I.     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 flow from 
the emitter and may eventua'  y cause a failure 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   I   Instead of  the catcher.    This results  In 
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the configuration of figure 3b-     It  is apparent that the configuration 
of 3b is esser.ttally 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 fluid amplifier 
in the vicinity of the catcher  instead of a passive device or by allowing 
the emitter Jet to deflect a second Jet when the object  it 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 venturi  shape is used to increase the 
deflection of the detecting Jet. 

3.1   Thread Detectors 

Where surrounding conditions are suffic 
ranges at relatively low pressures and flows 
of laminar Jet emitters. These are also par 
tion of small objects which may cause negilg 
In a turbulent stream. If, however, the ami 
to yield a laminar Jet, then turbulence can 
small object such as a thread. When the Jet 
received by the catcher drops drastically 
used, for example, to detect  the breaking of 

lently calm to permit   It, long 
can be obtained by the use 

ticularly useful  for the detec- 
ible pressure drop when placed 
tter parameters are such as 
be triggered by even a very 

becomes turbulent the pressure 
A device of this kind can be 

a thread (fig.   k). 

impact devices, apparently very similar to the Impact modulator NOK 
element have been used as thread sensors In Japan according to K.   Iiawa [4]. 
The rapidly moving thread carries with  it a boundary layer of air thick 
enough to appreciably 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 

As noted  In part   I, the   longest  range fiuMIc sensor   is the acoustic 
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 fluidlc oscillator or by a 
piezoelectric crystal  and is detected by a Jet sensitive to 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, N  , for 

maximum Jet sensitivity is proportional  t» the square root of the Reynolds 
number, N., for Reynolds numbers greater than 150.    Thus from the data we may 
write       K 

o 

^ 
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o 

o 

N. A(NR)' (10) 

f. d/u_, MB ■ u    d/v, f    is the most sensitive frequency 

is the exit velocity, v  is the 

where N     -, „ , .,,, 
s   s   o' R 

in Hz, d is the nozzle diameter, u 
t 

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 

0.007 < A < 0.015; ax!symmetric-Jet (11a) 

0.002  < A < 0.008;  two dimensional Jet       (lib) 

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 
given Jet  is 35^0.    Therefore,  from equation 10 and the condition on A 
in equation  lie,  the Strouhal   number has the  limits 0.k2 < N    < 0.89. 

Now from the definition of Strouhal  number we find the sensitive frequency 
range as 45,000 Hz < f    < 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 
i,  then  if the distance to the sensor receiver is  less than l,  the sensor 
output will  be unchanged for frequencies less than f  , but will  be drasti- 
cally reduced for a band of frequencies somewhat higher than f  ., 

An 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. 

o If the beam width, 6. , of  the major lobe of the transmitted beam 

is defined as  the angle between  the points at which the  intensity becomes 
zero then, [10] eL 

sin "T - 0.61 (12) 
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where X     is the wavelength of the radiation and r, is the radius of the 
reflected surface. i 

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

2iir. 2 

T itr. (13a) 

J, hni 
mrL 

h 
where J^   (—r—)   is  the Bessei   function of  the  first  kind of order one. 

For -Jl » 1 
2i»rk 

2 

0* (-3) (13b) 
U 

For ~ >  t, the error  In 13b Is  lets than about 201. 

The  sensor may be used  In either  the direct or the reflex mode.      In 
the direct 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. 

Klshei  [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 f.    and remains off for ali 

frequencies between f.    and f.   ,  but  is on again for all frequencies above 

f.  .    Transition device B is off  for all   frequencies between f.    and f. 

but  is on for all other frequencies where 

fA;  *  fBi      fA;   ■   fB: 
The outputs of the two devices then go      to a simple logic circuit 

which yields an output only when A  is on and B  is off.    This occurs only 
for frequencies,  f.,, where 

fA2 1 
fN 1 f B2 

u 
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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, • 
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. 

k.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 oellows 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 R2  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 R2,  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 6b shows the pressure at  the  topmost outlet of tlie amplifier, and 
figure 6c gives the pressure at  the output and  in the bellows.     The 
average pressure p  is a measure of  the applied force. 

k.i    Strain Gage 

Another type of force sensor  is  the fluidic strain gage.       Drznwiecki 
[l't,15]    has pointed out   .hat 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 Drzewlecki  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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S.O VELOCITY SENSORS 

A fluid veloc 
device Is placed i 
so that the flowln 
causes the Jet to 
In the two catcher 
The velocity sens! 
and, consequently, 
velocity increases 
range since the Je 

ity sensing device [l6] is shown in figure 9. The d 
n the fluid whose velocity it is desired to measure 
g fluid strikes the supply Jet perpendicularly. This 
be deflected and varies the amount of the Jet caught 
s that are placed symmetrically about the main Jet. 
tivlty can be varied by altering the supply-Jet pressure 
the jet velocity.  Whereas, lowering the power-supply 
the sensitivity of the device, it also decreases its 

t will eventually be deflected beyond the catcher. 

5.1 Flu idle Devices Using the Vortex Shedding Phenomenon 

A circular cylinder whose axis Is perpendicular to flow past it, 
causes the flow un 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 'tO 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, N , is defined as 

» -A 
s  u 

where f is the shedding frequency, d is the cylinder diameter and u is 
the free stream velocity. Because N 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 detacting 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 

o 

u 

G 
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o F - 0.73 Pd (14) 

Ü 

O 

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

Vortex shedding can thus be used to vibrate a body. The vibrating 
of the body causes a coupling of the resonant frequency of the object 
with the eddy-shedding frequency, tending to alter both frequencies 
somewhat.  If 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 givt-s the 
flow velocity. 

5-3 QsciIlator 

Velocity can also be measured using a fluidlc 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 collar 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 Cod« Wheel 

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 drilled sufficiently close together In 
angle to yield the required angular sensitivity. This collar Is perpen- 
dicular to the shaft (fig.II). 

6.2 Jet-Receiver 

The angular position of a body rotating only through a small 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.  If the nozzle points so that it is centered 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 dct^mine the position of an automobile steering 
wheel [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 air velocity caused by the rotating fan which results in a 
dynamic pressure. This dynamic pressure will of course be a function of 
the rotation speed of the fan. 

8.2 Hade Counter 

If more accuracy  is desirable at the expense of 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  I].    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 sophisticated system can be used 
and the frequency measured to obtain more accurate results. 

8.4 Pulse Propagation  Time 

An angular  ratti-r.ontrol  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  sma11. 

In   its original   form [33]   the vortex  rate sensor  (fig.   \1*)  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 ju«t  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 fluid will 
take on the angular velocity of the device as  it moves through the coupling 
ring and will  spiral   in   toward the drain wirh a tangential  velocity,  u., 

I 
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which increases as it moves toward the drain and is given for inviscid 
flow by 

(15) 

where k\   is a constant 
r is the  radial distance from the axis. 

If the radius of the coupling ring  is r   ,  and u.     is the tangential c "c 
velocity at the coupling ring,  then from equation  15 

u. 'ec rc 
J9 

(16) 

The solid portions of the device have a tangential velocity u 
which obeys the equation 

'es k2r (17) 

where kj   is a constant. 

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

n ■ u      *  k  r 
esc    uec     Vc 

so that '6c 
us 

At  the radius  r,  the relative velocity, u       ,  between the housing 
and the fluid wi11  be 

re* 8 OS 
Vc uecr 

rei (-   - --) 3c   V        r  ' 

thus at a point where — "10 r 
urei-uec  ('0-0.l)-9.9u9c 

The pickoff, or sensing element,   is rigidly attached to the solid bidy 
of the device.    Thus,  the flow variable that the pickoff must sense  is the 
relative velocity,  u      .    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 L34j   is  illustrated  in 
figure 15.    Other variations are given by Sarpkaya [35J. Ogren [36j, 
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Doyle [37]. Jones [38], Scudder, et el. [39] and others.  In some cases a 
stage of fluid amplification is built as an integral part of the rate 
sensor. 

To gain seme insight into the importance of the various parameters, 
let us consider the geometry of figure 14 and assume steady incompressible 
inviscid flow. 

The continuity equation is 

y K> -o 

The  radial  momentum equation for  invisicid flow  is 

V 
P r dFl-r 

Now from 18 

ru r    u c    re 

(18) 

(19) 

(20) 

where u      is the radial  velocity at the coupling ring. 

The substitution of equations 16 and 20 into equation  19 yields 

(21) 
d    /c2urc2    . p,      rc2u9e2 

dF {    ir^       + p} P— 

Equation 21   integrates  to 
Pr 

Ps " P + 27^ (urc2 + uec2)  - I u9c2 (22) 

where p    is the supply total   pressure. 

In equation 7.2 the terms containing u    2 are centrifugal   force terms. 

For a given supply pressure the centrifugal  force terms tend to decrease 
the signal available   in the drain region.    The total   signal  pressure, pT, 

available at the drain   (r - r.)   is therefore  (assuming ambient pressure 
at the drain): 2 ? 

.  prc u re 
3T " Pa +     ffji (23) 

Thus at the drain,  from equations 22 and 23 we obtain  for r. « r d c 

PT - P. 

pr 2un
2 

c    9 c 
2rJ 

Pa + I pud
2 ilk) 

where r. ■ radius of drain; 

u. - 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 u. and on the ratio of the coupling 

ring radius to the drain radius.  It is apparent that for any given ratio 

there is a tangential velocity for which the dynamic pressure 
pu. 

becomes 

zero.    Thus,  the    maximum angular velocity that can be sensed depends on 
the coupling ring to drain radius ratio.    Although equation 2k 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 Plckoff 

Using the assumption of potential  flow,  the classical   solution for 
the pressure distribution around a circular cylinder   in a stream of uniform 
veloci ty u .  Is 

p(e) - Pa + i pud
2   (1   - A sin2e) 

This distribution  is  illustrated   in figure  16. 

From equation 25 we find that the pressure gradient   is 

dc 

(2*) 

gf" ■ " '♦PUj2 slne cose (26) 

As may be readily found from equation 26, the pressure gradient 

■£  is greatest when 9 * '«50; consequently, if the stream angle changes 

from zero by some small amount, the largest change of pressure will occur 
at 9 - i»50. 

Although real flow is viscous so that the above solution is not 
exact, it does indicate thot maximum sensitivity to a slight change in 
flow angle should be obtained by measuring the pressure at an angle of 
approximately kS0  to the flow. The pickoff, therefore, has a small hole 
In It which is set at approximately '«50 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 1<». When the angular rate is 
zero, the flow in the drain is essentially vertical and both holes in the 
sensor make an angle of kS"  with the flow. The pickoff shown uses an 
external plate to increase sensitivity. 

When an angular velocity, u, 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 kS°.    The pressure therefore Increases on one side of the pickoff 

o 

o 
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partition and decreases on the other side 
is thus a measure of the angular velocity. 

This pressure difference 

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. Now from equation 26, 
for a small change, Ä8, in flow angle, the change in pressure, Ap, Is 
given by 

and at kS" 

Ap ■ -k u.2 sine cose AO 

Ap - -2pu Ae. 

Ae 

sin Ae 
'ed U.JS. 

rdud 

(27) 

The difference in pressure between the two sides of the pickoff 
(Aap) is then 

A2P - 2|Ap| - Aopu .2 

where a is a loss coefficient. 

Now the change In angle, Ae, is given by 

u 

o 

( 

where u . is the tangential velocity at the drain. 
ed 

For small Ae 

Ae = slnAe - -S.-Hi. 
rdud 

Inserting equation 28 into 27 

A2p - W — ud u9c 
d 

The substitution of u. from equation 2k  into equation 29 yields 

'»ap  u . u 
d 

A2P ■ '♦ap 
rc

2       f2(ps-Pa)       rVV 

(28) 

(29) 

(30) 

It  is seen from equation 30 that the output signal   initially increases 
approximately  linearly for small u, but as the second term under the 
radical becomes comparable to the first term,  A2P reaches a maximum and then 
eventually decreases as    the angular velocity u  increases. 

The sensitivity  is the derivative of equation 30 with respect to 
u^and for small ui is given by 

dA^R. 
du 

Aap 
00+0 

2(PS  - Pa) 
-li 

(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 noise at 
a given bandwidth (or rasponre time). 

The fill time Is the chamber volume divided by the volume flow. 
For Invlscld flow the fill time t.  Is given for t. >> r. as 

dro c    a 
r 

'dro* 
(32a) 

re 

where u  is the radial velocity at the coupling ring. 

The threshold angular velocity Uy. Is given by 

VT 
"Th"-?- 

(32b) 

where u - is the tangential velocity at the coupling ring radius (r - r ) 
corresp gfiSin g to the threshold angular velocity. 

The product of the threshold angular velocity and the fill time is 
then ua - 

-Th^ro - 2r (32c) 
rc 

The flow angle ij* for  the vortex devices  is defined by tani{i » -— We 

may specialize this equation to define the threshold flow angle as 

(32d) tan ^Th - "A Th   u 
rc 

hence for small flow angles 

^Th* 
'ecT 

rc 
- 2 

"Th ^ro 
(32e) 

Since the pickoff of the sensor actually measures flow angle, it follows 
that the important consideration is not ID— or t.  but their product; 

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

In analogy with the Invlscld 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 I0~3 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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Null shift is du« 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 small 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 frequencies, 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 deal of the noise is generated as the fluid 
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.  If we define 
the momentum efficiency as the momentum actually delivered to the pick- 
off, divided by the initial momentum, then in general the efficiency 
decreases as the top and bottom plates of the chamber are brought closer 
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, ^0] 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. 

The response (fill) time for the inviscid sensor is essentially 
determined by dividing the chamber volume by the volume flow into or 
out of it 2i. nr 'h 

dro  irrd ud 

The expressions given for the fill time in equations 32a and 33a 
are equivalent. This can be proven by noting that from continuity 
u. - 2u . h/r. and then applying equation 20. For low angular velocities 

(u  * 0), the substitution of equation 2k  into equation 33a leads to 
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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 considered, 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 coil wound around the 
outer diameter of the sensor provides an axial magnetic field that acts 
on thr moving charged-fluid particles causing them to move in the direction 
perpendicular to both the charge flow and the magnetic field; namely, In 
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 

Schmidt in and Rakowsky [1*3] have devised a double drain that feeds 
directly into a fluid ami'ifier as illustrated In figure 17* Raised 
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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dri'ns 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. If angular rotation 
causes the whole device to turn, Ihert 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'nee the flow into its controls 
will differ. 

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

8.6.2 Plate and Pi tot Tubes 

This type of plckoff ['lit] 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 pi tot 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 giv».n 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.  In 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.'i 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 acros» 
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 ['»6]. 
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As figure 20 Illustrates, a disc or wheel Integral with the drive 
shaft provides the vortlclty that causes a resistance drop between Input 
and outpi't. The input and output are then applied to the controls of a 
fluid amplIfler. 

U 
b.6.5 Spherical Plckoffs 

Sarpkaya [kj]  has designed a vortex rate sensor that uses vanes to 
obtain uniform Input flow and to couple the sensor rotation to the fluid. 
The plckoffs consist of two spheres each supported by signal transmission 
tubes. This arrangement allows two additional degrees of freedom compared 
to the cylindrical pickoff, 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 fluidlc 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 ty^es 
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 ax's 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 Ikfl]. 

The mass may also be inserted into a circuit [49] that 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 amplifiers is balanced. Some part of each of the last stage 
outputs is fed back as Illustrated. When acceleration causes the cylinder 
to move clever to one side than the other, the flow will be restricted 
causing IN 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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o 9.2 Vibrating String Accelerometer 

The operation of the vibrating string acceIerometer [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. 

u 

o 

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 Schmidt In in part I. Schmidlin discusses 
[523 using one or More loops, filled with mercury, connecting the two controls 
of a fluid amplifier, as an angular acceIerometer. 

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 sansor of 
Neradka ['♦Sj. 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 loops or windings; however, these windings are 
Interposed between two stages of fluid amplifies and are perpendicular to 
the plane of the amplifiers. 

11.0 PRESSURE DETECTING DEVICES 

o 

In certain processes it is necessary that a  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, us Kg 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 2^, a band of pressure in the vicinity 
of the reference pressure may be selected [55]. If the unknown pressure 
Is close to that of the reference pressure, the flow exits through A. 
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If the unknown pressure is either sufficiently less than or more than the 
reference pressure, the flow exits through B. 

The need for en auxliiary 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 ampli- 
fier through a linear resistor and to the other control through a nonlinear 
resistor.  If 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 is greater than the reference pressure, the flow 
through the nonlinear resistor will be greater then 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 generel 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 
Pressure threshold, the liquid is switched to another tank or to a reservoir 
58, 59, 60]. If the system is one that requires that the liquid flow 

be snut 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 

U 
1 

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 decreases, 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, 6^]. 

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 t>«j 
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.*» 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. Whan the tube opening is above the 
liquid level, the tube resistance is low.  When the water level rises to 
cover the tube opening, the resistance to flow becomes hhh 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. 

12.5 Interrupted Jet Sensor 

An interrupted 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 receiver 
combination.  In order to 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 al 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 tuba its capacitance [69, 70] 
is changed. 

13.0 TEHPEHATURE SENSORS 

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

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 required. In which case the ges 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 
B-C [71].  It is more or less obvious that this requires thet the pressure 
drop between A and B and/or C and 0 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 in orifice, the pressure drop Ap is given by 

A« . ou? .  apq2 

I 
where d is the orifice diameter. 

{34a) 

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] 

*P-^-££ Wb) 

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

t  is the length of capillary. 

For most gases, p is an exponential function of temperature over at 
least a limited renge, i.e., 

n 
u m v   T 0 a 

(35a) 

where u    end n are positive constants  (for air, n - 0.76 over an appreciable 

range) and T    is the absolute temperature of the ges. 
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o Furthermore, from the ideal gas law 

p -rf- 
9 « 

(35b) 

where R is the gas constant. 
9 

Sow, 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 
volume and assume that equation 35b holds approximately for the average 
values. 

■4ow, if the volume flow, q, is Kept constant, the pressure drop 
across an orifice as a function of temperature, (from equatiois 3'»a and 
35b). is of the form 

Ap - aT^1 (36) 

0 whereas,  the pressure drop across a capillary duct   is of the form 

o 

c 

Ap-bTn+bT -1 
1 a    i a 

(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 }kb  or 37 
large with the respect to the sqtare-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 important 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•I•1  Bridge Type Resistance Temperature Sensors 

Haspert has reported [73] the use of a fluidic bridge for measuring 
small temperature changes due to the passage of 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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In series  (fig.   35 of part   I).    The wire is Jin  the vicinity of one of 
the orifices end  the bridge becomes unbalanced when the gas temperature 
changes due to passage of current through tree wire. 

13.1.2    Infrared Sensor 

The infrared sensor [74] uses four laminar resistors each of which 
Is zig 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  th-  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 fails.    The  resistors on diagonally opposite quadrants are connected 
to fluid amplifier  inputs,  the outputs of which provide an  Indication 
of the position of the beam. 

13.2    Fluldic 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 0.1 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 control 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 10 the right-hand side,   thus completing the 
c/cle. 

o 
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The period of oscillation T will be 

T-Ü+2T 
c s (38) 

where 
T    Is the switching time and  is Inversely proportional  to the Jet 

velocity, 
c    is the speed of wave propagation, 
t    is  the   length of one   loop. 

if the duct   is not  too small, then the speed of wave propagation 

(39) 

c will be approximately equal to the speed of sound a , given by 

s    9 a 
where Y IS the ratio of specific heats. 
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0 If we assume that the switching time i  is negligible, the frequency 

of oscillation, f, is then given from equations 38 and 39 by 

f.i- ir («•) 

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

df 

f i 

o 

5rdT, 
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. 

o 

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 [72, 79] of the beam deflection amplifier a*e presented. 

Assuming rectangular cavities o* breadth b, and length i  (in direction 

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

where 

I. Ii 
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wt 

u 
u ■ angular frequency 

Nu ■ mach number-. 

f 

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 
oscillation to drop out as C- Increases so that for C- > 0.045 only the 

fundamental exists.  It is Interesting to note that this model predicts 
that for values of Cj near zero, the frequency of oscillation Is the 
edgetone frequency. 

Although quantitatively Incorrect, the results do agree qualitatively 
with experiment t'Lh respect to the effect on the frequency of velocity, 
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 considc-sd 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 
ö. 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 C, 

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 eliminate 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 considering 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 
rrjst 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 
(pre^ures 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.  In 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 noniinearlties involved, harmonics 
of the frequency corresponding to the temperature also appear.  If 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 
amp Iitudes. 
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In many cases,  it  Is necessary to convert the oscillating signal 
into a d.c.  pressjre proportional  to frequency.    Some circuits  to do this 
are discussed by Sutton and Chapin [8o]. 

The time response of  temperature sensing oscillators  is discussed 
by McMillan and Pamper in  [81] who model   it as the sum of two first-order 
lags 

G(s) T 
LL 
»I" I + T2$ 

where TJ  is  the time delay associated with the flush-out time and xz   is 
the delay associated with the thermal   inertia of the body. 

The authors give typical   time constants as 

fj - 0.01  seconds 
T2 " 2.0 seconds. 

The second time constant may be compensated for by a lead circuit, 
according to the authors. 

1 'i.0    VELOCITY METER OR FLOWMETER 

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

For example,   if we examine figure 29, we note that  for C- sufficently 
small,  6.   is approximately constant. 

Since bl'~
m ^T"^«   '* follows that for ß£ - constant,  the fre- 

quency f is proportional  to the velocity.    Thus,  for  low velocities,   the 
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 C- * .03 for the highest velocity to 

be measured and,   in general   it   is seen that figure 29 equations Al  indi- 
cate that for an oscillator  intended for use as a flowmeter,  the ratio 
bj/l should be made small   so as to extend the  linear region; whereas,   for 

an oscillator intended as a temperature sensor,  the ratio b-/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 

where f is the switching time. This switching time Is inversely pro- 

portional to the Jet velocity, i.e., 

n Ts-ir 

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 t 

is  large compared  to the  time for feedback.    This will   result  in a  long 
linear 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  I). 

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

The pressure drop across the   linear  resistor  is given by 

auq (42) 

where u ■ viscosity; 
q * volume flow; 
a - constant dependent on geometry. 

The pressure drop across the nonlinear resistor is give;, by 

PN - bpq^ (43) 

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

The pressure drop across the  two resistors in series,  DB,  is held 
constant and 

PB " Pl-S * Pus ' pLR + pNR (44) 

where the subscripts S and R indicate the halves of the bridge through 
which pass respectively the sample and reference gases. 
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From equations '♦2 and 43 we have for the reference gas 

h     P" PNR '  bpR &Sf 
A similar t-iuation holds for the sample gas. 

From equations H and 45 

C*5) 

Defining 

I 
PB       PB' 

\R bp-P RKB    KLR 

■V   pB' 

b0RPB (46) 

Then defining 

PLR      /I  •>• 46 -  I 
P-    " J5 (47) 

After finding 
Pb 

•#. LS  '  PLR 

2 
0SMR 
PBU 

Ap 

RMS 

from equations 44 and 45, we obtain 

c      /I  ♦ 4k9 -   1        /TTW - 1 
2ke 26 

(48) 

(49) 

If the bridge  Is to be used to measure the amount of a known   impurity 
In a known gas, for example excess CO2 in air,  then air is used as the 
reference gas and excess CO2  in air  is the sample gas.    For small  amounts 
of CO2, k will  be approximately equal  to unity.    On the assumption  that 
k * 1, G(e)  defined below,  can be approximated from equation 49 as 

G(e) . ^£ * /nnnr - 29 - '   (.k 

'B 26/1   + 46 
(50) 

From equation 46, 9   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(e)   has a maximum at 6 - 1.207 where 

/I  + 46 - 26 - 1 
G(e) 

29   /I  + 46 
(51) 
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Con$«qu«ntly IMXIIMM sensitivity Is obtained If,  for the particular 
rafarenca gas being used,  resistor geometries and the pressure p- Is 
chosen such that e - 1.207. 

The above analysis assumes that both the linear and nonlinear 
resistances are pure;  In actual  fact, however, the linear resistances 
will have some nonllnearity and vice versa.   Vlllaroel end Woods show 
that this impurity of the resistances can be accounted for by a multl- 
pl Icatlva factor i\. 

A plot of 6(9)  for CO2  is given in figure 36 pert  I. 

16.0    IN CONCLUSION 

The sensors described  in parts 1 and 2 by no means  include ell the 
fluldlc sensors.    New types ere continually being devised, most often 
by edapting, 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 esceped recognition as a means of sensing. 

Seemingly unrelated improvements in fluldlc devices  (such es  low 
noise laminar ampllfierc) often make possible new or Improved sensors. 
Thus, we cen continue to look forward not only to the capability 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 fluidlc 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 envirorrental 
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 to acoustic perturbations will 
become turbulent.  Tyndall1 first observed this in 186? 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 ]962 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'KeefeS in 1967 described a "flow mode" device utilizing 
laminar stream properties for use as a fluldic digital 
amplifier. The structure of this device lent Itself to 
production of arrays on a flat sheet and has since become 
known as the Flowboard Amplifier™ , abbreviated PB Amplifier. 

This unit was found to be sensitive only to a narrow band 
of frequencies 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 the 
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. 

Por 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 1/4 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 subftantial portion of the 
stream energy and is registered at the output. When the 
stability of the Jet is broken down by a control Jet of 
lower energy in the complex manner described by R. O'Keefe^, 
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 Jet 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, its 
output is 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 fem-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. 
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The placement is Judiciously 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 is 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 vnlue. The open end of ona 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, 
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 .OkO  inch throat. 

The Horn System 

The operating frequency of a fluidic acoustic source is 
approximately 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, it 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. 1 
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 30°• 

The sensor element is similarly 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. 

Figure 9 shows the ABS plastic components of the system 
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 11a and b. 

In the direct mode when an acoustically opaque object is 
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 function of the supply 
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 
l,h psig, the system requires about 1.4 watts (Joules/ 
second) to operate. Figure 15 shows the range of output 
pressures available 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 is, 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 
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 
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 l8a. The radiation 
pattern measured for this array is shown in Figure 19> 
along with that calculated theoretically, assuming a point 
source and, therefore, a uniform intensity across the face 
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of the paraboloid. Clearly, considerable improvement in - 
directivity and side lobe suppression was achieved in \~J\ 
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 l8b. 

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 
reflecting surface. This system allows for spans of up 
to 16 feet. 

The active elements of the paraboloid system are the 
same as those for the standard horn systems; the power 
consumption remains the sama. The graphs of Figure 21 and 
22 reveal the spam 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 45° 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 is considered for 
personnel detection as a safety device, monitoring circuitry 
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 colliraated 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 is 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 them 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 velocity of 
sound in air is proportional to the square root of the 
temperature, a temperature gradient oblique to the direction 
of propagation can cause the sound beam to bend or refract. 

For the relatively simple case of a uniform temperature 
gradient, normal to the beam, calculations show that for 
the beam to be diverted 1/2 a beam width in a 10-foot span, 
the temperature gradient must be greater than 60F/foot. 
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INTRODUCnON 

The vortex rate tensor has now been under development for approximately 
fifteen years. During the first few years following Its conception, 
development efforts were pointed toward defining mathematical models 
for sensor operation. This period was followed by experimental models 
which produced data showing the feasibility of the basic concept and 
which pointed out areas of needed Improvement. These early development 
models were then applied to a variety of experimental inertial rate 
sensing and inertial rate damping systems. Some were a success and 
others were not. Those applications which were successfvi and which are 
still strong today are those which take advantage of one or more of 
the following strong points of the vortex rate sensor. 

. High reliability (no moving prrts) 

. Operable in seven environments (vibration,shock, temperature and radiation), 

. Fast ready time 

During recent years, methods of fabrication and produclblllty have been 
stressed. At the present time, ch* vortex rate sensor is an operational 
and producible inertial rate sensor with at least five ma lor areas of 
application. This paper prixonts a description of present vortex rate 
sensor design,method of fabrication and level of performance and describes 
briefly those areas of application which show significant promise in the 
future. 

> 

u 

PRINCIPAL OF OPERATION 

The vortex rate sensor is a pure fluid device that senses angular velocity 
about its input axis and provides a fluid signal proportional to that 
velocity. There are no moving parts within the device and it employs a 
pattern of fluid flow to sense angular rotation. 

The three basic parts of the vortex rate sensor are the coupling element, the 
vortex chamber, and the signal pickoff. The coupling element, the vortex 
chamber, the signal pickoff, end other secondary parts are shown in Figure 1. 
The fluid enters through the inlet and disperses around the annular plenum 
chamber. After passing through the coupling element, fluid flows towards 
the sink outlet and the pickoff. In some designs, as shown in Figure 1, a 
second sink outlet is added to increase the flow through the sensor thereby 
increasing sensor response. 

The rate sensor coupling elemsnt imparts any turning motion of the case to 
the fluid flowing through the coupling element. The turning motion Imparted 
to the fluid is amplified by free-vortcx action as the fluid flows inward 
toward the sink outlets. This pattern of flowing fluid is contained within 
the vortex chamber and is made up of two superimposed flow fields: 

. A "sink" flow field, where the streamlines are radial and the 
flow path is straight to the center outlet. 

o 
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• Superimposed upcn Che link flow field is a race-imposed 
tangential flow with a resulting vortex pattern. 

In the resulting superimposed flow pattern, the streamlines assume a 
logarithmic spiral as they flow towards the center outlet. 

The logarithmic spiral results from one of the basic principles of motion 
the conservation of angular momentum. This principle states that the total 
angular momentum of a body about an axis remains constatn in the absence 
of restraining forces. Any turning rate about the input axis of the vortex 
rste sensor imparts a tangential velocity component at the outer rlnc 
to the already-present rsdial component. 

The resulting angular momentum is conserved as the fluid is drawn towards 
the center outlet. Therefore, the component of tangential velocity incresses 
to a maximum at the outlet. This amplified tangential velocity is detected 
by a pickoff in the outlet sink which is sensitive only to the tangential 
velocity component. 

A major breakthrough in the development of the vortex rate sensor was the 
discovery of a pickoff which accurately sensed the magnitude of the vortex 
action without generating unwanted "noise". In detail, its configuration has 
changed during the development stages of the vortex rate sensor, however, its 
basic principle of uperuLiun IIMS ceuMiiitsu Che »aiutr. Tu« pickoff OMMi^tt oT M 
aerodynamic surfsce which protrudes into the flow stream in one of 
the sink outlets. In the absence of case rotation, the fluid flow over the 
pickoff is at zero angle-of-attack. With an input turning rate, the stream 
flows over the aerodynamic surface at some angle-of-attack proportional to 
the helix angle generated at the coupling element by the case turning rate. 

This angle-of-attack produces a differential pressure across the airfoil, 
which is sensed by pressure ports loca*-*d in the wall of the sink tube on 
opposite sides of the airfoil near the leading edge. 

VORTEX RATE SENSOR THEORY 

In most rate sensor applications, the important Performance characteristics 
are sensitivity, accuracy, and response tipe. Performance with respect to 
these characteristics depends upon several parameters, the most important 
being the dimensions of the vortex chamber and the flow rats through it. 
A large vortex chamber, a small outlet, and a low flow rate generally result 
in a larger and more stable vortex motion. This is conduclv to a more 
sensitive and accurate output signal. However, this also results in a slow 
response, for the response time of ths vortex rate sensor is dependant upon 
the chamber volume and flow rate through it. A sensor with a fast response 
requires a small chamber volume and a feat flow rate; sensitivity is 
sacrificed. Because accuracy is dependent upon the sice of the sensor, a 
tradeoff is generally necessary between sise and power (flow rate) to obtain 
the best comproroi»« between accuracy and response. The tradeoffs between 
the parameters of flow rate and sise art determined by the application. 
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MathtmaticAl modelt for some of thttt < :h«raccer 
allowing accurate prediction of device performance. Other characteristics 
have been established by empirical method«. The following describes the 
present knowledge in this area. 

Sensitlvitv 

The basic parameter used to express the sensitivity of the vortex rate 
sensor is scale factor. The following equation defines rste sensor 
scale meter for the presentIv used pickoff design. 

TT  8. F. Tip Qp x 10 -4 

where 

S. P. • Scale factor (psl/deg/scc) 

T) * Correction factor for viscous effects 

p - Pluid density (slugs/ft3) 

Qp - Plow rste through primary sink (CFS) 

1 ■ Coupling inner radius (ft) 

^ • Radius of sink (ft) 

The correction fsctor for viscous effects or viscous efficiency is: 

1 - e ^ T) 
W/9 

Where the viscous parameter 03)  !•: 

B    - V , 
12 vRo' 

Q ■ Total flow rate through sensor (CFS) 

h - Plate spacing (ft) 

v - Pluid kinematic viscosity (ft2/sec) 

»0 ■ Coupling inner radius (ft) 

A correction factor is used to account for loading effects on the 
pickoff. 

S.P.  (losded) - UL* 
I ♦ (CiAL/cpAp) 
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where: 

Cross sectional arc« of load orifice or port 

Cross-sectional area of pickoff port 

Plow coefficient for load  (approximately 0.65 for orifice) 

Flow coefficient for pickoff  (approximately 0.35) 

G 

G 

0 

\ 
\ 

Aycufacy 

The accuracy of the vortex sensor is described by three parameters; 
threshold, noise, and linearity.    Threshold defines the minimum 
detectable rate; noise defines the stability   ot the output signal; and 
linearity defines the deviation of the output fron a nominal scale 
factor curve. 

These parameters cannot be described thcoretirally  but have been established 
from a large amount of empirical data.    They are not amenable    to theory 
because they depend upon the stability of the flow pattern.    Turbulence- 
generating flaws such ft f^arp e»*»»« or proerusio»»» on th* coupling or 
non-synnetriej of the pickoff cannot be predicted.    To establish a reference 
point for determining accuracy, a large number of units of various sizes 
have been tested. 

Threshold - Threshold of the VRS is liaiCud by noise and the capabilities of the 
pickoff.    The minimum swirl rate which it can detect is Cha limiting 
characteristic.    Therefore, the larger the coupling diameter, tha greater 
Che swirl rate and the  lower the threshold.    Thresholds of  less thsn 0.1 deg/scc 
•re obtsinable with present sensor designs. 

ioiso - Random perturbations (noise) develop within the flow pattern at 
•harp edges or protrusions and appear in the output signal as pressure 
fluctuations whose frequency and magnitude are both random  In nature. 
The Reynolds number for Incompressible fluids snd Mach number for compressible 
fluids are  important parameters for minimizing noise.    For  liquids, maintaining 
• Reynolds number of less than 4,000 in the outlet sink and avoidlnr cnvltation 
reduces fluctuations due to large scale turbulence.    Maintaining a Mach number 
less than one for gases eliminates fluctuations due to tha davslopawnt ot 
•hock waves. 

Linearity - Non-linear rate sensor outputs result from two sources: 

1. Nonsymmctrles in the physical structure of the davice. 

2. Inherent saturation of the pickoff. 

The former is generally the  limiting characteristic.    The most critical 
area for minimizing physical non-symmetries   is in the exit and pickoff 
region.    Msintaining sharp corners,  smooth flow surfaces, and symmetrical 
bore and pickoff ports  is of prime importance.    With reasonable parta 
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control a linearity of ±31 it poaalbla. 

Saturation of the plckoff la reached when tha flow angle of attack 
approaches about 30 degrees. Output linearity degradation due to plckoff 
saturation occurs at about 1/2 the fully saturated condition. The rate 
at which this occurs is approximately: 

L.l.     ^Qp dag/aec 

W »i 

Keaponse Ttwe 

The response of the vortex rate aensor is approximately a simple time 
delay. The time delay equcls the emptying time for the sensor, which 
is the ratio of the vortex chamber volume to the volumetric flow rate 
through the chamber: 

t - trVh 

^t 

Where: 

t » tine response (sec) 

K • coupling inner radiua(ft) 

h ■ plate spacing (ft) 

Q ■ total flow rate through sensor (CFS) 

The secondary sink provides a means of ineraaaing the total flow through 
the sensor, and thereby increasing sensor response, without exceeding the 
priaury sink flow limit.    This primary sink flow limit would normally  be 
sonic velocity,  in a aenaor run on gaa, or the critical Reynolds number 
for the onset of turbulent flow in a aensor run on liquid.    Therefore, 
the response of a given aenaor can be increaaed, at the expense of power 
flow, by increasing the size of the secondary sink.    A practical limit 
•slats, however, at a aecondary-to-prtaary aink flow ratio of approximately 
three to one.   At higher flow ratioa, the large flow rate through the 
secondary aink cauaea a skewed velocity profile in the vortex chamber, 
which prevents further increase in response and which may have adverae 
effects on sensor scale factor. 

o 
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SENSOR DESIGN AND FABRICATION 

The components  of  the vortex rate sensor are  (I)  the housing and 
manifold,   (2)  the coupling element,   (3)  the plckoff,   (4)  the null 
adjust and built-in-test   (BIT)  feature, and  (5)   the  temperature 
compensation section.    The  last two components are optional,  but 
they are now frequently  included in the sensor design.    The following 
is a description of these components and the method of fabrication. 

Housing and Manifold 

The housing normally contains the supply plenum,  the upper and lower 
faces of the vortex chamber and the secondary sink (if one is included). 
The manifold, which is usually an integral part of the sensor housing, 
provides power to the supply plenum,  collects the return flow from the 
sensor sink (s) and brings  the plckoff signals out of the sensor.    As 
shown in Figure 2  the housing consists of two pieces, a base and a 
cover.    In the design of Figure 2,  the base and cover are machined 
from aluminum with the manifolding drilled and O-ring seals used 
between the two pieces. 

In the more recent design shown in Figure 3,  the cover  is machined with 
Internal porting  for the secondary sink flow.    The base is a plate with 
the manifolding  for the power,  the return flow and  the plckoff signals 
fabricated on the external  surface using the <?l«»cfroform conductive wax 
(ECU) process.     The ECW process uses a  baseplate of stainless steel on 
which a conductive wax positive,  in the shape of the desired manifold 
channels,   is  injection molded.    Nickel  is then electroplated onto the 
wax and baseplate.    The wax is then removed resulting in a  sealed assembly. 
The manifold side of the sensor base is shown in Figure 4. 

Coupling Element 

One coupling version consists of a cylinder of porous material planed 
Inside the vortex chamber at as  large a diameter as space permits  (See 
Figure 1).    The rotation is  imparted to the fluid as it seeps through the 
fine porous passages of the coupling.    Another version uses a stack ot 
equally spaced"washers"  (See Figure 3).    Coupling  is provided by viscous 
drag of the top and bottom faces of ehe washers on the fluid flowing 
between them.    This causes exponential decay of any circumferential 
motion relative to the washers;  i.e.,  the turning rate of the washers 
becomes  Imposed on the fluid. 

The advantage of the porous coupling is  that it can be used in very small 
devices and still provide good coupling.    The advantage of the washer 
coupling Is that  it,  in general, has  lower bias and random noise.    The 
«•sher coupling,   If  it  is too small, or if the flow speed through it is 
toe high, may not couple effectively      This  latter effect has not been 
a problem in the general c'ass of sensors used to-date, and therefore, 
the washer coupling design   <.s most frequently used. 

L 
\ 
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The design of a Cyplcal coupling element washer la ahovn in Figure 5. 
The washer, wich spacer tabs, is chemically etched in one piece. A 
number of these elements are then stacked on alignment pins (see pins 
in plckoff of Figure 3) to obtain the complete coupling element. 

As noted earlier under Responsj Time Che response of the vortex rate 
sensor is dependent on the vortex chamber volume and, therefore, on 
Che coupling element inner radius. The sensor response can therefore 
be characterized, to a degree, by variation in Che inner radius of die 
various washers within the coupling element. Figure 6 show* one 
combination. Half of the coupling element has a constant inner radius, 
while the other half haa an inner radius which decreases In steps to 
one Chird of the largest valuu. The smaller radius washers produce 
a faster response and lower sensitivity. 

The resultant response of the total coupling element Co an input 
turning rate is somewhat similar Co that produced by a lag-lead 
dynamic shaping network. 

Ptckoff 

The signal plckoff includes Che primary sink Cube, Che airfoil and the 
pressure taps. 

Figure 7 shows an electroformed plckoff. The  base for the plckoff 
and entrance to the outlet sink are machined, and then the rest 
of the sink hole, the airfoil and the output plckoff ports are 
formed on the opposite side of the pl«te using the ECW process. 
The pre-electreformed plckoff of Figurt / Is shown in Figure 8. 
A slot, which divides the wax cylinder of Figure 8 into two 
halves, results, when electroplated, in the airfoil shown at 
the sink exit of Figure 7. 

O i 

O 

o 
Figure 4 shows another electroformed plckoff design.    This unit 
has two sets of plckoff ports, one on each side of the airfoil. 
These plckoff signals are summed in the sensor manifold to reduce 
Che output impedance of the sensor. 

302 



o Null Adlust and Bullt-ln-teat 

Sensor null adjustment and test signal is accomplished wl-h a small blade 
which extends into the vortex chamber downstream of the coupling element. 
By turning the blade, a small swirl, in either direction, can be imparted to 
the the flow which can be used to null the sensor output. With the sensor 
nulled, the blade is locked to prevent subsequent variations. A test signal 
can be introduced by rotating the blade a set amount. When combined with 
the null adjust, a second lock and rotational stop is provided for the test 
feature. 

0 

c 

Temperature Compensation 

In most applications the total flow through the rate sensor Is held 
constant. Therefore, from the scale factor equation it can be seen t hat 
change in scale factor with change in fluid temperature occurs due to a 
change in the viscous efficiency fT). One method of compensating for 
this change in viscous efficiency is to push more flow past the pickoff 
when the VISCOUK efficiency is low (high fluid viscosity) and less when 
the viscous efficiency is high. This is accomplished by transferring 
flow from the secondary sink to the primary sink as the fluid viscosity 
Increases. A stack of small washers (see Figure 5).with Integral spacers, 
similar to the eVV^lifffl rlrs'- ",'', iTarpd «f- rh»> «rtt and in  series with 
the secondary sink hole. These furm a viscoubi cattiutor  which produces 
the desired effect of transferring flow from the secondary sink to the 
primary or pickoff sink as the fluid viscosity increases. By proper 
sizing of this viscous resistor, the rate sensor scale factor can be held 
relatively constant over a wide fluid temperature range. 

SENSOR PERFORMANCE 

The performance of the vortex rate sensor will depend, to a significant 
degree, on the sensor design, which in turn is based on the sensor application. 
The following data is not meant to represent the limits of attainable 
performance for a given parameter. It does represent, however, the level 
of overall performance obtainable from present vortex rate sensors. 

• 

Scale Factor 

0 

Figure 9 shows a scale factor curve for the rate sensor of Figure 2, using 
MIL-H-5606 hydraulic oil as the operating fluid.    The data  in Figure 10 
shows the variation in scale factor with oil temperature and flow rate 
for this same sensor.    The sensor has both a primary and a secondary sink 
with viscous resistor elements in the secondary sink to provide scale 
factor temperature compensation. 

Figure 11 shows scale factor versus flow rate data for Che sensor shown 
in Figure 4.    This data is for MIL-H-5606 hydraulic oil at 120*F and ISO'F. 

; 
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The reritirtion In sensor scale factor when loaded with a fluldlc amplifier 
having control port dimcnsirns  of   .025 In. x Mi  In is also shO' n.     In 
this case the  loaded sea c factor is 42 percent of  the dead ended scale 
factor.    This device also has  temperature conpunsation built   into the 
secondary sink, however,   In  the configuration tested,   it was not sufficient 
to completely eliminate variation  in scale factor with change   in oil 
temperature.    The increasing slope of the scale factor versus flow rate 
curves at the higher flow rates  is due to an increase in the VISCOMS 
efficiency CT). 

Acciirncy 

Figure  12 shows data for two parameters effecting sensor accuracy,  noise 
and null shift.    The data  is  for the sensor shown in Figure U and goes 
with the scale factor data presented in Figure 11.    As shown,  noise in 
equivalent degrees per second,  remains approximately constant with changes 
in flow rate and  fluid  temperature, which means  that  the pressure  fluctuation 
amplitude increases  in proportion to the scale  factor.    The maximum Reynolds 
number in the primary or pickoff sink for the two curves shown is approximately 
3000 (5.5 eis,  120oF) and 4750  (5.5 eis,   l80oF).    It should be noted that 
the data  is plotted as a  function of total sensor flow.    At the 5.5 eis,   180 F 
point,  the primary sink flow was measured at  1.8 eis. 

The noise data presented in Fisure 12 is for s fraqyercy spectrum of  less 
than approximately 20 Hz.    The data  is  limited to this frequency range 
because of limitations  in the standard pressure measuring  instrumentalon 
used and because most sensor applications have response limitations of 
less than 20 Hz. 

When Uiing a  liquid as the operating fluid, as  is the case with the data 
shown,  care must be taken to eliminate air from the sensor signal  lines and 
from t.ic return plenum at the exit of the sensor sink (s).    If not removed 
by designing the sensor lines  to be self purging,  the air will act as a 
capacitor which can set up oscillations or cause fluctuations  in the two 
output ports to get out of phase and thereby produce noise. 

The null shift data of Figure  12 was obtained by adjusting the sensor null, 
using the null adjust blade,  at 2.0 eis and  120oF, and then recording  the 
sensor null at the other flow and oil  cemperature conditions.    The null 
shift is attributed to changes in the flow pattern in the sensor. 

u 

( 
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Response 

Figure 13 shows frequency response curves at several  flow rates for the 
sensor of Figure 2.    This unit has a vortex chamber volume of approximately 
0.04 cubic inches, which should produce a sensor delav time of 0.010 seconds 
or 90 degrees phase lag at 25 Hz with a total sensor flow rate of 4.0 eis. 
When tested in the normal two sink configuration, with a flow split of l.S eis 
through the primary sink and 2.5 eis through the secondary sink,  the sensor 
exhibits considerably greater phase  lag  (90°  l*r, et  15 Hz).    Part of this 
Increased lag is due to tho flow split,  as shown by the response curve for 
4.0 els flow rate with only one sink.    With two sinks, and particularly when 
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a high proportion of the flow Is going    through the secondary sink, 
the signal transmission speed across the vortex chamber to the pickoff 
Is reduced.    The remainder of the  Increase  in phase lag la attributed 
to lags in the sink and pickoff region of the sensor. 

Although the actual sensor response does vary from the simplified 
theoretical value, sufficient empirical information is available 
to design a sensor to meet specific response requirements.    In 
cases where high response has been required, such as the ejection- 
seat stabilization application, sensors with delay times of  less 
than 0.00S seconds have been designed and successfully tested. 

Reliability 

In 1967, a program was  initiated under the sponsorship of the U.  S. 
Army Air Mobility R&O Laboratory to demonstrate the reliability of 
various fluidic components.    During this program, the vortex rate 
sensor was subjected to over 48,000 operating hours without a failure. 
The test was conducted under typical MIL spec, operating environment« 
such «s 10-micron filtered  oil, 50-micron filtered oil,  -25° to +185'? 
temperature variations, and 0.5 to 2 g vibration.    None of the 16 units 
tasted failed the life test either by a catastrophic failure or a per- 
formance degradation failure, where rne f^Hnr^ rrlterla was based on 
allowable race sensor performance degradation for a typical aircraft 
stability augmentation system application.    As a result of these tests 
a rate sensor MTBF in excess of 48,000 hours was demonstrated and a 
predicted rate sensor MTBF of 100,000 hours was established. 

VORTEX RATE SENSOR APPLICATIONS 

The following is a brief description of the major areas of application 
for the vortex rate sensor to date. 

Aircraft Flight Controls 

The most common area of application for the vortex rate sensor to data 
has been in aircraft flight controls, where it is the prime inertial 
•ensor for stability augmentation. 

Fluidic stability au^ncntation systems, operating on hydraulic oll fron 
the aircrafts power supplv.   have accumulated over 325 single-axis flight 
hours on Army OH-58A and UH-1 type helicopters and have been tasted on 
the S-S8 and CH-S4 helicopters.    A number of systems (14 two-axis and 
12 single-axis) are presently being built  for field test on OH-58 and 
TH-57 helicopters, and ac'ditional prototypes are being built for 
•valuation on Sikorsky's UTTAS. 
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In the age of high reliability requirement« and redundant flight control ayitema, \   ) 
the fluidlc SAS, because of its reliability, offers advantages as 
either a primary or a backup system. 

Turret/Cuoola Stabil isst ton 

In the high vibration and shock environment of a helicopter gun turret 
or a cupola/turret of a ground vehicle,  the environmental ruggedness 
of the vortex rate sensor offers significant advantages.    In early 
1974 a two-axis inertial rate damping system,  containing two vortex 
rate sensors, was installed on the XM-28 turret of the AH-1G helicopter, 
and gun fire tests were successfully conducted.    Under another program 
sponsored by the U.S. Army Weapons Comnand, Rock Island Arsenal, a 
single axis of a stabilisation system for the cupola of an armored 
personel carrier was built and bench tested.    Both of these areas appear 
to be good applications for use of the vortex rate sensor. 

Election Seat Stabilisation 

Where fast  ready time is required of a stabilisation system,the vortex 
rate «envur has Lite required capability.    Feasibility of chc fluidlc control 
system concept for ejection seat stabilisation was demonstrated in the 
flight test phase of the control system development program,("Development 
of a Fluidlc Control System For An Aircraft Ejection Seat", NADC Contract 
H00156-71-C-0226).    The vortex rate sensor is the key component used in this 
fluidlc solution to the ejection-seat stabilisation problnm. 

(, 
8afIna and Arming 

In a number of safing and arming systems, inertial angular rate la the 
controlling parameter.    An example of this la the case where a vortex 
rate switch was developed and a number of units were fabricated for a 
missile safing and arming application under contract DA-28-017-AMC-1524(A) 
and DAAA21-67-C-1111 for the U.S. Army, Picatinny Arsenal.    The rate 
switch has a self-contained gaseous power supply and produces an electrical 
switch closure at a prASklected roll rate of the missile.    It has satisfactorily 
met the performance requirements of -65 to +l60oF, 3(fc . vibration,  30g 
acceleration and I5g    shock. 

Mte Sensor Packages 

To cover other applications uhira the reliability, environmental capability 
and fast ready time ad/antages of the vortex rate sensor can be utilised, 
fluidlc rate sen.Ing packages are available.    A typical two axis package 
contains two vortox rat« sensors,  two fluldlc-to-electric transducers and 
the necessary electronics to produce a electrical output signal similar 
to electromechanical gyro packages.    This type of package has bean tasted 
and additional development is in progress. 
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CONCLUSIONS 

The vortex rate tensor hai reached the level of development where a 
sensor can be designed using established theory, built using fabrication 
methods compatible with production and integrated into a control system 
with high confidence of satisfactory performance.    In general,  the 
level of performance attainable  from present state-of-the-art sensors 
is lower than that which can be     >tained from conventional electromechanical 
rate gyros.    However, the voitex rate sensor does provide superior performance 
in t^e areas of reliability, environmental ruggedness and fast ready time. 
In applications such as aircraft stability augmentation, gun turret 
stabilisation and safing and arming, where these advantages are being 
utilized,  the vortex rate ransor shows significant promise. 

For the future,  increasing advances in the level of performance of the 
vortex rate sensor are visualized.    Smaller sensors, operating from 
high pressure hydraulic supplies, will be more easily integrated with 
power control equipment.    Lower noise and null shift, resulting from 
Improved fabrication and packaging techniques should open additional 
areas of application. 

( 
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VORTEX CHAMBER 
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Figure 1.   Cross-Section of Vortex Rate Sensor 
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Figure 6.   Rate Sensor Etched Elements 
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FIGURE 7. ELECTROFORMED RATE SENSOR 
PICKOFF 

FIGURE 8. PRE-ELECTROFORMED RATE SENSOR PICKOFF 
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Figure 9  Rate Sensor Gain 

Mi 

0.020 •, 

0.018 - 

0.016 • 

0.014 

0.012 

o.oio H 

0.003 

0.006   -j 

0.004 

0.002 

^Jl   IN.-VSEC 

-•   b\H.'/SZC 

-   4lN.',/SEC 

MTE SENSOR OUTPUT 
DEAD ENDED 

  r r- 
60  80  100 120 140 160 180 200 

TEMPERATURE (F) 

Figure 10    Rate Sensor Gain versus Temperature and Flow 
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SYMBOLS 

Al Aspect ratio, nossl« height/noisl« width 
I Receiver «peeing 

d Receiver width 

h Rosile width 

■ Virtual origin of Schllchtlng Jet 
t TIM 

u x direction velocity of alallarlty solution Jet 

v y direction velocity of alallarlty solution Jet 
a x direction verlable 
y y direction verlable 

Ay Jet deflection                                          \_J 
Aa Lealnar resistor or nozzle length 

C| Constant for calculating virtual origin distance 

C2 Constant la axlsywactrlc solution output 
C Speed of sound 

K Klneaetlc aoaentua 

L Sensor length 

AP Sensor differential preaaure                                 \_ ' 
P Pressure 

P Aablent pressure 

Q Plow rets 

Re. Reynolds nuaber beaed on naataun nozzle exit velocity 
T Absolute teapereture, *K 

U. Centerllne velocity of Jet at nozzle exit 
U* Centerllne velocity of Jet 

Y Specific heat ratio 
C 

w 
Slallerlty verlable 

i \ Abaolut. viscosity, abaolute viscosity et T - 273«K 
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0 
Klnenatlc viscosity 

Angular rate, rad/scc 

Ü 

u' Normalized angular rate, vh/U. 

D Density 

T Jet transit time 

T 
X 

Jet transit time to station x 

Subscripts 

a Atmospheric conditions 

1 Nozzle exit centerllne conditions 

0 nrlflre or standard or stagnation conditions 

r Laminar resistor 

1 Supply 

X x direction variation 

Superscripts 
i Normalized value 

- Average value 

G 

G 
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1.   INTRODUCTION 

Development of fluldlc laminar rate sensors was begun approxi- 
mately 5 years ago. The primary companies involved in this effort were 
General Electric, Hercules Powder, and Northrop. The aims of these 
development efforts were to obtain an angular rate sensor with very low 
noise, low power consumption, small size and weight, and low manufactur- 
ing cost. At that time these advantages had not been achieved in the 
vortex type sensors, which were still physically large, had low response, 
and consumed relatively large amounts of power. The threshold sensing 
level, although not of inertial quality, was projected to be adequate 
for the applications anticipated. 

u 

The primary problem with the laminar Jet rate sensor is the low 
signal output. Early designs exhibited outputs an order of magnitude or 
more below that of a vortex rate sensor. More recent designs [1] exhibit 
much higher output than before, but still have to be amplified with three 
to five stages of proportional amplification to achieve useful signal 
levels. 

The laminar Jet rate sensor senses rotation by sensing the differ- 
ential stagnation pressure scross two receivers as the receivers rotate 
relative to the Jet. The Jet leaves the nozzle and continues on in 
inertial space (neglecting gravity and second-order effects) while the 
receivers have moved through an angle UT, where t is the time taken by 
the Jet to traverse the distance from the nozzles to the receiver. The 
output pressure differential is a linear function of the rate of rotation 
of the receivers. This is shown schematically in Figure 1. 

-H w 

Figure 1. Output Pressure Differential 
As a Direct Function of the Rate of 

Rotation of the Receivers 

u 

This analysis is an attempt  to predict the effects of physical 
design parameters on the output of a two-dimensional laminar Jet 
rate sensor. 
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An analysis of this typ« was attempted by Reader at al. [2] at the 
beginning of the General Electric Company's rate sensor development 
work. He used Schllchting's [3] solution for a free jet with a match 
In flow rates and/or average flow velocity (Q/A) of the Schllchtlng Jet 
and the noszle flow at the nozzle exit. Using these criteria and a 
fully developed profile in the nozzle, he derived expressions for the 
momentum recovery downstream of the nozzle. The differential pressure 
or momentum recovered was calculated assuming the relative Jet deflec- 
tion under rotation of the receivers to be that of the centerllne 
vflocity vector under the Coriolis acceleration the fluid particles 
would experience In traversing the flow chamber from the nozzles to 
the receivers. The values used assumed parabolic profiles both in 
the nozzle and receiver and averaged their contributions. These 
results were compared to experimental results derived from model 
testing and are shown in Figure 2. 

It is seen that the model overpredlcts the experiments by about 
a factor of two. However, the s'opes (gain) of the theoretical and 
experimental curves appear to be similar. The rate sensor tested was 
not optimized, and there was little discussion of the model limitations 
on experimental errors which would explain the discrepsney between 
theoretical and experimental results. The model did predict fairly 
accurately the measured Jet centerllne deflection, but not the out- 
put. 

Recently, Griffin [4] performed analyses and experiments on an 
axlsymmetrlc sensor also using Schllchting's axisymetrlc free Jet 
solution, but used the centerllne velocity at the nozzle exit to 
natch the similarity solution of the Jet. The centerllne velocity Is 
sgaln obtained by assuming fully developed laminar flow in the nozzle. 
His analysis neglects any Jet distortion and the effects of the density 
gradient developed across the Jet by the angular acceleration, and 
assumes that the Jet deflection is determined by the deflection of a 
uniform stream whose velocity decays Just like the centerllne velocity 
of the Schllchtlng Jet. Also, his analysis underpredicted optimum 
gain for pitot type receivers, which he attributed to Jet spreading. 

This analysis follows Griffin's axlsymmetrlc analysis and rede- 
velops it for a 2-D sensor. There are major differences in the actual 
flow phenomena, however, so that departures were necessary. The effect 
of aspect ratio (not a factor in a straight 2-D situation) has been 
shown to have a significant influence on sensor output in recent rate 
sensor tests [5]. These dsta were not available for comparison to 
previous analyses to determine the applicability of the 2-D assumption. 

To dste most of the experimental work on this sensor has utilized 
nitrogen as a working fluid. The effects of using different fluids 
(both liquid and gas) have not been fully determined. However, changes 
in temperature and ambient pressure have been found to affect perfor- 
mance adversely. Thus, an effective modeling of this phenomenon Is 
needed. 
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The General Electric Coapany, under contract to the US Any Missile 
Cosisnd, produced a roll rate control systen which could be utilised In 
a high acceleration projectile. The basic sensor for this systea was a 
planar laalnar Jet rate sensor. The analysis presented herein was an 
attenpt to aodel the perfonance of this sensor with the air of optlals- 
Ing the design and to detenine analytically the effects of taaperaturc, 
aablent pressure, working fluid* and geoswtry on sensor output. 

To keep the aodel simple and to be «Me to use existing solutions 
to the Navler Stokes equations, the following assuaptlons were aade: 

(1) Steady state operation — no transients. 

(2) The effect of s hydrostatic density gradient due to 
rotetlon wa3 neglected. 

(3) The geoaetry waa modeled as two dlasnslonal, and the 
wall and end effects were neglected. 

(4) The Jet deflection at the receivers was considered to be 
that of the Jet centerllne (with no profile distortion) undergoing a 
Corlolls acceleration relative to the receiver over the length of the 
senaor. 

(5) Receiver else Is saall enough to have little effect on 
the Jet profile. 

(6) The Jet reaalns laalnar throughout. 

Exaalnlng these aaauaptiona In turn, the restriction to steady 
state operation doea not Invalidate the predicted perforaance under 
sone transient conditions. The perforaance predicted does not, how- 
ever, give any criteria to deteralne when transient conditions will 
break down the Jet. Soae vlbrational aeasureaents have bean aade on 
Halted geoaetrles [6] and seen to Indicate that, for aspect ratios 
>1, Halting the nossle Reynolds nuaber to below 600 tended to prevent 
Instability froa occurring. Obviously, the closer the Jet Is to tran- 
sition Into turbulence, the smaller the transient Input need be to 
cause Instability. 

The density of the ambient fluid will actually vary under rotat- 
ion. A hydrostatic pressure gradient will aet up a density gradient 
as the sensor rotates. Transient acceleration will alao change densi- 
ties. The effect of this gradient will be to spread and distort the 
Jet. The analysis neglects this effect In order to use the solution 
for a submerged Jet in a nonrotatlng media. Tests on an axlsyaactric 
Jet [4] show that the Jet spreading doea change predicted output. 

The actual planar rate sensors presently developed are not two 
diaenslonal In their geometry. The effects of the boundary layer build- 
up along the top and bottoa plates can have a significant effect on 
perforaance. In fact, lowering the aspect ratio of the nossle (and 
sensor) has been shown to greatly Increase performance for a fixed 
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nozzle Reynold« nuabtr and a particular geometry [1]. The results of the 
present analyal« should ba applicable to nosslaa with aspj^t ratios 
greater than one. 

Jet distortion will be a function of the actual sensor geoaatries, 
pressure and density gradient, effects of receiver size, vent location, 
secondary flows, antralnaant flows, «tc, and Is hard to predict In a 
general manner. Actual Jet profile wieatmrenent under dynalc conditions 
and analydl <t can be used to compare with the ansuaed profile used in the 
solution (Schlichting's). Better output predictions for the measured 
r.eometry could ba obtained using curve-fitted profiles, but the essential 
sensor parameters and their influence on performance at other design 
renditions would probably not be shown.  Some profile measurements are 
cited in [A], [7], [8], and [9] that are close to the one assumed in this 
vinalysis, so the prediction should give the right trends. 

2.  DISCUSSION 

The geometry for this analysis is shown in Figure 3. The 
dimension s is the distance of the virtual origin of the Schllchting Jat 
from the nozzle exit. The two-dimensional solution of the laminar Jet 
spreading into a quiescent fluid assumes that fluid is entrained, and the 
Jet spreads at such a rate to keep the momentum flux constant with dis- 
tance downstream of the virtual origin. The acceleration and frictlonal 
terns in the momentum boundary layer equations are of the same order. 
For steady flow, the solutions to these equations yield the following 
relations for the components of velocity In the horizontal and vertical 
directions (in terms of the above-defined coordinate system). 

o 

v - 0.5503 
r KV j 

(2K  sech2 C - tanh O 

(1) 

(2) 

o 

where 

K s similarity variable - 0.2752 CjA       Y     ■ (3) 
VV '   (x + s)2'3 

and 

K I jr ■ kinematic momentum - J u2dy - constant (4) 

o 
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If Ch« nosil* flow Is «■•used to be fully d«v«lop«d Iralnar flow 
(Polsouoll* flow), a parabolic prof11a result«. Using Equation (4) and 
the parabolic profile 

'   ' 

u(y) - U. 1 - • r  - (5) 

the value of tho klneaatlc aonencuo K becones 

K-Ahu2 

where U. Is the maxlnua (csnterllne) velocity at the nossle exit. 

Under these conditions. Equation (1) becomes 

(6) 

I 

u - 0.4543   -====r       *mch    K 

[/v(x + s) 
(7) 

and the slallarlty variable la 

C - 0.2752 1        j*!      i— 273 

For a uniform profile u(y) - Uj - constant, the value of K Is 
hü?, with appropriate modifications to u and C. 
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Selection of Che proper criteria for matching the similarity 
solution profile to the nosde exit flow conditions presents a problem, 
since the actual nozzle profiles will not coincide with the Jet spreading 
solution. Harkland and Beattv [7] have studied matching criteria for 
axlaymmetrlc Jets and tabulated values for pertinent parameters for three 
types. They tabulated values for flow rate match, kinetic energy match, 
and zero radial velocity match at the wall for both uniform and parabolic 
profiles. 

A fourth matching criterion. Chat of center line velocity, was used 
in Griffin's analysis and was discussed by Bell [9]. This criterion and 
flow rate matching were chosen for this analysis to attempt to match 
experimental performance. 

Hatching the centerline velocity of the nozzle exit profile and the 
y ■ Q 

Schllchting similarity profile at 7 a 0 (£ * 0) yields an expression for 
the virtual origin length in terms of the fluid properties, velocity, and 
nozzle width.    Defining a Reynolds nuvSer based on nozzle width and 
centerline velocity at the nozzle exit 

ü.h 
Rej - -*- (9) 

and substituting u - U. into Equation (7) 

Ü. - (0.4543) 

yields 

| - 0.02667 Re. (10) 

If the flow rate, Q "     f Pu(y)dy, were matched at the nozzle exit, 

using Equations (5) and (7), the resulting expression for the virtual 
origin is 

J- 0.01543 Re (11) 

where the flow Is based on a unit depth of nozzle. Thus, the virtual 
origin is proportional to the nozzle width and Reynolds number 

s ■ C-h^e. 
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where C. Is thr proportionality constant. For a uniform profile, 

C. ■ 0.0278 for flow rate natch and 0.0938 for centerline velocity natch 
at the nozzle exit. 

The centerline velocity decay is assumed to be of the form 

\m —HTT (12) 

which satisfies the requirements of the similarity solution. A com- 
parison plot of profile matches for centerline velocity and flow rate is 
shown in Figure 4« 

Jet deflection at point L is found by integrating the slope of the 
Jet centerline from nozzle exit to L, assuming the deflection of the Jet 
is the same as that of a "uniform" jet with the local centerline velocity 
of the similarity stream; that is. 

u 

■m dx (13) 

*The same results are obtained if one allows the sensor to rotate with 
frequency u and the Jet to propagate fixed in space, writes the equations 
in inertlal space, and computes the relative deflection of the receivers, 
dy/dx. The slope in Equation (14) is found if the approximations sin 
HIT M UT, cos ut -- 1, and U(^ » ccg are made. These approximations arc 
valid for the small angular deflections considered here. 
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The question arises as to what this slope is for the above-assumed 
conditions. Griffin uses the argument that the slope relative to a 
reference centerline velocity rotating with the sensor body at angular 
frequency u is made up of two parts, one due to the physical rotation 
or relative displacement of the sensor physical centerline during time 
TX and the other due to the relative velocity of a point x on the sensor ) 
centerline with respect to the point on inertlal space with which it ^ 
coincides at that time. Consequently, the slope of the Jet centerline 
is due to a rotation UTX of the sensor and an angle ux/Uc due to the 
velocity of the point x on the sensor with respect to inertlal space* 
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Using these criteria, the Jet transit tlae Is found by Integrating 
over tlae 

T     ■ 
X l-l^-l^"* (15) 

Integrating yields 

■^M'3-'] (16) 

where T ■ T at Z ■> L. 

The centerline deflection at L la calculated froa Equation (13) 

Integrating the second part 

Ay - WTL + ^[H-iAW)] 
Coabinlng and substituting for f 

v4/3 -f {(-r [¥®-f]*}[.-ift)]} 
For a syaaetrical profile about the deflected centerline, the 

differential pressure in the receivers is approxiaately 

(17) 

AP « 2Ay |£ (18) 

where P is the dynaalc pressure in the Jet.    The gradient is evaluated 
at Ay froa the undeflected Jet centerline.    The appropriate point (center 
of receiver or off center) may be determined froa experiaent to com- 
pensate for Jet spreading not accounted for in the analysis. 

Using the assumed undlstorted similarity profile from the Schliehtlng 
solution 

P52     PPJ "ch- K 
f "    2    '  /«   . L\^3 R (19) 

; 

) 

O 

o 
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Assuolng the receiver in line with the velocity vector U, then 

3P  3P^ 
3y " H  ay 

From Equation (8) 

PU? 

:(. . V 
* i/i  [* »«ch3 C(-iech C tanh OJL\ (20) 

/8       oX1/3 

C - 0.2752(IL^1)     _X_ 
iTi ■ 0-2232y 

Substituting the virtual origin for the Re. yield» 

"i 
2/3 

(21) 

C - 0.2232 ^ n (22) 

Differentiating this expression with respect to y and substituting into 
Equation (20) gives 

3P  0.AA64 pUJ sech** C tanh C 

^ "     2/3/   L\4/3 

Using Equations (17), (18). and (23) yields 

AP - 4.289 C* uu sech1* C tanh C Re] B 

where 

or 

1 - I (k\-l_ ' 
11/L\ 1    3^31   3 Vh'ciR«J 
TVh/C.Re. " 4 * 4 r TTf, 

1 J       1 + ^-i-  ' 

X ■  * + 4 -   TOT 

Mi) 
in terns of the parameter L/s. 

(23) 

(24) 

(25a) 

(25b) 
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Noraalislng this expression with the noszle ■STIM« Jet 

AP/PO« 
—j—1 - 8.578 C\ äfi_ u   „eh"» 5 tailh (C) B 

- 8.578 C* u* Re2 »mchk i tenh (C) B 

tua 

(26) 

where u* = uh/U. gives the «pproxiaete noraslized output of a two-di- 

■enslonel lealnar jet rate sensor rotating at frequency w. This express- 
ion shows the influence of the gaoaetric variables (nozzle width, receiver 
distance downstreaa, or receiver spacing), the dynaaic variables (noszle 
centerline velocity or Jet aoaentua), and the fluid properties (density or 
viscosity). 

The teaperature dependence of this expression can be determined 
using ideal gas relations for p(T) and empirical expressions for u(T). 

Equation (26) aay be ■aximiced with respect to y to determine an 
optimum receiver position. Differentiating it with respect to a non- 
dimensional diataace y/h will yield the value of the similarity variable 
C (hence y) for msrlmm output at x ■ L for an undistorted profile. 

PÜ? 
a(AP) >/7 

•a) 0 - sech6 t - A sech1* C tenh i 

which yields C - 0.4812 for 
output is then 

output. Receiver position for 

2/3 
^receiver for msximum output ■ 0.1918(- ♦ ij 

/ L     \2/3 

- 0-1918(cJi^h + V (27) 

The msxlmiim output for the sensor can now be determined as a 
function of Reynolds mssber, angular rate, fluid viscosity, and the 
parameter L/h. This expression is 

3M L- 3^3 - 1.2276 cJ»vRe3^^.i + f 
' /     L  \ 

•iwr« CjMjh IndleatM the virtu«! origin length e. 

" (Sc^" 
(2» 

I     ) 

o 

o 
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A plot of y/h)   versus L/h for various values of sensor nozzle 

Reynolds number Is shown In Figure 5. This figure Indicates that a 
larger receiver spacing Is necessary for operation at lower Reynolds 
numbers. This Is consistent with the fact that the Jet will spread 
■ore when It has a lower momentum, thus necessitating plckoffs at 
larger spaclnga for the same output. The effects of receiver loading 
will also be stronger at lower Re.. 

The expressions developed above, although algebraic, are somewhat 
cumbersome to examine and quickly determine qualitative effects. Some 
simplification Is possible In the case of long sensors (L/s » 1). 

If one Is Interested In qulrkly examining the effects of fluid 
properties, temperature, and geometry, on output, the above equations 
can be written as followr. The similarity variable, (.,  can be 
approximated by 

e(L/s»>i)-2-500ir(7) 

and the optimum receiver spacing by 

x.o.m.(t)2'3 

Using Equation (16), the Jet transit time Is 

mlJ.(kf3    -    3    /   L"    \ T(L/s » 1)      4 üj Va/ «üj \CjReh) 

L\-2/3 (29) 

1/3 

(30) 

(31) 

and the optimum sensor length Is 

L 
(L/s » u • [i TBJ ('iv)1'3] 

1.241 C, 1/4 Re 

/T te)    (32) 

where C la the sonic velocity at temperatures T, P Is the ambient 
* a 

pressure, and y  Is the specific heat ratio. 

Thus, for a desired response time, the required sensor length can 
be determined In terns of the nozsle size and Reynolds number and the 
fluid properties. A similar set of equations developed In [4] for the 
axlsyametrlc sensor does not reflect an explicit dependence of the 
sensor length on nozzle diameter as these two-dimensional results In- 
dicate. 

The optimum receiver location may be written In terms of the fluid 
properties using Equation (12). 
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'■«t output   r?-   C. I Pv/ (33) 
tt/« » 1)    / cl     x •/ 

wh«r« th« cocfflclMt has th« value 1.356 for th« conttrlln« voloclty 
■ateh. Thoaa roaulta should ba valid, aa tha Jat alallarlty solution 
aaauaaa that tha profila daaerlbad la far doimatraaa fro« tha virtual 
origin. 

Littla aiaplification is possibla for tha sensor output. Tha 
paraaatar B in Equation (25) becoaas 

•i 11 L 

«hila tha othar paraaatars in Equation (28) raaaln tha saaa. Ranca, tha 
influaaca of Reynolds nuabar on output ia not laaadiataly apparent. 
Maxiaua output is still a function of Re., h, L, and w. It ia seen, 
however, that decreesing the nozzle slze^end increasing the sensor 
length for fixed Reynolds nuaber increases output, but that there will 
exist an optiaua Reynolds nuaber for aaxiaua output with a fixed geoaatry. 
These reaulta are counter to chose derived for axisyaaatric long sensors 
in [4], which show increasing output with Reynolds nuaber. The finite 
sensor axiajaautric relations do, however, exhibit an optiaua Reynolds 
nuaber for fixed geoaetry. 

Exaaining the "long chanber" expressions, it is seen that for a 
fixed transit tiae the receiver location for aaxiaua output ia a function 
only of the fluid propertiea, a result that alao applies in the 
exisyiaetric caaa. The transit tiae depends upon the peraaatars L, Re, 
h, and Uj aa shown in Eqw tion (31). One can design an optiaua spacing 
for a deaired sensor response and then determine the operating conditions 
and L/h to achieve this response, subject, of course, to the restrictions 
of the aodel. 

Griffin'a analysis of an axiayaaetric sensor followed siailer 
reasoning and resulted in slopler expressions for output. Ha found 
that for an axiayaaetric sensot 

2    FT 
where C2 depends upon the choice of the value of the similarity variable 
C, Dj ia nozzle dieaeter, and s is the virtuel origin length, the value 
of which Griffin quotes as 3/80 RajDj. A value of 1/32 RejDi ia found 
if one aetchea the maximum velocity at the exit to a parabolic profile 

developed in e circular tube. 
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A covparlson of the two-diacnalonal result« and the corrected _ 
«xltynnetrlc values is shown in Figure 6 for a fixed noisle exit /  t 
Reynolds nusber of 500. For one value of L/h (L/D. is axisyasMtrlc case), ^v_/ 

the effect of varying the receiver spacing is shown for both cssss. Due 
to the difference in the profiles, the axlsymnetrlc gives higher output 
st greater spacing than the two-diaensionsl sensor, but lowsr output ss 
ths spscing nsrrows. There sre optlmun receiver spsclngs for given values 
of ths Reynolds number end L/h, which sra exenpllfled by Figure 5. These 
optlaum vsluss srs of course different for esch type of sensor. Both 
analyses do show s linesr dependence of output on sngulsr rate. 

3.  RESULTS 

a.  Analysis Rssults 

Figures 7 through 9 show normalized output performance 
predictions versus Reynolds number for various values of ths geometric 
parameters y/h and L/h and the angular rate parameter u*. These curves 
srs plots of Equstion (26) with the constsnt C. being equsl to 0.02667, 
where the centerllne velocity of the parabolic profils is matchsd st 
the nozzle exit to the centerllne velocity of the Schlichting Jet. The 
most striking fssture of these predictions is the existence of an 
optimum Reynolds number to maximize output for e given geometric design. 
This optimum is not dependent upon u', but is s strong function of both 
y/h and L/h. 

For the results presented, the optimum Reynolds number is seen to 
very from 100 in Figure 7 to over 1000 in Figure 9. 

Figures 10 through 12 show directly the sensor output versus ths 
Jst centerllne deflection. Location of the receivers st ths position 
of ths curve maximum should yield the grestest output. Ths figures 
indicsts that for the specific geometry depicted, physically achieving 
the maximum output would be difficult, aa the positions are very doss 
to ths csnterline end ths receivers would hsve to be very small. This 
would creete manufacturing difficulties and would limit the amount of 
power (flow) transmitted through the output. Designing for ths optimum 
region would make repeatibility extremely difficult. Present designs 
hsve receiver spscings~0.01S to 0.060 inch, where the output is much 
reduced, but sre fairly Insensitive to manufacturing tolerances. 

Figure 13 end 14 exhibit actual output differential values versus 
Reynolds number for the centerllne velocity match case. The basic 
difference between thess figures is the parameter y/h. Decreaeing 
this vslus from 1.5 to 1.0 moves the optimum Reynolds nusber of operetion 
slgnificsntly. The design in Figure 14 is substantially better than that 
of Figure 13, es the output et a given angular rate is higher and the 
sensitivity to changes in supply pressure (which changes the nozzle — 
exit Reynolds number) is grestly reduced et the optimum Reynolds number. ( \ 
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Figures 15 and 16 exhibit the linear dependence of differential 
output on angular rate. A mixture of L/h and y/h ratios Is shown to 
Illustrate sone typical tradeoffs. These data are for air at 300*K. 
For the geometry In Figure 15 the output Increases with Reynolds 
number, while In Figure 16 the maximum output becomes reduced above 
a Reynolds number of 500. 

b.  Comparison to Experiment 

Experimental data taken to date on the actual profiles 
of a rotating sensor have been restricted to only a few geometries. 
Griffin and Coultas [4] measured some profiles in the long (L s 1.38 
Inches) axlsymmetrlc sensor, which agreed fairly well with Schlichting's 
solution with the exception that the centerline velocity was approxi- 
mately 20Z lower than predicted. The measured sensor output agreed 
with their axisynmetric prediction, but this was attributed to com- 
pensating errors, an increase in output due to Jet spreading and a 
decrease due to the Inefficient pickoff (flat plate receiver). The 
rederived results of the axisyanetric analysis do give higher output 
predictions than those cited in Griffin's paper. The actual profile 
shapes under rotation were not measured directly so direct comparison 
was not possible. 

Profile measurements of nonrotating axlsyonecrlc laminar Jets 
have also bean reported in [8] and [9], which conform to Schlichtlng's 
solution. 

) 

Data on planar sensors have been taken on long nozzle unit 
aapect ratio designs (3), and more recently on plug nozzle low. aspect 
ratio (0.4, 0.6) designs (9). Significant gain variations are ex- 
hibited in thaae designs. The low aspect ratio designs can be operated 
at higher Reynolds numbers without breaking into turbulence than can 
the long nozzle designs, and thereby have higher gains. 

All designs had side vents and the long nozzle designs alao had 
center vents. The effects of vent receiver interactions and secondary 
flow phenomena are Ignored in attempting to match data. However, they 
could cauae significant profile distortion when the receivers are 
blocked, especially under transient conditions. The long nozzle exit 
profiles are considered to be parabolic, while the actual profile at 

the exit of a short nozzle (L noj^le -4) will fall between a uniform 

and a parabolic ihape. The exact shape will depend upon inlet pres- 
sure, flow, and entrance conditions. The matching criteria that are 
the most appropriate will also depend upon the Initial profile shape. 

To attempt to match data for a given sensor, the dimensions must 
be accurately known. This analysis has shown that the moat sensitive 
dimension is the vacciver inlet evaluation point y. For recent low 
aspect ratio sensor designs, the splitter at the receiver protrudes 

o 
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•oacwhat into the flow. A noraal drawn from the splitter tip to the 
peaaage canter yields a value of y approxiaately 30% less than that 
found if the passage center position at the receiver outside wall is 
selected. If the foner position is selected as the pickoff point, 
the low eepect ratio data of [5] can be approxiaated by matching the 
centerllne velocity using the nossle width as the eppropriate dl- 
■eneion. 

Predictions of the effect of aapect retio on sensor output were 
attaapted using the hydraulic diaaeter as the appropriate dimension 
in the calculation of Rej, y/h, and L/h. However, the results con- 
sistently underpredlcted the experimental data by a factor of two. 

The results of the analysis are compered with experimental data 
In Figure 17. The best gains (highest curve slopes) are achieved for 
the low aapect ratio designs, since higher velocities are achievable 
without transition Into turbulence.  For the range of sensor dsta 
available, use of a parabolic profile natch at the notsle exit predicts 
Ipmewhat higher gains, beceuse the predicted profile has a larger 
velocity gradient et the receivers. The deta in [2] and [6] (Curves 
1 and 2 in Figure 17) were for long nozzles (L/h > 20), so a parabolic 
profile la appropriate. 

For the abort nozzle data on AR - 0.6 sensor, the experimental 
data lie between curves calculated baaed on uniform (Curve 3) end 
parabolic (Curve 6) profiles, using centerllne velocity as the matching 
criteria. The data for the lowest aapect ratio reported (Curve 5, 
AR - 0.4) are matched better with a parabolic profile. The uncertainty 
on these data is no better than 5Z, primarily because of uncertainty in 
nossle dimensions end drift with supply pressure. The date on Curve 4 
[10] showed reduced gain compared with the earlier results, but ex- 
hibited a region of Reynolds number insensitivlty which is a trend 
predicted by this analysis. Apparently the reduced wall roughness of 
this design (tltanlun metal etched) results in reduced wall friction 
and consequently e more uniform profile. The deta are best fit with 
a uniform profile, flow rate match, being overpredicted ~30Z by the 
parabolic profile, centerllne velocity match. 

It ia aeen that this simplified, two-dimensional analysis can 
yield predictione on obvious three-dimensional geometries which are 
substantiated experlmsntally. 

4.  S0MM4RY AMD CONCLDSIOHS 

r 
The analysis presented in this paper, although simple, pre- 

dicts sensor output with fair accuracy and yields some basic trends 
whirh e priori would be hard to predict. The equations depict e 
linear dependence of output on angular rate, which is the basis for 
using the device es a sensor. The more significant results, however, 
are the variations in maximum output as a function of L/h, y/h, and 

•J- For e tries the variation ia quite marked over e smell 
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rant* of !•« values, «till« otter* «r« lasaBaltiv* to loj ct 
thus aro not aa supply praaaura aanaitlva (Flgura 14). Tha analysis 
ahowa that ■■«lau« thaoratlcal output would ba difficult to achlav* 
physically, aa it raquiraa vary saall and accurate apaeiag of ra- 
caivara and anall plckoff siaaa. Tha nodal ia alao capable of da- 
tarninint the effects of snviroMWtal chantoa, and can be coupled 
with tenparatura coapanaatlon analyses to predict a given technique's 
effectivenees in atabilislat output during aavironnantal chaataa. 
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I.   INTRODUCTION 

During the past few years, the need to substantially reduce the cost of guidance 
and control components, without sacrificing performance, has been a main for- 
cing function in the development of advanced tactical missile systems.   The 
angular rate sensor has been a part of this cost reduction thrust because con- 
ventional angular rate sensors (spring restraint gyros) cost between $600 and 
$1000 per unit and from one to six sensors are required per missile.   In addition 
to costs, conventional rate gyros have inherent design limitations such as moving 
mechanical parts, low bandwidth, large size and weight, large input power and 
finite spin-up times.   New techniques of sensing angular rate are presently being 
investigated in an attempt to obtain low cost angular rate sensors.   Additional 
benefits desired from any new angular rate sensor are no-moving-part reliability 
and environmental hardness, large bandwidths, small size and weight, low input 
power and "instant-on".   One rate sensing technique which has demonstrated its 
feasibility to be manufactured at low cost and which has all of the desired per- 
formance features listed above is the GE-RESD Laminar Angular Rate Sensor 
(LARS). 

GE-RESD demonstrated the feasibility of the LARS in 1967.   Since then, three 
prototype models of the LARS (with linear ranges from 30 degrees/second to 1000 
degrees/second) have been developed under contract to the Naval Air Systems 
Command (NASC) under the technical direction of Mr. John Burns.   Four phases 
of design, development, and testing effort have been performed during this period. 

Phase I was composed of three tasks resulting in a clearer understanding of the 
design factors affecting the laminar jet.   These tasks were: 

a. 

b. Task B - Vent and Receiver Design - The objective was to improve 
the performance of a simple open loop laminar jet rate sensor by the 
application of techniques to isolate the laminar jet from unwanted ex- 
ternal influences and increase the laminar jet rate sensor sensitivity 
to spatial angular rate. 

c. Task C  - Test and Evaluation  -  The object was to perform functional 
and selected environmental tests on selected rate sensor designs. 

The results of the Phase I Feasibility Investigation of a Laminar Angular Rate 
Sensor (LARS) are presented in GE-RESD Document No. 69SD698. 

Phase IT was composed of five tasks which resulted in the fabrication and testing 
of a selected laminar rate sensor design. 
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Task A  - Supply Nozzle Design  -  The analysis and design activities V_y 
centered on the parameters affecting the jet stream geometry and 
stability. 
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a. Task A - Parfomumoe Design Goals - The objective of this task was 
to establish the performance design goals by selecting a suitable appli- 
cation for the laminar rate sensor.   The design was then optimized with 
respect to the requirements of the application.   Included in this task was 
the optimization of other design goals which were not intrinsically con- 
nected with the selected application but deemed essential to a component 
of this type. 

b. Task B - Scaling and Optimization - In this task, an analytical inves- 
tigation was made to determine the effect of geometry changes on LAFJ 
performance. 

c. Task C  - Overall Design - The objective of this task was to choose a 
material for flight hardware and design the equipment needed during 
Task E of this program. 

d. Task D - Detail Design - In this task, an analysis was performed to 
determine the optimum geometries required to satisfy the performance 
design goals established in Task A of this program. 

e. Task E  -  Fabrication and Testing - The objective of this task was to 
fabricate the laminar rate sensor out of chemically etched laminates 
and to assemble these laminates for test and evaluation.   Testing of the 
LARS included the following: 

Functional Tests Environmental Tests 

o 1. Threshold 

2. Range 

3. Frequency response 

4. Transport lag 

1. Temperature 

2. Vibration 

3. Acceleration 

4. Noise 

', 

5.    Power and flow consumption    5.    Shock 

Due to the very low pressure differentials involved, this last tank included the 
simultaneous development of testing procedures and instrumentation requirements. 

The results of the Phase II Feasibility Investigation of a Laminar Angular Rate 
Sensor (LARS) are presented in GE-RESD Document No. 70SD788. 

Phase in was composed of five tasks which resulted in hard test data which sub- 
stantiated the theoretical conclusions drawn from the earlier efforts. 

a.    Task A  - Detailed Petformance Studies -  The objective of this task 
was to perform static and dynamic testing of the rate sensor with three 
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stages of fluldic amplifiers cascaded in series and with all components 
centrally supplied. 

b. Task B  - Sensitivity Studies  -  This task addressed itself to the effects 
of supply pressure and temperature. 

c. Task C  - Noise Investigation  - The objective of this task was to de- 
velop the pressure manifolds first used in the Phase 11. 

d. Task D - Vibration and Shock Testing -  Under th Is task, the rate sen- 
sor was subjected to a vibration test per MIL-STD-S10B and a high g 
(> 12,000 g) shock test, non-operational. 

e. Task E  - Analysis and Critique - The objective of this task was to 
analyze the test data generated during the Phase III effort and to recom- 
mend main objectives for a Phase IV effort. 

At the conclusion of this effort, several questions still remained which were: 

1. What is the minimum scale factor required from the LARS to make it a 
usable device in a fluldic system? 

2. Can the above scale factor be obtained by a redesign of the basic rate 
sensor and/or a redesign of the gain block amplifier? 

3. Can more amplifiers be added to the gain block to increase the scale 
factor? If so, what effect will this have on signal to noise level, null 
shift, transport lag, frequency response, and ease of fabrication. 

4. How will the LARS perform in the anticipated service environments of: 
1) temperature, 2)  shock, 3)  vibration, and 4) angular and linear 
acceleration? 

The results of the Phase III Feasibility investigation of a Laminar Angular Rate 
Sensor (LARS) are presented in GE-RESD Document No. 71-SD-2118. 

Phase IV was a comprehensive program comprised of three main taks.   These 
tasks were designed to provide answers to the four questions from Phase HI. 
The tasks were: 

• Task A  -  Laminar Amplifier Development 

• Task B  -  Staging Techniques 

• Task C  -  Rate Sensor - Gain Block Optimization 

In Task A, a determination was made of the required scale factor (Question 1) and 
a new high pressure gain laminar amplifier, based on the NASA Langley design, was 
developed.   (Question 2) Based on the evaluation of the LARS as used in four fluldic 
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control systems, it was found that the scale factor of the Phase in LARS should 
be increased by 100 to 1000 times.  During Task B, several different staged 
amplifier configurations were tested to determine the performance of the vari- 
ous staged gain blocks (Question 3).   Task C was to improve the basic rate 
sensor design (Question 2), if possible, and to determine the operating charac- 
teristics and performance of the rate sensor and gain block combination (Question 
4).  This test data would allow an evaluation of the feasibility of the LARS when 
used in actual control systems. 
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II.   PHASE I RESULTS 

II-l. TASK A - SUPPLY NOZZLE DESIGN 

At the start of this effort, the criterion of success used was that the best supply 
nozzle design would be the one that would provide the maximum Reynolds Num- 
ber for stable laminar flow conditions.   This criterion was selected for two 
reasons: 

1. It was felt that the more stable the laminar Jet the less sensitive it 
would be to unwanted external disturbances. 

2. The highest Reynolds Number wouH give the highest laminar jet veloc- 
ity.   The higher jet velocity would allow the receiver to be located 
further downstream for a given dynamic pressure recovery.   The fur- 
ther downstream the receiver, the more the laminar jet would be de- 
flected at the receiver for a given angular rate input and, therefore, 
the better the sensitivity and scale factor of the sensor. 

In order to determine laminar flow conditions for the various nozzle designs, 
water table and large scale air models were constructed. 

Water Models 

The use of submerged water models was particularly helpful in the investigation 
of supply nozzle design and interaction cavity design.   Figure 1 is a photograph 
of the experimental apparatus used for testing submerged water models, and 
Figure 2 is a detailed photograph of a typical model.   The experimental proce- 
dure used for submerged models is as follows: 

a. The channel width is set with the dial gauge adjuster. 

b. The ambient flow conditions are adjusted and recorded. 

c. A homogenized mixture of dye is run through the precision flow meters 
into the model. 

d. The flow from the model is then observed at an arbitrary distance (4 
nozzle widths from the channel exit). 

e. The flow is gradually increased until unsteady flow exists at the arbi- 
trary observation point. 

f. The critical Reynolds Number for this point is then calculated and 
recorded. 
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Figure 1.   Laboratory Apparatus for Submerged Water Model Testing 
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u 
With respect to supply nozzle design, there are six areas of consideration that 
were tested using submerged models.   Tbey are as follows: 

1. Inlet configuration 

2. Length of nozzle 

3. Convergence - divergence 

4. Aspect ratio 

5. Surface finish 

o 

o 

o 

6.    Outlet Configuration 

Several experiments were conducted on the open water table to further investi- 
gate the supply nozzle design.  Dye was injected in a uniform manner at the in- 
let of the channel to increase visualization of streamlines.   The exit of the chan- 
nel was then observed for the formation of unsteady flow patterns. 

Although a great deal of visibility was achieved by using open water models, 
some accuracy is lost in determining critical Reynolds Number values.   The 
reason for the decrease in accuracy is that no convenient technique for deter- 
mining the mean stream velocity (necessary for calculating Reynolds Number) 
is known; therefore, higher reliability was placed on submerged water model 
testing because the actual flow through the model could be determined by pre- 
cision flow meters. 

Air Model Experiments 

Although it was possible to accurately determine flow rate using submerged 
models, there was still an uncertainty error in the observation technique of de- 
termining exactly when the flow became unsteady.   Therefore, air model ex- 
periments were conducted in which flow rates and pressure losses could be 
accurately determined by using flow meters and manometers.   Apparatus for 
air experiments is shown in Figure 3. 

Hie first type of air experiment was done with pitot tubes placed perpendicular 
to the free stream Jet flow.  An increase in pitot tube reading would therefore 
indicate velocity components in orthogonal directions of the main Jet.   This 
condition constitutes unsteady flow.   Unfortunately, even at very high flows, 
variations in pitot tube readings were so sma   that they weren't detectable using 
slant manometers. 

Other sir experiments were performed to determine the channel configuration 
which would provide the highest critical Reynolds Number within the channel. 
By recording and plotting pressure loss versus flow rate on log-log paper, a 
linear curve results with a discontinuous point at the transition point of steady 
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Figure 3.   Air Model Test Apparatus 
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o 
to unsteady flow.   Thid discontinuity, characterized by an Increase in the slope 
of the pressure versus flow curve, Is a result of higher viscous losses per unit 
change of flow in the unsteady or turbulent flow region.   However, this tech- 
nique of determining the transition point can only be directly applied to straight 
walled channels where a negative linear pressure gradient exists.   In the con- 
vergent and divergent cases, discontinuity points may not necessarily indicate 
a change in viscous losses but also kinetic changes.   Another problem with this 
technique is that the stability Is based on flow within the channel and not on flow 
development after the flow has Issued from the nozzle exit. 

Results 

o 

o 

The experimental data, which was obtained using the water table and large scale 
air models, showed the following trends: 

1. Inlet Configuration - The inlet configuration which is used on supply 
nozzles longer than 20 nozzle widths has very little effect on the criti- 
cal Reynolds Number.   However, as the length of the supply nozzle is 
decreased towards one nozzle width, the entrance design becomes 
more Important with a light bulb shape giving the highest critical 
Reynolds Number. 

2. Length of Supply Nozzle - The following relationship was determined 
between supply nozzle length and critical Reynolds Number.   This 
relationship was experimentally verified for supply nozzle lengths 
from 1 to 50 nozzle widths. 

NRCR     =  126 + ^ 7 (1/W) "0'008 (1/W)2 

Nnon     =  Critical Reynolds Number 

I 

L     ■  Length of supply nozzle in Inches 

w     = Width of supply nozzle in inches 

3.    Supply Nozzle Convergence and Divergence - Experimental results 
showed that for aspect ratios greater than 0.25, a convergent supply 
nozzle with a slope of 25 to 1 gave the highest critical Reynolds 
Number.   For aspect ratios equal to or less than 0.25, no effect was 
measured.   These results are only valid for slopes from zero to 15 
to 1, where the slope is defined as 

W   - W 
_2  

W    =  Entrance width o 
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W ■ Exit width 

—■" 

1   ■  Nozzle length 

4. Aspect Ratio - Test results showed that for aspect ratios of less than 
3, the lower the aspect ratio the higher the critical Reynolds Number. 

5. Surface Finish - Results were inconclusive for other than large sur- 
face finish roughnesses.   It was found that surface roughness of 25 
percent or greater in the direction of flow (not from top to bottom) 
caused a substantial reduction (>1S percent) in critical Reynolds 
Number. 

) 

6.    Power Nozzle Outlet Configuration - Results of the outlet configura- 
tion investigation are shown in Figure 4. 

n-2. TASK B - VENT AND RECEIVER DESIGN 

An analytical description on the operation of a Laminar Angular Rate Sensor 
(LARS) has been given in a previous paper and is also presented in several re- 
ports which include "Feasibility Investigation of a Laminar Angular Rate 
Sensor" GE-RESD Document No. 693D698 and "Analysis of a Two-Dimensional 
Laminar Rate Sensor" by Dr. Paul Jacobs, Amicon Report RG-73-8.   The 
second major effort, other than the analytical investigation, was to confirm 
the analytical model with actual test data.   Hie test data was obtained using 
both water table models and actual size models using air as the supply medium. 

Tests of a Submerged Water Model 

Description of Experiments - Tests were conducted on a water table with a set- 
up shown In Figure S.   The water was supplied to the model from a reservoir 
placed at a constant height above the model so as to provide a constant pressure 
to the system.   The inlet plenum of the model contains three successive screens 
to minimize the disturbances at the supply nozzle due to the inlet piping. 

The vents and the receivers were vented Into the water table except for a few 
cases where die receivers were blocked. 

The supply flow-rate was controlled by a hand valve and the temperature in the 
reservoir was measured. 

o 

The Reynolds Number at the flow issuing from the supply nozzle was then cal- 
culated by die following relation: 

«R- 
QDw I 

AV 
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Figure 4.   Effect of Outlet Configuration 
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o 
where 

D.   Is the hydraulic diameter of the supply nozzle (in) 
2 

A is the area of the supply nozzle (in ) 

c 

Q is the flow rate measured at the supply line to the model (in /sec) 

o 

o 

and 

y is tiie kinematic viscosity of the water at the measured temperature 
(in2/aeo) 

Hie experimental procedure used during the tests was as follows: 

a. A steady flow and temperature were set at the supply nozzle. 

b. Dye was then injected into the inlet plenum. 

c. Two picture» were taken when the dye leaves the supply nozzle and 
when it enters the receivers, labeled A and B, respectively. 

d. A third picture, labeled C. was taken after the dye had been spread 
throughout the interaction cavity. 

e. For special cases wher? disturbances were introduced near UJJ vents, 
a few more pictures were taken. 

f. Dye was also injected close to the exit of the supply nozzle and by the 
receivers, in some cases, to clarify the vortex formation at these 
points. 

Hie above procedure was carried out for two types of shapes as shown in Figure 
6.   Shapes land IT were tested with an aspoct ratio of unity and 2.   Shape U was 
also tested with a deep Interaction cavity having an aspect ratio of 3 while keep- 
ing the supply nozzle and the receivers at an aspect ratio of unity. 

Model Design - The experiments were carried out cm a water table with a model 
that had been enlarged by % scale factor of 12.5 over the anticipated actual size 
LARS. 
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Figure 6.   Submerged Water Model Shapes 
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o The dimensions of the model are as follows: 

I 

o 

o 

Model Di Imension (Inches) 

Nozzle width (h) 0.25 

Receiver width (d) 0.3 

Receiver spacing (s) 0.3 

Width of center vent 0.25 

Distance from supply nozzle to 
receivers 

10.0 

The length of the straight portion of the supply nozzle was 3-1/2 inches 
(1/h = 14) which generates a fully developed parabolic flow for almost the 
entire ra* 6e of Reynolds Numbers studies.   Sample photographs of the 
water table tests are shown in Figures 7 and 8 and the data are tabulated in 
Tables I through V. 

Tests of a Full Scale Rotating Rate Sensor 

Procedure - The performance of a typical laminar rate sensor (Figure 9) was 
examined on a rotating wheel.   The data collected during this test verifies part 
of the analysis that was done before. 

Description of the Sensor - The dimensions of the rate sensor were as follows: 

Dimension (Inches) 

Supply nozzle width (h) 0.02 

Receiver   width (d) 0.02« 

Receiver spacing (28) 0.08 

Distance from supply nozzle to 1 
receivers 

Test Results 

The experimental test results showed that the power jet centerline deflection 
angle versus angular rate of turn was in close agreement to the predictions 
of the analytical model.   The momentum recovery and the rate sensor gain 
(scale factor), however, were much lower than was predicted when using the 
optimum vent/receiver design as determined by the analytical model equations 
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Figure 7.   Flow Patterns for Shapes I and II - Aspect Ratto =1, N   = 417 to 535 
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Figure 8.   Flow Patterns for Shapes I and 11 - Aspect Ratio «1. N   = 586 to 857 
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Figure 9.   Full Scale Laminar Sensor 
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TABLE I.   EXPERIMENTAL RESULTS FOR SHAPE I-ASPECT RATIO » 1 

4, 

,-; 

:: 

\\ 

Q V T 1/ 

Figure ln3/iTO In/Mc 0P ftVaeo «E 

37.1 8.52-10-2 1.37 61.5 1. 2xl0"5 197 
38,1 0.14 2.24 62.0 1.18 328 
38.3 0.153 2.45 61.6 1.19 356 
38.4 0.161 2.57 61.6 1.19 374 
39.1 0.188 3.01 58.0 1.25 417 
39.3 0.206 3.3 62.0 1.18 485 
40.1 0.258 4.13 60.8 1.20 590 
40.3 0.307 4.9 56.0 1.3 652 
40.4 0.37 5.9 61.0 1.19 857 
41.1 0.407 6.5 57.2 1.26 892 

TABLE IL   EXPERIMENTAL RESULTS FOR SHAPE I- ASPECT RATIO - 2 
.-6 42.1 0.058 

42.3 0.114 
42.5 0.173 
43.1 0.231 
43.2 0.356 

TABLE m. I :xPERn 
45.3 0.307 
37.2 0.073 
37.3 0.102 
38.2 0.142 
39.2 0.188 
39.4 0.232 
40.2 0.254 
40.5 0.307 
41.2 0.316 

45.1-46 1 

TAE 
0.188 

ILEIV. 
u/r 

44.1 0.058 
44.2 0.087 
44.3 0.142 
44.4 0.188 

44. 5-46 2 0.277 
45.4 0.188 
45.2 0.142 

0.465 
0.91 
1.38 
1.85 
2.84 

58.0 
58.0 
59.5 
59.5 
59.5 

1. 25x10 
1.25 
1.2 
1.2 
1.2 

86 
168 
266 
3S6 
550 

EXPERIMENTAL RESULTS FOR SHAPE fl- ASPECT RATIO ■ 1 
5 4.9 

1.16 
1.63 
2.27 
3.0 
3.71 
4.06 
4.9 
5. OS 
3.0 

59.0 
60.0 
59.7 
59.9 
59.7 
59.9 
60.3 
59.9 
60.0 
60.3 

1.24x10 
1.2 
1.22 
1.2 
1.22 
1.2 
1.2 
1.1 
1.2 
LI 

EXPERIMENTAL RESULTS FOR SHAPE IT 
WFTH A DEEP INTERACTION CAVITY 

0.93 
1.39 
2.27 
3.0 
4.42 
3.0 
2.27 

58.3 
59.4 
59.4 
60.3 
59.4 
59.9 
60.4 

1.25x10 
1.21x10" 
1.21 
1.2 
1.21 
1.2 
1.2 

684* 
168 
231 
327 
42S 
538 
586 
706 
736 
432« 

128 
199 
325 
432 
632 
432* 
342* 

TABLE V.   EXPERIMENTAL RESULTS FOR SHAPE H - ASPECT RATIO * 2 
42.2-46. 3 0.058 0.464 87.2 Laexio"5 

85.5 
42.4-46. 3 0.114 0.91 59.0 1.24 170 
42.6-46.4 0.1575 1.26 59.7 1.22 240 

43.3 0.23 1.84 57.2 1.26 338 
43.4 0.29 2.32 59.7 1.22 440 
43.5 0.386 2.81 58.0 1.24 530 
47 0.20 1.6 59.0 1.24 300 
43.6 0.422 3.37 88.7 1.22 640 

♦Blocked Output 
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(Figure 10).   The reason for this discrepancy was never experimentally deter- 
mined but indicated that the vent/receiver design was probably not optimum 
baaed on actual power Jet spreading and/or losses that were different from the ) 
analytical model. 

II-3. TASK C - TEST AND EVALUATION 

The object of this task was tu perform some selected environmental tests to 
determine the sensitivity of the LARS to variations in these selected environ- 
ments.   The environments which were selected for investigation were tempera- 
ture, vibration, linear acceleration, angular acceleration, shock, and acoustic 
noise.   The results of the tests performed during the above environmental vari- 
ations were mostly of a qualitative nature and can be described as follows: 

• Temperature Sensitivity - The LARS gain (scale factor) and null off- 
set were sensitive to temperature and the LARS would require tem- 
perature compensation if it were to be a usable device. 

• Vibration Sensitivity - There was no measurable output signal vari- 
ation when the LARS was vibrated in all three axes at 0.5 g's over 
a frequency range of 5 to 1000 hertz. 

• Acceleration Sensitivity (Linear and Angular) - The sensitivity of 
the LARS to acceleration was determined mainly by the vent cavity 
design.   Improper vent design could cause bias of the LARS of up 
to 10 degrees/second at 2% accelerations. 

Shock Sensitivity - It was observed that the shape and duration of the 
shock input was observed on the output of the LARS. 

Acoustic Sensitivity - The noise level was set at 50 dB and varied 
from 5 to 20,000 herta.   The LARS power Jet was very sensitive to 
the input noise at several frequencies when unshield but was un- 
affected when a properly shield vent cavity was used. 

( 
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lü.   PHASE 11 RESULTS 

The major objectives of this phase were to (1) determine the LARS performance 
requirements,  (2) design a breadboard LARS to meet those requirements,  (3) 
fabricate the breadboard LARS, and (4) test the LARS at standard conditions and 
selected environments to demonstrate that the performance requirements had 
been met. 

ni-1.   TASK A  -  LARS PERFORMANCE REQUIREMENTS 

The object of the Phase I program was to demonstrate the feasibility of a laminar 
jet to sense angular rate and to determine some of the design parameters which 
effect the LARS performance.   In this Phase, it was desired to have minimum 
performance requirements as a goal.   The performance requirements for rate 
damping type control loops for tactical missiles was selected because: 

a. GE-RESD had contract effort in this area 

b. LARS potential for very low cost, size and weight 

c. Inertia] quality sensor performance not required.   Therefore, develop- 
ment effort to a preproductlon design would be minimum. 

Therefore, the following performance requirements for the LARS were established: 

Threshold 0.05 degree/second 
Hysteresis 0.05 degree/second 
Resolution 0.05 degree/second 
Linear Range 4 500 degrees/second 
Response flat to 1000 radians/second 
Noise 2% full scale 

in-2.   TASK B  - SCALING AND OPTIMIZATION 

Based on the water table and air model studies in Phase I, a LARS geometry vas 
configured.   This geometry was used as a starting point and the following geomet- 
ric parameters were analyzed and a final LARS geometry was configured (Figure 11): 

a. Sise  - The power nozzle size and the distance to the receivers were 
determined to give the desired linear range. 

b. Vents  - The vents are used (1) to eliminate vortices and secondary 
flows and (2) to remove the spillover from the receivers as efficiently 
as possible.   The vent design in Figure 11 was found optimum when com- 
pared with circular walls, diff. rent vent wall setback and removal of the 
excess flow from the receivers at steeper angles. 
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c.    Receiver Wldtha - Based on the desired location of the receivers down- 
stream of the power nozzle, the anticipated power Jet spread angle and 
the desirability of obtaining the maximum rate of change of output pres- 
sure per angle o.' deflection, the receiver design in Figure 11 was con- 
figured «1th the aid of water table studies. 

ni-3.   TASK C   -   MATERIAL SELECTION 

A trade-off study was performed to select the optimum material for fabrication 
of the LARS.   This trade-off study is as follows: 

MATERIAL TRADE-OFF 

Machin-     Bond     Ability To Environmental   Total 
Material    Weight  Strength   ability    Strength Be Etched    ftisensitlvity    Points 

Aluminum 9 3 5 1 3 4 25 

Titanium 7 8 4 10 8 9 4fi 

Stainless 
Steel 

4 9 6 3 6 8 36 

Beryllium 
Copper 

3 4 5 5 9 6 32 

Points given on bSNis of 1-10 with 10 highest rating. 

rn-4.   TASK D   -   DETAIL DESIGN 

This task was an analytical investigation into the design determined in Task B in 
order to predicate LARS performance and potential unwanted environmental activ- 
ities.   The analysis showed that the LARS should meet the desired performance 
detailed in Task A. 

ni-5.   TASK E   -   FABRICATION AND TEST 

The LARS geometry (Figure 11), which was designed and analyzed in the previous 
tasks was fabricated, along with a 3-stage laminar gain block, by the photo-etch 
process.   This unit wis assembled and subjected to both functional operating tests 
and selected environmental tests. 

Functions! Operation' Tests 

The LARS and the 3-stage gain block were tested on a Genisco rate table using a 
v  ' Pace P90D pressure transducer to measure rate sensor performance.   Results of 

the tests are as follows: 
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Perfornumoe 
Pgrggiggrg 

TfarMbold 

Hytteresi« 

Resolution 

Linear Range 

Response 

Noise 

Scale Factor 

Deelred 

0.05 

0.05 

0.05 

4100 

flat to 1000 radians/second 

2% Full scale 

Environmental Tests 

Teet Dtta 

0.05 degree/second 

0.05 degree/second 

0.05 degree/second 

4700 degrees/second 

not tested 

none measured 

0.0011 mmHg/degree/secood 

The reeults of the environmental tests are summarized as follows: 

a. Temperature - For a temperature increase from 650F to 3150F, there 
was a decrease in the LARS and gain block scale factor of 2.75.   There 
waa no temperature compensation in this LARS design. 

b. Acoustic Sensitivity - For the noise levels from 30 to 85 dB and the 
acoustic frequencies of 5 to 20K hertz, there was no measured effect 
on the LARS and gain block output signal when the vents were shielded. 

c. Vibration Sensitivity - The LARS and gain block were unaffected by 
vibrations of 0.5g at frequencies from 40 to 1000 hertz. 

n 
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IV.   PHASE m RESULTS 

In this Phase, the basic LARS,  the 3-stage laminar gain blodcand a vent mani- 
fold were integrated into a prototype LARS package.   This LARS package was 
then subjected to a complete evaluation and test program. 

IV-l.   TASK A - PERFORMANCE STUDIES 

Optimum Supply Pressure 

Both an analytical and test program were performed to determine the optimum 
supply pressure to each element in the LARS assembly.   The supply pressure to 
the last stage amplifier was determined at 7.5 mmHg and the simply pressures 
to the other elements were orific^d from thin level to the optimum pressure. 

Threshold Test - The LARS threshold test was conducted at NASA Langley.  The 
measured threshold of the LARS was 0.04 degree/second using a Oatametrics 
Pressure Transducing System. 

Linear Range and Scale Factor Test - The linear range and scale factor of the 
LARS was measured cm a Genisco rate table with a Kaman-Nuclear K-1100 Digi- 
Vit Pressure Readout.   The measured linear range was 600 degrees/second with 
a scale factor of 0.0005 mrnHg/degree/second.   The linearity was within 2 per- 
cent of full scale. 

Signal to Noise Ratio - The Signal to Noise Ratio (S/N) was measured using a 
Datametrics Pressure Transducing System.   The electronic noise level (the noise 
level measured with the LARS turned off) was equivalent to a 0.4-degree/second 
peak-to-peak signal level.   When the LARS was turned on, there was no change 
in the signal level as measured on an oscilloscope. 

Frequency Response Tests - The LARS was mounted on an oscillating table and 
the oscillating table rate of turn was measured against the output of the LARS. 
The input frequency was varied from 20 to 250 hertz at a constant amplitude   The 
results of the tests were recorded on oscilloscope traces.   The measured fre- 
quency response of the LARS with the gain block was flat to 10P hertz and was 
down 3 dB with a 90-degrse phase shift at 150 hertz. 

Transport Lag - The transport lag (pure time delay) of the LARS was determined 
by applying an impact acceleration to the oscillating table and measuring the time 
from impact to the first change in LARS output signal. This pure time delay was 
measured at 1.68 milliseconds. 

• 
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IV-2.   TASK B - SENSITIVrTY STUDIES 

Effects of Supply Pressure 

It should be obvious by this time that the operating characteristics of the LARS 
are affected by the supply pressure level.  A qualitative description of some of 
the effects of the supply pressure on the LARS performance characteristics is 
given below: 

a.    Linear Range - Decree » ng the supply pressure to the LARS gave an in- 
crease in linear range and an increase in supply pressure gave a 
decrease in linear range (increase was limited to lam ton r flow range). 
No concise relationship between these two parameters was found but a 
combination of LARS gain and maximum pressure recovery appears to 
be the controlling factor. 

I 

( 

b. Nolde - The output noise level remained below the sensitivity of the 
pressure transducer until turbulent flow was obtained.   Then the output 
noise level increased with increasing supply pressure. 

c. Scale Factor - The scale factor (change in differential output pressure 
versus rate ' ' turn) varied proportionally to the change in supply pres- 
sure.   This relationship only holds in the laminar flow region. 

d. Null Uncertainty - The measured null output (differential output pres- 
sure versus supply pressure at zero rate of turn) behaved in a rather 
unpredictable manner. 

Effects of Temperature 

The performance of the LARS versus temperature variations was measured. 
Both an uncompensated and a temperature compensated (small orifice located 
upstream of the laminar supply nozzle) were tested with only scale factor and 
null variations being recorded. 

i b. 

Scale Factor - When the temperature on the uncompensated LARS was 
varied from fi50F to 3150F, the scale factor dropped to 30 percent of its 
value at 650F.   When the above test was performed on the temperature 
compensated unit, the scale factor dropped to only 85 percent of its 
value at 650F.   Analysis showed that improvements could be made in the 
temperature compensation circuit and these improvements should 
maintain the scale to 95 percent of its 65° F value. 

Null Uncertainty - The temperature caused the null signal level to vary 
in both the uncompensated and compensated models. However, no pre- 
cise relationship could be found. 
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IV-3.   TASK C - NOBE INVESTIGATION 

Two models were tested for acoustic noise sensitivity (see Figure 12).  The 
first model had the vents of the rate sensor and gain block open to the ambient. 
The second model had all the vents captures In a manifold and then the vent flow 
exited through an orifice to ambient.  The acoustic frequency was varied from 
10 to 20,000 hertz at an average sound Intensity of 105 dB.   The first model had 
output signal levels equivalent to a 500 degrees/second rate of turn when the 
acoustic frequency was between 1400 to 2600 hertz, and had small output fluctu- 
ations (< 25 degrees/second) when the acoustic frequency was around 100 hertz. 
The second model had no measurable effects on Its output signal through the 
complete test range. 

IV-4.   TASK D - SHOCK AND VIBRATION TESTS 

The second model of the LARS with all the vents captured In a manifold was sub- 
jected to both vibration and shock. 

Vibration 

The LARS was subjected to the vibration test procedure detailed in MIL-STD- 
810B for equipment installed in air launched missiles.  Resonance search, 
resonance dwell, and sinusoidal cycling were performed in ail three axes. 
These tests showed that the LARS is unaffected by the above vibration levels. 

Shook 

d 

Two LARS units were mounted on a bulkhead with their longitudinal axes rotated 
90 degrees with respect to each other.  An explosive charge was detonated which 
applied 12,500 g's to the LARS units.   The functional tests performed on the 
LARS after the shock tests indicated that there was no apparent damage to the 
LARS. 
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V.   PHASE IV RESULTS 

The main objectives of this phase were to (1) develop an optimum laminar pro- 
portional amplifier, (2) develop techniques and procedures for staging the lam- 
inar proportional amplifiers to Obtain the desired gain block performance, and 
(3) optimize the design and fabrication of the rate senoor/gain block package to 
obtain a prototype LARS design with the desired operating performance. 

V-l. TASK A - LAMINAR AMPLIFIER DEVELOPMENT 

At the end of the LARS Phase III program, the major problem area to be solved 
was to greatly increase the output signal level (scale factor) of the LARS.  Al- 
most two orders of magnitude were desired over the level that was available 
with the 3-stage gain block used in Phase III.   Hie stageable differential pres- 
sure gain of the amplifier used in the Phase III gain block was approximately 4. 
Therefore, it was desired to greatly increase this stageable gain. 

Amplifier Test Results 

Each of 10 amplifiers (2 each of the 5 different designs shown in Figure 13) was 
submitted to a differential pressure test.   A comparison of the test results is 
shown in Table VI. The test results are given at the optimum bias level, supply 
pressure and aspect ratio (0.6). 

After reviewing the data from the differential pressure test (Table VI), ampli- 
fier designs (B) and (C) were eliminated from further consideration because of 
their low stageable gain, i.e., too many stages to obtain required gain.   (Note: 
Designs (B) and (C) incorporated a long narrow power nozzle.) When these am- 
plifiers with the long power nozzle were subjected to maximum supply pressure 
test, they did remain laminar to higher Reynolds Numbers than the other de- 
signs.   However, it appears that the velocity profile obtained at the exit of this 
type of power nozzle is not conducive to obtaining good gain using standard re- 
ceiver designs.   The test data on the remaining three designs was comprehen- 
sively reviewed and a comparison of the following major performance goals was 
made: 

o 

o 

a. Pressure gain 

b. Linearity 

c. Maximum linear range (function of pressure recovery and maximum 
supply pressure for laminar flow) 

d. Ease of fabrication (simplicity of design) 

e. Saturation characteristics 

u 
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f.    Gain variations (as function of bias level, supply pnssure.and 
output loading). 

TABLE VI. AMPLIHER TEST RESULTS 

Maximum Block Load      Maximum StaRcuble 
Design Pressure Gain Pressure Gain 

(A) 7.5 6 

(B) 5 4 

(C) 4 2.5 

(D) 13 10 

(E) 8 5.5 

Table VII gives a tabulated comparison of the three designs against the above 
performance criteria. 

TABLE VIL   PERFORMANCE CRITERIA COMPARISON 

Design No. (A)     Design No. (D) Design No. (E) 

Pressure Gain Pair 

Linearity Good 

Maximum Range Good 

Ease of Fabrication      Good 

Saturation Poor 

Gain Variations Fair 

Excellent Fair 

Poor Fair 

Good Fair 

Good Poor 

Excellent Excellent 

Poor Good 

G 

O 

In reviewing the above table, no amplifier design becomes a clear cut choice as 
the one with the outstanding performance characteristics.   However, the follow- 
ing general comments could be made about all tnree designs: 

a.     Hie best stageable gain with minimal output noise is obtained when the 
amplifier is operated at the highest possible supply pressure without 
going turbulent. 
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o b. The maximum stageable gain la obtained at very low input blaa levels. 
However, if the bias level gets too low, the maximum operating supply 
presauro la reduced. 

c. Equal amplifier gain for each design can be obtained at each aspect 
ratio tested at a corresponding supply pressure to maintain a fixed 
Reynolds Number.   This was true for aspect ratios from 0.4 to 2. 

d. Higher amplifier gains are obtainable when the output load is less 
than one nozzle (I.e., the load approaches a blocked load condition). 
However, since there are no vents In the output legs, the amplifier 
tends toward instability at loads less than one nozzle. 

Because of the high gain required by the gain block.deslgn (D) was chosen for 
gain block tests because of Its high stageable gain. 

V-2. TASK B - STAGING TECHNIQUES 

The purpose of this task was to optimize the per.'ormance of a 3-stage gain 
block with respect to gain, linearity, noiae, and saturation.   It was further de- 
sired to determine a method of predicting the expected performance of each am- 
plifier design when Interconnected into a gain block. 

Gain Block Results 

c 

c 

Keeping the above performance criteria in mind, a series of 3-stage gain blocks 
using amplifier design (D) were tested with various aspect ratio amplifiers for 
each stage.   The gain blocks were made up of single stage amplifiers which 
were tubed together using soft wall tubing.   The test configuration is shown in 
Figure 14.  However, the teat data obtained was poor and not repeatable.   The 
poor results were due to: n) signal noise being generated by the interconnections, 
b) the interconnecting tubing getting bent or pinched, and c) failure to use the 
exact same piece of tube on the exact same connection points.   Therefore, a 
special test manifold was designed to test the three-stage gain block couplnd 
with the rate sensor in a "semi-integrated" package.  Several different three- 
stage configurations were tested including the following aspect ratio combina- 
tions:  a) 0.8, 0.6, 0.4.   b) 0.4, 0.4, 0.4.   c)0.6, 0.6, 0.4,   d) 0.6. 0.4, 0.4. 

TableVin given the parameters of one of the better performing three-stage 
gain block configurations. 

Pressure gains as high as 1000 were obtained for a 3-stage gain blocks but the 
gain was very sensitive to bias level and supply pressure to each stage.  Gains 
of 550 to 610 were obtained fairly repeatably with a minimum sensitivity of the 
gain to input bias level and supply pressure variations.  Signal to noise ratios 
of greater than 2010 were measured with the above configuration.   The test 
instrumentation was the limiting factor for measuring better signal to noise 
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TABLE VIII. 3-STAGE GAIN BLOCK TEST RESULTS 

Bias Level 
From Sensor     Output     Differential 

Rate Load     Pressure Gain 
Aspect 
Ratio 

Supply 
Pressure 

Stage 1 0.6 8 mm Hg 

Stage 2 0.6 20 mm Hg 

Stage 3 0.4 90 mm Hg 

1% 

o.orxo.oi" 
Nozzle 

610 

o 

o 

ratios.   During this test, supply pressures to each stage were independently 
regulated and the vents of each amplifier stage were individually bled unrestricted 
to the ambient.With the unrestricted vents, the 3-stage gain block was extremely 
sensitive to acoustic noise.   Care had to be taken in keeping the room in which 
the tests were performed free of extraneous noise and room drafts. 

The two other basic amplifier designs (A) and (E) were also tested in the 3-stage 
manifold similar to the procedure used to evaluate amplifier (D) described 
above.   Design (E) is the standard GE-SFO design in an integrated configuration. 
This design had been used in Phase HI with unity aspect ratio amplifiers in a 
vertically stacked arrangement.   In this phase, the tests were performed using 
0.4 and 0.6 aspect ratio amplifiers.   The results showed that the 3-stage ampli- 
fier had a blocked load gain of 110 to 125 for both the aspect ratio 0.4 and 0.6 
when it was operated in the laminar flow region (12 mmHg).   Since this was 
substantially lower than amplifier (D), no further work was performed on this 
design during this phase of the contract.   The final amplifier design that was 
tested was design (A).   The basic amplifier had good blocked load pressure gain 
but when it was interconnected into the 3-stage gain block, very poor pressure 
gain resulted.   By decreasing the aspect ratio for each downstream stage (in- 
creasing input impedance), results similar to the GE-SFO amplifier gain block 
were obtained.   However, this device is much larger and more difficult to 
fabricate. 

Gain Block Conclusions 

At the end of the gain block tests, the followin 
amplifier in a staged configuration were found: 

performance features of the (D) 

o a. Very high pressure gain 

b. Relatively easy to fabricate by metal etch process 
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o.    Very high signal to noise ratio 

d. Vary good saturation characteristics 

e. Overall pressure gain very sensitive to supply pressures to each stage 

In spite of the supply pressure problem (which was not considered severe), this 
amplifier design waa selected as the one to be used in the integrated Laminar 
Angular Rate Sensor (LARS).   This amplifier design waa baaed on a design sub- 
mitted to OE-RESD by NASA Langley. 

V-3.   TASK C - LARS DESIGN OPTIMIZATION 

During the Phase HI effort, a breadboard laminar angular rate sensor and 3- 
atage gain block was designed, fabricated, and tested.   This LARS is shown 
in Figure 15.   In this Phase IV task, a prototype LARS, using the latest rate 
sensor and proportional amplifier designs, was to be fabricated and tested. 
Ulis prototype LARS was to meet the rate sensor performance requirements 
(Table DC) which were specified for the three fluidic control systems which 
were under development at GE-RESD. o 

TABLE IX.  SENSOR PERFORMANCE REQUIREMENTS 

Roll Rate Control Roll Rate Control       Three Axis 
for Advanced Navy for High Aocelera-     Autopilot for 

Missiles tlon Guided Missiles Advanced Navy 
         Missiles 

Scale Factor 0.04 mm Hg/deg/ 
sec 

Linear Range 250 deg/seo 

Frequency Response 500 rad/sec 

Threshold 2 deg/sec 

Signal to Noise Ratio 100 

Linearity 10% 

Transport Lab 2 msec 

0.6 mm Hg/deg/ 
sec 

500 deg/sec 

1000 rad/sec 

0.5 deg/sec 

500 

5% 

2 msec 

0.04 mm Hg/ 
deg/sec 

200 deg/sec 

400rsd/sec 

0.1 deg/sec 

2 msec 

u 

Baalc Rate Sensor Design 

From Table DC the pressure gain requirement for a gain block coupled with die 
rate sensor developed in Phases I, II and ni was as high aa 76,000. Since the 
ability to obtain gains of this magnitude was deemed impossible in practical 
applications, an Investigation was performed to Increase the basic rate sensor 

o 

394 

-  - ■ - - ■■ - - ---- 
-. ^.-- »   - - -  _„, MM 



- i-  -.^T-. .tn*-,'. 

1 

o 

G 

O 

o 

f 
I 

L \ 

-■ -    -   . 



■ ■■- -"- " ■"- '■    '  ' i—■ " 

•eale factor.   UM two malm area* of this investiRation wero:  1) the effect» of 
aspect ratio (AR), aad  2) fee effecta of power nozzle and receiver design. 

Aapaet Ratio - Dnriof the previoua throe phaaea, the baalc rate aenaor waa 
tooted from aapeet ratioa of 1 to 3.   To the beat of the Author's knowledge, 
aspect ratioa of leaa than 1 were never tested.   Therefore, an investigation 
was performed to determine the effect of aspect ratio on the rate aenaor per- 
formance.   The resulta of the teats are given in Table X. 

TABLE X.    TEST RESULTS - ASPECT RATIO VERSUS SCALE FACTOR 

Scale Factor 
Ratio Oeneor (mm Hg/deg/sec) Linear Range 
Aapeet Ratio (Blocked Loaded) (cleg/sec) 

1 (original deaign) 8 x 10~ 250 

0.6 2 x lO-4 700 

0.4 4 x lO-4 1000 

An additional advantage of a lower aapeet ratio aenaor is a greatly increased 
speed of rea|>onae.   The reason for the increased response is due mainly to the 
increaaed power Jet velocity at the much higher supply pressures used with the 
lower aapeet ratioe.   A complete series of testa was performed to compare the 
performance data of the original rate aenaor to the low aapeet ratio units.   The 
hystereaia, threshold, noiae level, null drift, aaturation, etc. of the low aapeet 
ratio unite were equal to or better than the original unit, except in one case. 
Hist ia, from unit to unit, the effect of supply pressure variation on output 
presaure null waa more aevere for the lower aapeet ratios. 

Power Noeale and Receiver Deaign - HDL had performed aeveral teats on power 
nozzle and receiver designs - including the meaaurement of velocity profiles 
and the effecta of nozzle and receiver deaign on amplifier gain.   Baaed on these 
testa, HDL made the following recommendations to GE-RESD: 

a«    To obtain the beat amplifier gain for laminar flow amplifiers, use a 
abort power nozzle. 

b.    Better overall results will be obtained with a receiver deaign which 
doea not uae a center vent. 

Therefore, it was decided to teat amplifier deaign (D) aa a laminar rate aenaor. 
The rate aenaor aoale factor waa    6 x 10~* mm Hg/degree/second at an aapeet 
ratio of 0.4.   Alao, the time delay waa reduced from that measured for the origi- 
nal rate aenaor beeaoae the receiver ia only half aa far from the power nozzle. 
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A much dealred addlttonal feature of this design when used ss a rate sensor Is 
the Inclusion of control ports.  The old rate sensor design had the disadvantage 
that it could not be trimmed.   That ia, the differential output pressure could 
not be nulled to aero for zero rates of rotation after the rate sensor hsd been 
assembled.   In theory, this is not s problem.   However, due to the practical 
limitations of the fabrication process, an inherent offset almost always exists 
and it is very difficult and time consuming to eliminate this offset by restack- 
ing and re-aligning the laminates.   The addition of the control ports allow« a 
differential pressure to be applied across die power Jet to center it.   This can 
be accomplished by bringing an external pressure into the ports or by placing 
an orifice between the control port and ambient (rsnt) pressure.   For the Phase 
IV program, die orifice method waa employed.   Now the rate aenaor can be 
assembled and adjusted to zero at any supply pressure. 

The ou put of this task waa to select a 0.6 aspect ratio, (D) amplifier design 
with s short supply nozzle and trim ports to perform the rate sensing function. 
The scale factor of this rate sensor design into a blocked load was 4 x 10~4 

mm Hg/degree/second. 

Laminar Gain Block Design 

An integrated 3-atage gain block assembly was designed.   This integrated 
assembly incorporated die 3-stago amplifier gain block developed In Section 
V-2 and detailed in Table VIII. Designed into this assembly was a common 
supply manifold and common vent plenum.   The supply manifold used orifices 
to drop the manifold pressure to the level required by each amplifier.   The 
vent plenum waa uaed to capture all the vent flows from the rate sensor and am- 
plifiers.   The vent flow then passed through an orifice to ambient pressure. 
Capturing the vents "decoupled" the ambient variations from the performance of 
die LARS.   The rate sensor and three stages of amplifiers were assembled in 
the integrated package and the package was tested.   The tests showed a high 
noise level (« 20 degrees/second equivalent signal level) on die output of the 
LARS.   Therefore, the LARS was disassembled and die amplifiers were placed 
in the test fixture usdd in Section V-2.   The performance of the gain block ex- 
ceeded the performance of the gain block described in Section V-2.   The basic 
rate sensor waa interconnected to the gain block and this package was tested. 
The performance of this package  met   the desired LARS performance includ- 
ing noise level (remember that each supply pressure end each vent were now 
independent).   These components were then re-assembled into the integrated 
LARS package.   The aame high noise level problem existed.   Several attempts 
were made to correct th's problem by either modifying die vent plenum or 
changing the supply pressure to one or more of the amplifiers by changing the 
orifice size.  Changing the vent plenum design had little effect unless die vents 
of die amplifiers were open to ambient.   Then die noise level was substantially 
reduced but the LARS was very sensitive to ambient noise.   Changing the supply 
pressures either (1) had little effect or (2) greatly reduced the noise level at a 
severe penalty of gain such that the LARS scale factor was unacceptable.   The 
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reasons for the above noise problem were not found because every time we dis- 
assembled an Integrated LARS and tested the components In the test fixture the 
unit worked fine. This same unit would not work in an integrated package and 
we were unable to instrument these packages. 

Because of time and funding constraints, a new integrated LARS package was 
designed which incorporated the amplifier (D) design used as the rate sensor, 
one stage of amplifier (D) used a laminar proportional amplifier, and the ampli- 
fier (E) used as a lauinar 3-stage gain block.   The object of the new design was 
(1) to have separate vent plenums for the rate sensor and gain block and  (2) to 
attempt to isolate the supply of the rate sensor from the gain block by re- 
designing the supply pressure manifold.   Because of the design of the laminates 
and the desirability to "decouple" the vents of the rate sensor from the gain 
block, the rate sensor vents could not be internally shielded from the ambient. 
Therefore, a special metal shield was made and the 200-degree/second and 
25-degree/second models were tested with this shield. 

LARS Test Setup 

Three models of the LARS were developed during this effort.   The three models 
had a linear range of either 1000 degrees/second, 200 degrees/second or 25 de- 
grees/second and are all similar to the unit shown in Figure 16.   Tests were 
performed on each of the models to determine the following performance 
characteristics: 

a. Hysteresis 

b. Threshold 

c. Scale Factor 

d. Noise Level 

e. Linear Range 

f. Linearity 

g. Saturation Characteristics 

h. Null Drift 

i.    Repeatable Null 

Figure 17 shows the test setup for measureing d and h.   The supply pressure 
was set and monitored.   The tank was used to filter any noise in the supply line. 
Figure 18 shows the test setup for measuring the additional data listed above. 
Photographs of the setup are shown in Figure 19.   Several problem areas were 
encountered in this test setup.   In many cases, the test instrumentation limited 
our capability to determine the parameter of interest.   Therefore, several param- 
eters are given   as "Limited By Test Equipment".   This means that the param- 
eter of interest is better than that stated.   How much better could not be deter- 
mined.   The problem areas in this test setup were: 
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Figure 16.   Fluidic Rate Sensor 
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a. Kau-s ol iMt than 0.5 degree/second could not be mcasu-ed.   This was 
limili-fl by IxUh the tachometer and rate table. 

b. The lineuriu of the tachometer was approximately ••■ 10 percent. Two 
tachometers harl been purchased and the one used was the better of the 
two. 

v.     The i ichonuiei- was liiuar to 1000 degrees, second clockwise but only 
200 decrees, second counter clockwise.   Several tests were performed 
with this lachometcr in this condition before it could be repaired. 

d. The pressure transducer had a mininuun sensing capability of 0.001 
mm Hg pressure differential.    Pressure levels of at least an order of 
magnitude lower than that are needed for the threshold tests. 

e. Tin   frr(|ii  n<\  ro»pniisu «'I the liansducii' i- limiUd 1o 100 radians/ 
M l-nml. 

f. A stmed-gas, blow-down svstem was used as the air supply to the 
I,AUS.   This pui svstem allowed tests ol only a short duration ( ^30 
injnulr«» and cuis.-d sni>|il\ pressure variations t<i the LARS. 

g. |)u<  tn ih,   i au  l.'•>!.• sli|i rings, the el.» tiDiiie noise was appreciable. 

Test HcsulU Hi the lli'iO-Dcgree Seconrl Model 

The test icsulls of the looo degree second model are given in Table XI.     The 
results given are the average of the three units tested. 

TABUE XI.     IMIKFOIMANCK - ttM-OEGIIEE SKCOM) MODEL 

Supply Pressure 

Threshold 

Scale Factor 

Hvsti-resls 

Limanlv 

Lint ar Hange 

Noisi' Level 

Null lli-peatabiliiv 

TIIM, 

1;; mm Kg 

(;. I (leg, sec" 

0.0013 mm llg deg/sec 

O.r» ileg'see* 

In 

lOO'l dig  see* 

(i..*) dog see* 'Noise Measured) 

I ikt,  sec 

I.S deg sec' 

*The numbers given are the best capabililv of the test equip- 
ment. The actual LAMS performance numbers could not be 
mi-asnml Iriil art' bi'tter than those given. 

x 
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During the tests the following LARS performance was observed by the author: 

a. The design of the vent plenum successfully Isolated the LARS from 
ambient conditions. 

b. The unit was easily trimmed.   However, if the trim set screw was 
accidentally "bottomed", the LA Its! could not be trimmed because of 
damage to the trim mechanism. 

Test Results of the 200-Degree/Second Model 

The teat results of the 200-degree/'Recond model are given in Table XII.    The 
results given are the average of the three units tested. 

TABLE XII.    PERFORMANCE - 200-DEGREE/SECOND MODEL 

Supply Pressure 

Threshold 

Scale Factor 

Hysteresis 

Linearity 

Linear Range 

Noise Level 

Null RepeatabilUv 

Trim 

12 mm Hg 

0.5 deg/sec* 

0.015 mm Hg/deg/sec 

0.5 deg/sec 

101» 

200 deg/sec 

0. r> deg/sec peak to peak 

0.5 deg/sec 

0.05 deg/sec 

•See Table VII 

During the tests, the following LARS performance was observed by the author. 

a. The null adjustment was difficult.   The pitch of the threads of the set- 
screw must be changed for the higher sensitivity LARS units. 

b. Because of the redesign of the vent plenum, the LARS was now sensi- 
tive to ambient air disturbance unless the specially designed shield 
was used. 

Test Results of the 25-Degree/Second Model 

The test results of the 25-degree/8econd model are given in TablcXm. The re- 
sults given ore the average of the three units tested. 

U 
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TABLE Xin. PERFORMANCE - 25-DEGREE/SECOND MODEL 

(5 Supply Pressure 

Threshold 

Scale Factor 

Hysteresis 

Linearity 

linear Range 

Noise Level 

Null Repeatability 

12 mm Kg 

0.5 deg/sec* 

0.05 mm Hg/deg/sec 

0.5 deg/sec 

10% 

50 deg/sec 

1 deg/sec 

2 deg/sec 

0 

c 

c 

♦See Table XI. 

During the tests, the following LARS performance was observed by „the author. 

a. The null adjustment problem was the same as the 200 degree/second 
model. 

b. The basic unit was very sensitive to ambient air disturbances.   This 
was due to the rate sensor vents being open to the ambient.   These 
vents had to be enclosed using a specially designed shield to perform 
the tests. 

c. The zero null condition was difficult to maintain during these teats. 
Supply pressure variatiors of 0.1 percent were enough to cause 
measurable changes in the null signal. 

The results showed that the LARS exhibits excellent performance in the areas 
of threshold, linearity, hysteresis, noise, etc.   However, two problem areas 
existed in this rate sensor design which would limit the use of the rate sensor 
in control systems.  The first problem was that the scale factor (rate sensor 
output versus rate of turn) had excessive variations with supply pressure and/or 
environmental variations (Figure 20).   The second problem was the null signal 
level (output signal with zero rotation) varied outeide acceptable limits with 
supply pressure and/or environmental variations (Figure 21). 

It was believed that the above two problems were caused mainly by the photo 
etch fabrication process which was employed to make the LARS.   However, 
a program to evaluate the effects of fabrication on the above problems was not 
performed prior to the end of the above phase on the prototype LARS units. 
Since evaluation of the original prototype LARS units, an investigation into the 
effects of the fabrication process on the above two problem   areas has been 
performed.   The *est results showed that the variations in wale factor and null 
signal level with variations in supply pressure and/or environmental conditions 
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can be held within acceptable limits when the LARS is properly fabricated and 
the LARS is to be used in autopilot or rate stabilization control systems 
(Figures 22 and 23).   However, further effort is needed to bring these two per- 
formance parameters within acceptable limits for an inertial quality angular 
rate sensor. 
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VI. SUMMARY 

To date, the previous effort has been to demonstrate die feasibility of a Laminar 
Angular Rate Sensor (LARS).  OE-RE8D performed several tasks to analyse, de- 
sign, fabricate, test, and evaluate several models of a LARS.  Analytical models, 
water table models, and actual prototype models have been employed to correlate 
anticipated performance with actual test data.  Good correlation was obtained be- 
tween theoretical analysis and actual test data for performance at both standard 
conditions and for selected environments.   Power nozzle/receiver design, aspect 
ratio, and the fabrication process were determined to be die three most impor- 
tant parameters affecting the sensor performance and its sensitivities to environ- 
mental variations.   The LARS has demonstrated itself to be a suitable device for 
use in rate stabilization type control systems. 

The projected next step in the development of a Laminar Angular Rate Sensor 
package is to fabricate, test, and evaluate six preproduction modeU (four units 
of the 200-degree/second model and two of the 1000-degree/seoond model). The 
test and evaluation should be performed to confirm  (1) that proper fabrication 
techniques will repestedly keap die scale factor and null signal variations with 
supply and/or environmencsi mlatlons within acceptable limits and (2) incor- 
porating the above recorimondations into the LARS design will reduce the en- 
vironmental effects with no degradation in the other performance parameters 
previously measured on the prototype LARS units. 
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ilATHE.IATICAL MODELING AND COMPUTER AIDED DESIGN 

OF A FLUIDIC G SEiJSOR 

by 

Charles A. Delsterllng* and ür. Albertus E. Schmldlln* 

AbSTRACT 

O 
One of the long-standing handicaps In the development of sophisti- 

cated fluldlc devices and systems has been the difficulty in analyzing 
their behavior.     Electronic computers have the capability of handling 
complex and cumbersome mathematical problems with ease.    Obviously, the 
application of computers to the fluidlcs technology would minimize this 
handicap.    The key  to successful application Is  the development of valid 
mathematical models. 

o 

This paper Is  Intended  to Illustrate, by the example of a fluldlc G 
sensor   (accelerometer),  that valid models can be developed,  and by more 
than one method.     Furthermore It Is to show how the behavior of these 
models can be analyzed and  their performance optimized by    means of both 
analog and digital computer«.    The results Indicate the validity of the 
models and verify their value in improving the dynamic response and mini- 
mizing gas consumption of  the G sensor. 

c. *Franklln Institute Research Laboratories, Phlla., Penna. 

♦♦Department of  the Army, Plcatlnny Arsenal, Dover,  New Jersey 
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LIST OF SYMBOLS 

U 
a 

A 

A. 

Ao 

A. 

At 

Atv 

Ay 

C 

•t 

d 

D 

E 

F 

f 

g 

C 

1 

K„ 
L 

M 

1 

\ 
Pb'F 

Po 

P. 
Pl 

acceleration of 6 Senaor, ln/aac2 

2 
area, general, In 

effective area of piston (experimentally determined) in? 

outlet orifice area, in2 

supply orifice area, in2 

total area of piscon, in2 

area of top vent, in2 

area of bottom vent , in2 

capacitance, microfarads, compllence, In-Vlb. 

volume capacitance of lower chamber, InVlb 

volume capacitance of upper chamber, inVlb 

clearance above seismic mass, in 

damping coefficient, lb sec/in 

voltage, volts 

side force on the piston, lb 

sliding friction force, lb 

gravitional constant, in/sec2 

acceleration, a/g, nondimensional 

current, amperes 

spring constant, lb/in 

vent nozzle coefficient, lb sec/in 

Inductance, henries, inertance, lb sec /in^ 

mass of the piston, lb sec2/in. 

mass flow, lb sec/in 

atmospheric pressure, lb/in 

generalized pressures lb/in2 

output pressure, lb/in2 

supply pressure, lb/in2 

pressure in bottom chamber, lb/in2 
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o 

o 

o 

p 

Do 

q 

B 

R 

Rb 

\ 

s 
T 

v 

Vl 

V2 
W 

x 

V 

y 

pressure In Cop chamber,  lb/in2 

density of gas,  lb sec/In* 

density of gas In chamber, P./AT,  lb sac/In4 

density of gas at supply port,    Pg/AT, lb sec/in 

volume flow,   in-Vsec 

gas constant,  ln2/sec^ "R 

resistance,  ohms,  lb sec/in^ 

damping resistance,  lb sec/In 

load resistance,  lb sec/in^ 

vent nozzle resistance,  lb sec/in5 

output resistance,  lb sec/in 

supply resistance,   lb sec/in 

Laplace transform variable,  1/sec 

gas  temperature,   "R 

velocity,  in/sec 

volume of bottom chamber,   in 

vo] .jie of top chamber, in 

weight of the piston, lb 

displacement of mass w.r.t. vent nozzle,  In 

coefficient of sliding friction 

ratio of specific heats 
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INTRODUCTION 

The goal of any modeling effort It Co develop • mecheaketicel descrip- 
tion that not only la valid but alao Is suitable for analyals by conven- 
tional techniquea. One approach la to flrat describe a fluldlc device 
In terms of Its electrical analogies (equivalent electric circuit), Chen 
develop tne nonlinear differential cquatlona describing Che circuit and 
finally apply standard circuit analyals and computing meChods Co the pre- 
diction of Its behavior.  (Ref 1)  This Is Che approach uaad In the first 
pare of clus paper. 

Another approach to modeling Is by means of the classical equatlona 
of fluid mechanics. The coupled, nonlinear differencial equatlona de- 
scribing gas flow and mechanical motion are derived and solved wich Che 
aid of computers. This approach la Illustrated In the latter part of 
the paper. 

PART I. MDELIdG WITH ELECTRICAL CIKCUIT ANAL06IES 

It Is appropriate to begin with a description of analogoua physical 
systems. In developing equivalent circuit models for fluldlc devices, we 
are generally concerned with three typaa of physical aysCams, fluldlc 
(pneumatic), mechanical and electrical. The analogoua second-order dif- 
ferential equatlona are aa follows: 

u 
ELECTRICAL 

For the KLC electrical circuit shown below we have: 

E O- 
R 

-WAr 

~>   M 

I 

where 

E - L dl/dt + Rl + l/Mldt 

E applied voltage 

1 instantaneous current 

L inductance 

R resistance 

C capacitance ( 

416 

i 



u Fluldic (Pneumatic) 

A similar combination of  fluldic devices in the circuit shown below 
yields the differential equation: 

P O 

o 

o 

c 

L dq/dt  + Rq  ♦  l/cft qdt 

where 

P ■ total pressure 

q = Instantaneous  volume  flow 

L ■ equivalent incrtance 

R * equivalent resistance 

C * equivalent compliance 

fiechanlcal 

The differential equation describing the spring-mass-damper system 
shown below is: 

F 

F    -    Ikl2x/dt2    + Ddx/dt + Kx 

X 
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where 

F - sua of ch« forces on M 

x - Inetantaneoua displacement 
M - mass 

0 - damping coefficient 

K • spring constant 

For the electrical equivalent circuit of the fluidic circuit we can let: 

P    -    E 

q - 1 
L - L 

R - R 

C - C 

In their appropriate units. 

For the electrical equivalent of the mechanical system, it Is most 
convenient to change the variable from displacement, x, to velocity, v, then: 

F - Kdv/dt + Dv ♦ YJvdt 

and we can use the analogies 

F - E 

v - i 

M - L 

D - R 

K  ^ I 
C 

In their appropriate units. 

PHYSICAL DESCRIPTION OF THE FLUIDIC 6 SENSOR 

The physical model of the fluidic G sensor is shown in Figure 1. It 
operates as follows. 

Supply flow enters the lower chamber through the supply restrlctor and 
flows out either the vent noxxle or the output restrlctor connected to 

o 

c 
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the load. There it a sealing diaphragm under the seismic mass to prevent 
flow leakage past the mass. In the upper chamber there Is one vent to 
atmosphere through a restrlctor which provides damping. 

O 

Assuming a vertical orientation as shown,  the seismic mass exerts 
a downward force equal to Mg which tends to seal off the vent nozzle. 
When the output restrlctor is relatively small, incoming supply flow will 
cause tne picssure to build up in the lower chamber until It lifts  the 
mass from the nozzle and allows more flow to vent out of the lower  chamber 
through the nozzle.    The    seismic mass will begin to rise. 

As the mass moves upward,   it compresses air In the upper chamber, 
forcing it out  through the damping restrlctor.    As the mass comes  to rest 
in a stable position,  ehe pressure in ehe upper  chamber, P2, reaches atmo- 
spheric pressure.    At equilibrium we have a force balance system in the 
lower chamber, where, neglecting sticking friction and diaphragm forces, 
the pressure in the lower chamber times the effective area, Ae, of   .lie 
seismic mass must be equal to the uass, li,  dues tue acceleration,  a, or 

p..a. 
Ae 

That is, ?i is a direct linear function of acceleration, provided M 
and Ae are constants.    No other parameters or variables are involved  in 
its static response.    The proportional   pressure, Pj,  is applied to the load, 
Rj,,   through the output restrlctor,  R0. 

G 

O 

EQUIVALENT ELECTRIC CIRCUIT 

Assuming no flow from one end of the chamber  to the other  (sealed 
diaphragm), we have two convenient node points, 1 and 2, for summing flows. 
At node 1 (the lower chamber)  there is only supply flow coming in, but 
there are several places for it to exit,    as illustrated by the equivalent 
circuit that follows: 

R. 

^ 

-^A tv 
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where 

Rn 

At " 
v - 

». " 

»o - 

• variable vent noisle resistance (function of x) 

• voluae capacitance of lower chaaber (function of x) 

total area of end of seismic mass 

velocity of seismic mass 

supply resistance 

output resistance 

load resistance 

Similarly at node 2 (the upper chamber) we have the network 

Atv   > 

O 
where 

ac2   jl 

C2 

damping resistance 

volume capacitance of upper, chamber (function of x) 

Here vAt la the only Incoming flow and It Is used to compress the air  In 
the trapped volume capacitance C2 and to bleed out the restrlctor R^ to 
atmosphere. 

Ilote chat pressures, Pp and P2, are developed at the two nodes, and 
act on opposite ends of  the cylindrical mass, M.    Between the nodes 1 and 
2 we have a mechanical system whose behavior will define the unknown 
velocity, v, connecting the two node equivalent circuits.    Then 

Mdv/dt   +   Dv    +   Kfvdt K/d PlAe 

which can be represented by the electrical equivalent circuit (neglecting 
diaphragm forces). 

o 

o 

O 

M 

HT 
O 
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o To conv 
determined v 

i circuit properly Co pressure and flow variables we 
of the mass by the equation 

PlAe " Vc M*    +    Dv 

or In terms of  the operator,s 

PlAe ' P2At   ' v(821 + D) 

O 

P.A 1 e Vt 
•M    +    D        sH    +    D 

However the increase in volume of the lower chamber and the decrease 
in volume of the upper chamber is determined by the velocity end total area 
A .    That is: 

Q2 
P^ A, PJV A v   _    let    m     2 r. .!A^ 
fci + D sM + D sM/A A, + D/A A,        »A/l  k    + D/A A, et et it et 

Converting the mechanical Impedances to fluldic Impedances and compen- 
sating C- and R.   for the area ratio we have the modified impedances: 

o 

M' m M/AeAt 

D' m D/AeAt 

R' R b ■ ^A^ 
C - AtC2/Ae 

Now the complete equivalent electric circuit for the G sensor is shown 
in Figure 2 

External acceleration, a, produces a force e^ual to mass times accelera- 
tion into the mechanical circuit above.    Since the device cannot react on 
the external acceleration (infinite input impedance and infinite reverse 
transfer  Impedance), it is Introduced into the circuit through s pure voltage 
generator.    To be compatible with the modified circuit, the force. Ma,  Is 
divided by the effective area. A«,  to produce an equivalent air pressure 
opposing P.. 

G 

MATHEI1ATICAL MODEL 

The equivalent circuit in Figure 2 provides the means for developing 
the mathematical model for the fluldic G sensor using conventional mathe- 
matical procedures. To simplify the presentation we can make the following 
substitutions. 

421 

 . -.... . . —.— .■.   -_, . - . - - —  



Let 

K            Ro/BCl P . _E- L 
R + 1/«C.    1 + sC.R 
P      1 1 P 

(parallel network in lower chamber) 

where: 

■ • Laplace operator 

and 

R R R 
p  •   n «  

R   + R n       x 
(parallel resistances In lower chamber) 

where; 

Rx - R0 + Rj^ (sum of output and load resistances) 

and 
Z2 . 

K I •c,2 K 
Ri + l/sC]    1 + eC^ R^    chamber) 

The loop equations are 

Ps    "    VRs * V " Q2(V 

(parallel network in upper 

and 

A_      X  p      /  p I 

I   ' 

0 

Now one can for« the determinant of the 2 by 2 impedance matrix, set 
it equal to zero and determine the characteristic equation of trie G sensor. 
By definition the characteristic equation defines the transient response of 
the G sensor as described in the linearized analytical study later in this 
paper. 

Solving for Q1 and multiplying it times Z- defines the transfer func- 
tion of the G sensor from which we can determine the dynamic response of 
?! to changes in acceleration «.nd supply pressure. 
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o ANALOG COMPUTER STUDIES 

Referring to ch« equivalent electric circuit of Figure 2 end Ite 
coaponent pert«, «e cen foraulete e eet of equatlone aoet convenient for 
solution on en enelog computer. They ere the node equations 

tP, (P. - ?1) /R. Pl/Rn + 'l**!'** * (P1 " Po)/Ro + vAt 

«P., vAt - C2dP2/dt + Pj/^ 

(3p (p, - P.) /R ,/RL 

end the forces acting on the mess, N. 

o 
ftl P^ - P2At   - M (e + dv/dt) + Dv. 

One more equation Is necessary to the simulation of the C sensor.    The 
nonllnearlty of the vent nostle reetrlctor Is vital to the functioning of 
thle force-balanced system.   The value of this reels: ance, R , varlee Inver- 
sely with the nossle gap, the distance, x, shown In Figure 1?   The charac- 
teristic of this vent nossle reslstence, R , Is typically as shown below. 

c 
R FOR 0.070 

ORIFICE 

«n 
I 

Rn.  TV i^v,^^ 
" _  ._                                      ^^^**^J  - 

1 

We assume the characteristic Ran    where 

K - (R (§ x.)x. n       n      l 

o The analog computer program based on the ebove five equations IF. 
shown In Figure 3. 
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Not* that there are two other nonlinearltlee in the analog conputing 
circuit. The first is in the generation of a friction tern In the lower 
loop representing the Mechanical system dynaalcs. Sliding friction is s 
nonlinear phenomenon which results in a restraining force in the direction 
opposite to the notion of the nass and it is st a relatively constant level. 
This phenomenon is generated by feeding the velocity signal into a compara- 
tor with a sere reference level whose output generates s chsnging sign or 
direction of the friction force. The potentiometer that follows is set to 
regulate the magnitude of the force, and the net result is s simulated fric- 
tion level that changes its direction to always oppose the direction of 
motion of the mass. 

The other nonlinearlty is in ths generation of the displacement,x of 
the aass,M. We have defined x ss ths distance between the mess and the 
vent noszle, R . To avoid having the nozzle penetrate the mass during 
ovsrtravel, wenreatrict the displacement x to positive values only, by 
inserting s diode in the signal output of the integrator. When x does go 
to tsro, the vent reetrlctor is completely closed, so the value of R goes 
to infinity and Pi/R_ goes to zero. 

Ststic tests of ths analog computer program were run to correlsts with 
experimental data, starting with ths sensor st IG with the supply prsssure on. 
A step change of C was applied and a reading taken after transisnts had 
disd out. Supply pressure was then removed and reapplied, after which 
a second reading was made. The stsp change in C was removed and the pro- 
cedure repeated at IG. 

Q 

EFFECT OF ACCELERATION. G 

A plot showing the effect of C level on the lower chamber pressure, 
P., Is in Figure 4. Note that there is an area of uncertainty In the 
pressure (non repeatability of test results) at levels bftlow about 8 G 
due to the effect of sliding friction. Above this level the uncertainty 
dissppears, perhaps because the system "stiffness" becomes strong enough 
to overpower Suy uncertainty, or because the mass settles with an 
oscillatory motion. 

Other static tests were run to determine the effect of sll parameters 
on the lower chamber pressure, Pj. The following «rere effective: 

Acceleration, a 

Sliding Friction, f 

Effective Area, Ae 

Hass, M. 

It was determined thst the effect of the following variables on ths 
chamber pressure, P^, under ststic conditions Is negligible. 

o 

I 
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G 

(j 

Daaplng R«strietor, 1^ 

Supply RM trie tor. If 

Output tostrlctor, IQ 

Houl« (Vast) iMtrletor, ft. 

Lowar Ch«ab«r VOIMM   Capacltaac«, C. 

Oppor Chaabcr Voluaa Capaeltanc«, C. 

Supply Praaaur«, P, (6-10 pal). 

Tha output praaaura P0, la darlvad fro« P.. Tharafora* to dataralna 
tha affact of additional paraaatara on tba output praaaura, «a naad only 
Invaatigata thoaa paranatara downatraan of tha lowar cbanbar praaaura. P.. 
Tboaa paranatara ara tba output raalatanca, lot and tha load raalataaca, 
KL. It «aa found that both paranatara, IQ and l^, hava a algnlfleant affact 
on tha output praaaura, P0. 

Tha atatlc taata coaflmad that alldlag friction can lutreduca aarloua 
arrora In tha output of tha 6 aanaor. At low lavala of accalaratlon tha 
arrora ara la tha forn of a band of uncartalnty. At higbar lavala tha 
arrora appear to ba alwaya nagatlva. 

o 

Tha atatlc taata abow that tba only daalgn paranatara «bleb affact 
tba lowar cbanbar praaaura, Pj, ara allding friction, f, naaa, M, and 
affactlva araa. A«. Tha additional paranatara that affact tba output 
praaaura, P , ara tha outmit raatrlctor, R0, and tba load raatrlctor 

ANALOG COMPUTER STUDIES OF G SENSOR DYNAMICS 

Dynanlc testa wara run with tba conputar progran In Plgurt 3 start- 
ing at 1 6 with tha supply praaaura on. A atap change of 6 waa applied, 
then when the transients bad ateblllsed, the supply praaaura waa nonantarlly 
rsaoved, then reapplled. Finally whan tha transienta had ateblllsed 
again, the atap change In G level waa renoved and tha decay transient 
recorded. 

o 

Efftct of Sliding Friction, f, at 10 G 

Figure 5 shows tha tranalant response of the 6 aanaor with three 
values of allding friction. Four characteristics ara to be noted: 

(a) Sliding friction of 0.025 lb la required to produce 
acceptable danping 8 10 G; 
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(b) L«s* daaplng la rsqulrad for tba rMpona« to a atap 
input of 10 G than for a atap input of 8 lb/In2 aupply 
praaaura; 

(e) Thara la a critical laval of initial dlaturbanca bayond 
«bleb nor a daaplng la raquirad; tba raaaon for tba 
dlffaranca In raquirad doping appaara to ba dua to tba 
nonllnoarItlaa. 

(d) Tba undampri natural f raquancy la approxinatoly tba 
aaaa In both caaaa. 

It la elaar froa tba raaulta of chia taat that atabillty of tba 
fluldlc 6 aanaor with tba paranatara calculatad fro« tba praaant daalgn 
la bordarllna. Flrat, tba valua of alidlng friction factor naaaurad in tba 
axpariaantal unit la 0.60. With a croaa axla accalaratioa of 1 G. tbla 
raaulta In a forca of 0.60 x 0.0276 lb or 0.017 lb. Tba cooputar parfor- 
■anca shown in Flgura 5 showa that tbla forca la not anotigh to atablllaa 
tha G aanaor. Ha could provide «ora alidlng friction, but, aa ahown in tha 
atatlc caa«, thia could introduce aarioua unccrtaintiaa into tha raaponaa. 
Furtbanora, in actual uaa in a nlaaila, tba croaa-azia accalaratlon can 
ha auch lower than 1 G, in fact tare. Tbla laada to tha condualon that 
eliding friction oarmot be depended upon to stabilise the transient response 
of the G sensor. We aust find waya to increaae the effective "viscous" 
daa^ing. 

Ü 

o 

LINEARIZED ANALYTICAL STUDY 

To aid in finding the means to increeec the effective viscous daap- 
lng most directly, an analytical study wee cerried out.    This wee a 
linearized analysis of the transient behavior of the G sensor in general 
mathematical form.    The electrical equivalent circuit of Figure 2 was 
used to generate the characteristic equation of the complete system using 
standard algebraic processes.    It waa possible to fector the resulting 
cubic equation to establish the characteristic equation 

o 

[•HHr-M-'-K] (^w)- Zero 
where 

R. la the parallel combination of all reatrictors connected 
to the lower chamber. 

R2 Is the parallel combination of all reatrictors in the G sen- 
sor. o 
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o From the  characteristic equation we can derive: 

Undamped natural   frequency ■    ———— 

>/ M'C 

Damping  factor -    — 
«j/EJ" 

This leads  to  the  following conclusions: 

(1)     The  undamped natural  frequency If   solely a function of 
mass,   M,   and volume of  the  lower chamber,   C.. 

c 
(2) The damping factor is primarily a function of the parallel 

combination of all restrictors connected to the lower 
chamber and the ratio of the volume of the lower chamber 
to  the  volume of the upper chamber; 

(3) The damping restrlctor,  R. , acts with  the volume capaci- 
tance of  the upper chamber,  C«,   to reduce  the energy in the 
second order system by attenuating the high-frequency com- 
ponents. 

c 
Tests were run using the nonlinear computer model to establish a rough 
correlation with  the  results of the linearised analytical study. 

Figure 6  shows  the  transient response of the G sensor with various 
values of damping resistance, R. .    It  is typical of the many other para- 
meter studies conducted. 

The response  to G transients confirms that R.   provides effective 
damping by limiting the momentum of the mass as it approaches the nozzle. 
Then less energy is "injected" into the system and the oscillations are 
never severely excited ai.d decay rather quickly.     Note  in Figure 6  the 
frequency of the oscillations is relatively unaffected by changes in R. . 
Tills confirms  that  R.    is not  a  factcr  in determining  the undamped natural 
frequency of the C, sensor. 

The response  to supply pressure transients shows larger amplitudes 
of oscillation as R^   is  increased,  although  the decrement of decay seems 
to be relatively constant.     Larger amplitudes conflict with the hypotheses 
by the  constant  decrement  confirms  them. w c 
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It should also be noted that there is an optimum  value for R. which 
has the best combination of effects on G transients and supply pressure 
transients. We believe that this is due to the fact that with a high value 
of R. the volume of flow through the restrictor is not large enough to ex- 

act a si tract ilgnificant amount of energy from the system. 

u 

Summary of Analyses 

The initial dynamic tests with sliding friction indicate the need for 
additional sources of damping to insure stability of the G sensor and to 
minimize static errors at low acceleration.    The linearized analytical 
study led to the hypothesis that the restrictors connected to the lower 
chamber and the ratio of the volumes in the lower and upper chambers could 
be optimized to increase the damping factor.    The study also predicted that 
the undamped natural frequency of the G sensor is dependent on the seismic 
mass and the volume capacitance of the lower chamber only. 

The dynamic tests of the nonlinear mathematical model ooneiatently avn- 
fimed the hypotfieaes based on the linearized analyeis except for two cases 
due to nonlinearitics. 

'v.' 

(1) Computed results indicate that the damping resistance, R. , 
has an optimum value for damping, while the linearized 
analysis Indicates the larger,  the better. 

(2) Computed results indicate that the effect of the ratio of 
volume capacitances is of the form (C./C, - 2) while the 
linearized analysis indicates (l-C./C.). 

The results of the linearized analysis have provided a clear Insight 
as to additional sources  for damping the nonlinear G sensor without  intro- 
ducing static ertors and uncertainties.    In addition the nonlinear analog 
computer program has proved to be of exceptional value in testing the 
effects of parameter changes and providing realistic static and dynamic 
responses. 

o 

G SENSOR EXPERIMENTAL TESTS 

A model of the G sensor was constructed for a limited series of ex- 
perimental tests.    The dimensions are identical with those used in the 
computer studies so the test remits could be correlated with computed 
results. 

o 
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o 

c 

c 

i; 

In the static tests to follow, the effect of acceleration on the G 
sensor Is simulated by loading tue top of the r.elsmlc mass with a con- 
trolled air pressure (P.) applied and measured through the ports Illus- 
trated in the top chamber in Figure 7. The loading pressure is applied 
at one port and measured at a second port to avoid errors due to flow. 
The air is allawcd to bleed normally through the damping restrictor, R. . 
This method of loadi tg the G sensor should introduce no atatia  errors, 
but there will be dynamic errors due to decreased volume capacitance, C», 
(inversely proportional to P.) and increased incremental R. (proportional 
to fliw through the nonlinear damping restrictor). 

Figure 8 is a photograph of the experimental G sensor set up for the 
test. Pressure is applied to the top through an interruptable Jet and a 
motor-driven chopper wheel.  Identical miniature pressure transducers 
are conne.ted to continuously monitor the input pressure. P., and the 
output pressure of interest and plot their relative values automacically. 

Figure 9 shows the sensor static output pressure response plotted 
automatically. The loading was slowly Increased to maximum, then slowly 
decreased to zero while the axis was oriented vertically. Note the ex- 
ceptional linearity and the indication of hysteresis. 

Comparison with Figure 4 shows good correlation in sensitivity but 
the absence of the effect of sliding friction, which for the computed case, 
was assumed at its maximum (axis horizontal). 

A limited series of dynamic tests were conducted with the experimental 
G fiei.sor. The sensor was oriented vertically so with zero loading pressure 
it was sensing one G. 

Figure 10 shows the transient response of the G sensor to step changes 
in simulated acceleration. The upper trace is P., representing acceleration 
and the lower trace is P., the pressure in the lower chamber. Note that at 
10 G the response shows a natural frequency of approximately 225 hertz and 
a characteristic nonlinear response. This is to be compared with the com- 
puted response for the nominal case shown in Figure 5. The computed natural 
frequency is about 240 hertz and we can see the same type of oscillatory 
response. Note also that adding friction by tilting the G-Sensor damps 
the response more nearly like the computed response (which included sliding 
friction). 

Figure 11 shows the transient response of the G sensor to a step change 
in supply pressure. Note that the response is lightly damped as compared to 
the response to 10 G in Figure 10, and it is quite different in character. 
This is to be compared with the computed response in Figure 5. The simi- 
larity in amplitudes is quite "ood. 
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PART II. M0DEIIN6 WITH THE BASIC PHYSICAL EQUATIONS 

The fluldlc "G" •«•or can b« dMcrlbad u a ■«••, «Ir-spring, valve 
syecea. Three coupled, nonlinear, differential equations deacrlbe the 
gea flow and the notion of the naaa. 

Governing Equations 

1. Suaeatlon of forcee on the aelanlc mass, M: 

2lF - Mic •»• Ma 

Equation of notion for the mass, M: 

'l  Ae 
X- -a + -P2 A 

M 

2. Haas rate of flow for a coapreaslble fluid: 

(1) 

(Ref. 2) 

To facilitate nanual calculations, a slapllfled expression can be 
need. For y*H and 0.33 ^/Pc <1,0 th* following expreealon la applicable 
with a neainini error of 1/4X. 

m JHm   Pc -»7 
pc 

A 

3. Equation of state for e perfect gea: 

PV • aBT 

4. Continuity equation for a chamber: 

PV   +   VP   -   nffT 
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0 Bottom chamber continuity equation: 

*1   p. A. 
vl 

w Ps.p; 
v       p. 

• 
pi fvv   , j^i/rVAi-i i   V'A'-Vi (2) 

G 

^ 

3. Top chamber continuity equation: 

£. P2> P - flow out of the top vent 

• 
P2 - 

.F2A 

V2 

tv   J 2gRt P2- 
P2 

I. 

b. P2 

■ 

<P    - a 

PaAtv 
V2 

flow 1 nto the top vent 

P2 
2gPT P        - a 

P a 

12 

Assumptl ons 

V   ^   P2 /     V2 
> (3) 

\   *    XI V2 

1. Gas flow through orifices Is subsonic with negligible 
upstream velocity. 

2. Gas temperature remains constant and uniform In both 
top and bottom chambers. 

3. Sliding friction between the seismic mass and the barrel 
Is present when operating In a horlsontal position. In 
this case the side force Is equal to the weight of the 
seismic mass; otherwise the side force Is assumed to be 
negligible. 

4. Effects of a pressure gradient along the diaphragm and 
flow force effects and diaphragm stiffness were approximated 
by experimental determination of an effective diaphragm 
area for force balance calculations. 

5. Motion of the seismic mass is limited to positive values of x 
(see Figure 1). If the mass reaches x-0 at a finite velocity, 
the velocity becomes and remains zero until the acceleration 
becomes positive. 
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OUcusslon of Assumptions 

The Msuaptlon of coutut taaparatur* w«t justified on the basia of 
• rolatlvoly low flow through th« device end • relatively high ratio of 
surface area to volume io the top and bottom chambers. Although the atatic 
temperature of the gaa will be lowarad after throttling through the orifices, 
it ia felt that thia effect will be offset by the heat transfer from the 
metal. 

In the case of the top chamber, for example, work by Daniela (Ref 3) 
on the acoustic impedance of enclosures suggests that the correction for 
deviation from isothermal will be negligible for thia geometry at 10 hz 
and only 10Z at 100 Hs. 

The use of an effective area for the diaphragm serves to correct for 
preaaure and flow force effects on its aurfaca. Since the teat data were 
obtained with the sensor diaphragm oriented in ita opening position the 
restraining forces within the diaphragm material were also includad. 

Limiting the motion of the seismic mass is necessary to aatiafy the 
physical characteristics of the hardware. Nothing is sacrificed in the / \ 
computer simulation as long as the mass remains within its nominal stroke V—' 
between x ■ 0+ and .020 in     In the event the mass approaches x - o at a 
finite velocity the rebound will not be simulated. This limitation in 
the computer model waa accepted. 

Analytical Results 

The governing equations were solved for steady-state and transient 
cases (Ref 4). The steady state results were obtained using Newton's .—. 
iteration technique. The tranaient results were obtained on a ditigal I     ) 
computer uaing a language called MIMIC which performs analog simulation. "— 
Two modele of the "G" Sensor were Investigated, a 1SG and a 30G unit. 

Static analysis is deairable hare in order to confirm the nominal 
value of the acale factor (preaaure par G of acceleration), the maximum 
jupply preaaure needed and the nominal travel of the seismic mass as a 
function of acceleration. The steady-state results for the 15G modal 
are shown in Figure 12. The preaaure versus acceleration curve was 
derived from the steady state form of aquation(l), neglecting friction. 
The preaaure versus displacement was derived from the steady state form 
of equation (2). The nonlinear 1 ties in the flow equation can clearly be 
seen in the preasure-displacament curve. 

The tranaient response to the simultaneous application of aupply 
preaaure and a 100 step acceleration ia shown in Figure 13.  These 
results represent the 1SG instrument which did not incorporate damping. 
The mathematical model was represented by equations (1) and (2); equation 
(3) waa omitted. Regarding the hardware thia means that both Aty and d are {  j 
sufficiently large so that ?2 m rt' ^^^ 
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The operation of the device can be Interpreted directly from the 
figure. When the rising chamber pressure reaches the steady-state value, 
the mass begins to move. The pressure continues to rise until the mass 
reaches Its steady-state displacement. The pressure begin« to decrease, but 
Is still above Its steady-state value and the displacement of the mass 
continues to increase. As the pressure drops below the steady-state value, 
the displacement of the mass starts to decrease. When the displacement 
of the mass falls below the steady-state value, the pressure begins to rise 
again and the device limit-cycles. This lag between the pressure rise and 
mass displacement results primarily from the compressibility of the fluid 
and the kinetic energy of the mass. 

The second instrument was designed for a full scale range of 30G. 
This unit incorporated damping by using the chamber above the seismic 
mass as a dashpot. This was accomplished by reducing the head clearance 
and the vent area, which had previously admitted ambient pressure to the 
upper side of the seismic mass. A comparison of the transient analytical 
and experimental results of the 30G unit are discussed later. 

"G" SENSOR TEST PROGRAM 

Static bench testing was conducted on the 15G Sensor to determine the 
relationship between a load on the seismic mass and the diaphragm pressure 
needed to support this load. In effect this test provided data for cal- 
culating the effective area of the diaphragm. The effective area was used 
in the analytical model also to compensate for the effects of pressure 
gradient, flow forces and diaphragm restraint. 

The force was applied by means of a thresded rod which pushed downward 
on the mass of the sensor. An attempt was made to minimise side loading, 
thereby minimizing friction. The resulting load was measured by a weigh- 
ing scale on which the sensor was placed. At specific points the load was 
read simultaneously with a reading of tin pressure, Pi, and a graph of force 
versus P^ was plotted. The slope of this line is the numerical value of 
the effective area. This value was used in the design of the seismic mass 
for various g-levels. Based on these data, Figure 14 shows the plot of P^ 
versus G labeled "characteristic curve". Also shown is a plot of data 
obtained from the centrifuge testing. 

Centrifuge testing was performed to provide a known acceleration Input 
for evaluating the G Sensor. The G Sensor was mounted horizontally at the 
periphery of the centrifuge table. Centrifuge testing was performed on 
both G Sensors and provided most of the data from which the G Sensor 
characteristics were determined. The results of tests on the 15G unit 
are shown on Figure 14 along with the "characteristic curve", a linear 
function derived from the static bench tests. The differences between the 
two curves may be due to the following factors. 
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1. Centrifuge test« include friction du« to « aid« force 
equal to the weight of the aeiaaic mass; characteristic 
curve assumes tero side force (vertical, static 
orientation). Hence, a hysteresis effect is present 
in the first case. 

2. Bench teats were conducted with a special barrel. Hence, 
SOM variation uy be due to dimensional variations 
between this special barrel and the unit tested on the 
centrifuge. 

3. Centrifuge teata inpoae acceleretion loeda on the diaphragm 
which tend to keep it flat and possibly change its effective 
area, thereby increasing the slope of the curve. Static 
loading tests do not. 

Dynamic tests on a 30G sensor revealed e limit cycling phenomenon as 
shown in Figure 15. In an attempt to eliminate thia phenomenon, damping 
was added by utilising the chamber above the mass aa a dashpot. This 
was accomplished by reducing the clearance, d, and the aite of the vent which 
previously had admitted ambient pressure into the top chamber. 

The computer program waa revised reflecting the addition of equation (3) 
as discussed earlier. Computer results with varied damping conditions 
are shown in Figure 16. The results show the effect of the top vent area, 
Atv, on the damping characteristics. Theae cases can be compared with 
the experiments as follows: 

) 

o 

1. Limit cycling - the experimental cycling frequency from 
Figure 15 is approximately 280 HE. Thia compares very 
closely with computed reaults (Figure 16a Case 1). 

2. Damping - the transient response of the G sensor shown in 
Figure 15 illustrates the effect of the top vent and 
clearance on the response characteristic. The analytical 
results of Cases I and IV (Figures 16a and 16b} confirm 
the effect. 

O 

3.    Response time - the fastest response to maximum pressure 
in Figure 15 is approximately 15 msec, while the computer 
runs indicate the first pressure peak in time periods 
between 1 and 4 msec.    This difference is reasonable when 
the conditions of the experimental tests are considered. 
The gas flow to the G sensor was supplied through several 
feet of pneumatic tubing fittings that included a rotary 
coupling and a solenoid control valve which necessarily 
was remotely mounted on the bench.    Therefore, there was a 
pneumatic lag in the experimental system while the computer 
runs reflect an instantaneous application of acceleration 
and supply pressure at the inlet port. ( 
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AM m result of this program It was concluded that thla concept of 

the 6 Sensor was feasible as s means for monitoring the propulsion forces 
on e missile during ths boost phase. Although the basic design is prone 
to limit cycle when damping is not provided, ample evidence both analytical 
and experimental was available to indicate practical solutions to this 
problem. The use of the top chamber volume es e dashpot is a simple 
remedy which does not require any additional gas consumption, any added 
else or weight or excessive cost for manufacture. 

The parameter1c studies, centered primarily around the eise of the 
supply orifice end on the eise of the top vent, have indicated the effects 
of those variables. Of particular significsnee is ths supply orifice 
siss which determines ths gae consumption of the device. These studies 
showed that a .010  orifice can be ussd in the sensor with acceptable 
reeults. In this wsy the gas consumption is extremely small (approximately 
1/20 cubi.. feet per minute) which is at Isaat an order of magnitude 
leas than required by other air-operated acceleration sensors (Ref 5). 

CONCLUSION 

In conclusion we have Illustrated the development of mathematical 
modele for fluidic devices, using the example of s fluidic 6 sensor. The 
value of these modele in analysing and optimising the design with the aid 
of electronic computers has also been demonstrated. We believe that 
modeling end computer-aided analysis can provide the insight necessary for 
the succeesful application of fluidic devices in high-performance systems. 
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Figure 1.   Physical Model of the G Sensor 

437 

\ 

f i art,. -      . --■ -■. . ' "" -     ■      ■    ■      ■!■     ,        ■■   ■--- 



f-A/W—O—WS, 1 

'w       Ü" 

+ 

a 

if 

I 
i 
.p 

o 
o r 
u 
V 

C' 

CM 

t '     I 

438 

/ 



o 

; o 

G 

: 

n 

o 
Ip 
t. u. 
o> 
e 

■5 

CO 

| 

I 

I 
o 

' 
439 

t 

. -- —^. ^-_^- 
-   - ---■:— - ttM*—**m^^*mm 



2.5 

X  INDICATED 
/    6 LEVEL 

AT 16 

1 
0 5 10 15 20 

ACCELERATION, 6* 

* AREAS OF UNCERTAINTY (NONREPEATABLE POINTS) 
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PNEUMATIC RATE/ACCELERATION SENSOR 

C. J. Bell* and L. R. Hester** 

I. INTRODUCTION 

With the advent of the fluldlc amplifier, fluldt computation, and 
fluldlc sensors there has developed considerable Interest. In the appli- 
cation of all-fluldlc control systems to aircraft and missiles, fie 
area In this application that has presented problems and has Inspired 
considerable development work Is that of fluldlc rate and acceleration 
sensors. These sensors are a necessary and vital part of control 
systems whether they are used for stability augmentation cr automatic 
controls. Fluldlc rate and acceleration sensors have utilized many 
different concepts from electro-mechanical sensors with fluldlc inter- 
faces to pure fluldlc sensors such as the vortex rate sensor. 

This paper is concerned with presenting the results obtained 
from a prototype rate/acceleration sensor that utilizes a rotating 
solid mass for sensing rates and accelerations and through a somewhat 
unique concept provides an output fluldlc signal. This device, the 
pneumatic rate/acceleration sensor (RAS), has been under development at 
Mississippi State University for the past 2 years. The device is cap- 
able of sensing two angular rates and three linear accelerations. This 
paper presents only the preliminary test results obtained with a some- 
what arbitrarily selected configuration for a prototype. Optimization 
with regard to sensitivity, compactness, and output signal levels would 
require considerable further development work. Nevertheless, the initial 
prototype performance indicates that the concept is viable. 

II. DESCRIPTION OF THE PNEUMATIC RATE/ACCELERATION SENSOR 

The pneumatic rate/acceleration sensor (RAS} consists of a rotor 
supported by two opposed conical air bearings. The first working model 
of the device may be seen assembled on a rate table for testing in 
Figure 1. In Figure 2, the major components of the device are shown. 
Figure 3 Is a schematic diagram of the device. 

Referring to the schematic, the device functions as follows. The 
rotor Is supported on the air films between the stator cones and the 
rotor cones. There are four feed orifices spaced 90° apart around 
each stator cone for a total of eight feed orifices. These feed ori- 
fices are Individually supplied from their corresponding feed chambers. 
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The feed chambers are supplied by supply orifices which are connected to 
common supply manifolds In each stator cone. A signal port from each 
feeo chamber provides the primary signal plckoffs. Assuming a constant 
supply pressure P , the feed chamber pressures P.*. PQ^,  will each depend 

upon the rotor cone position with respect to the stator cones. For ex- 
ample. If the device Is accelerated In the y-dlrectlon, pressures PA1 
and PBl will rise, while pressures P.., and PB3 will fall. The linear ac- 

celeration In the y-dlrectlon Is a function of (P., + Pg]) - (P/\3 ♦ Pj^)« 
With proper design, the linear acceleration will be proportional to the 
algebraic sum of pressures Indicated above, over some range of acceler- 
ation level. Linear accelerations In three mutually perpendicular direc- 
tions may be obtained by summing (algebraically) the proper combination 
of signal pressures. 

Consider next a torque acting In a clockwise direction on the rotor 
and about the z-axls. Pressures P.,, and P.* will rise to resist this 

torque, while pressures P., and Pg, will decrease. The sum (Pg-j + PA3) 

" ^PB3 * PA1^ w111 be a funct1on of the torque about z. A torque about 
z arises when the entire device Is rotated about the y-axls. The torque 
about z depends upon the usual gyro parameters of rotor speed, rotor 
moment of Inertia and angular velocity about y. Of course. In rotating 
the unit about y, a torque Is also Imposed on the rotor about y. However, 
the precesslonal torque about z Is much larger than the rotational torque 
about y In a properly designed device. A similar function of the pres- 
sure PA2. P34. PA4. Pg2 **111 yield a signal which Is a function of the 

angular velocity about z. 

This abbreviated discussion Indicates how fluid signals are gen- 
erated by the RAS. These pressure signals must be processed by the ap- 
propriate fluldlc circuits. The circuitry for each output signal desired 
consists basically of differential summing amplifiers followed by any 
additional stages of proportional amplification required. A typical 
network for angular rate sensing Is shown In Figure 4. 

III. EXPERIMENTAL SYSTEM AND RESULTS 

The RAS was mounted on a rate table as shown In Figure 1. The 
table was powered by a O.C. motor, and the angular rate was determined 
with a frequency counter. The RAS was mounted so that the orienta- 
tion of the y-axls (see Figure 3) with respect to the axis of rotation 
of the table could be set at any angle from 0° to 90°. 

The output signals from the device were processed by a summing 
amplifier as shown In Figure 4. Each summing amplifier was followed 
by a single stage proportional for further amplification. The tests 
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reported have Included fluldlc circuits for two angular rates only. Lin- 
ear acceleration tests have not been conducted. 

In order to record the outputs, the fluldlc signal from the final 
amplifier In each channel was fed to a Kullte pressure transducer, through 
a preamp and finally to a Sanborn 320 dual channel recorder. 

Results and Conclusions; The output versus Input results for the RAS as 
an angular rate sensor are shown fn Figures 5 and 6. In Figure 5, the 
outputs about the principle axl'i of rotation are shown for the cases of 
rotation about the device y-axls and the device z-axls. Results for 
rotational of the device about an axis mid-way between the RAS y and z 
axes are presented In Figure 6. 

As Indicated by Figure 5, the sensitivity about each axis Is essen- 
tially linear up to 15 degrees per second. The somewhat erratic results 
beyond the 15 deg/sec point could be due to limitations of this prototype, 
to limitations of the data gathering system, or to limitations of the 
fluldlc signal processing circuitry. No attempt has been made to deter- 
mine which of these segments. If any, contributes most to this behavior. 
One facet of the device performance which Is not Indicated In Figure 5 
Is that of crossfeed. The raw data Indicated that with rotation about, 
say, the y-axls, there Is approximately 10% crossfeed Into the z-axls. 
The RAS was subjected to angular rotation with zero rotor speed, and no 
output signal could be detected during this test. It appears, therefore, 
that Increased precision In manufacture and mounting can virtually elim- 
inate any crossfeed between axes. 

In Figure 6, the simultaneous outputs from both the y and z axes 
are presented for rotation about an axis at 45° to y and z. There are 
two Important characteristics Indicated from this data. First, the RAS 
can resolve an angular rate In a plane Into Its two components. However, 
the outputs are not proportional to the angles of orientation of re- 
spective axes. 

The tests of this prototype RAS Indicate that It Is, In principle, 
a feasible concept for angular rate sensing. It Is also clear that 
further work, analytical and experimental. Is required before the device 
can be conrnerlcally useable. 
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FLUIDIC NONCONTACT GAGING 

W. R. Schurman 
Monsanto Research Corporation 

Mound Laboratory* 
Miamisburg, Ohio 

ABSTRACT 

A fluidic noncontact method of gaging using low pressure air 
(less than 1 psig) was developed for measuring compacted 
powder heights of loaded detonators. Conventional air gages 
which used air flow indicators and back pressure sensors were 
investigated; however the minimum recommended operating 
pressure of 5 psig of gages of this type would disturb the 
compacted powder surface. 

Two gaging systems using extremely low back pressures coupled 
with a fluidic logic network were built and evaluated. Maxi- 
mum sensing pressure and optimum gaging distance were estab- 
lished. Tooling for gaging the compacted powder heights for 
two different loaded detonators was developed. The relation- 
ship of back pressure and powder heights was determined over 
a 0.003 in. range.  One fluidic gage was outfitted with a 
five-stage proportional amplifier. Another gage used 
fluidic indicator lights to indicate parts which were in 
tolerance, above tolerance, or below tolerance. The gages 
were also outfitted with a precision pressure transducer and 
digital display graduated in 0.001 psig divisions for obtain- 
ing actual back pressure readings. Other applications which 
could take advantage of gaging and sensing at extremely low 
pressures as they apply to detonator fabrication were also 
investigated. 

*Mound Laboratory is operated by Monsanto Research Corporation 
for the U. S. Atomic Energy Commission under Government 
Contract No. AT-33-1-GEN-53. 
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NOMENCLATURE 

psig - Pounds per square inch gage 

in.   -  inch 

"d"  - Orifice diameter 

"D"  - Sensing distance 

PA   - Pressure ambient 

PR   - Pressure restricted 

R.    - Resistor #1 

(. ) C.   - Control #1 

01   - Output #1 

P .  - Pressure at output #1 

P - Pressure or power supply 

P/A. - Proportional amplifier #1 

0/N1 -  OR/NOR gate #1 

Kl - Needle valve #1 

G - Pressure gain 
P 

CA - Capacitor 

Q - Flow rate 
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INTRODUCTION 

Since its introduction in the late 1920*8, gaging of com- 
ponents with air has been widely used on single repetitive 
measurements as well as on many automatic multiple inspec- 
tions where the inspection department is essentially part 
of the production line. With automatic gaging, the parts 
are continually inspected and corrective actions can be made 
by automatic machines.1 Air gaging has been used to measure 
such conditions as diameter, out-of-roundness, bevels, taper, 
concentricity, center distances, camber, parallelism, shaft 
runout, squareness, etc. In the past all air gaging was 
performed with a supply pressure of 5-20 psig.  However, 
with the advent of fluidics, low pressure sensing and 
fluidic amplification have become possible.  The new tech- 
niques of fluidic switching and amplification provide 
additional versatility, range, and precision to air gaging. 
Back pressure sensing with pressures less than 1.0 psig are 
used in fluidic gaging. Noncontact gaging is necessary when 
powder surfaces or delicate electronic surfaces must be 
gaged.  Fluidic noncontact gaging appears to fulfill this 
requirement in certain applications.  In its broadest defini- 
tion, gaging is the art of determining the size of an object, 
the quantity thereof, or capacity.  Techniques used to 
sense size, position, flow, level (liquid or solids), etc. 
are considered to be included in this broad field of gaging. 

:> 

BASIC OPERATION OF CONVENTIONAL AIR GAGES 

Throughout their history,  air gages have proven to be an 
extremely accurate method of determining single and multiple 
dimensions.     Ease of operation and calibration,  coupled with 
relatively low cost and endurance,  are some of the reasons 
for their widely accepted use.    The basic operation of con- 
ventional air gaging is relatively simple;  however,  it should 
be thoroughly understood in order that an intelligent com- 
parison can be made between it and fluidic gaging. 

In its simplest  form the heart of the most popular air gag- 
ing instrument is essentially an air-flow indicator.    An air 
supply of 60 to 125 psig is supplied to the instrument D 
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through a filter and regulator.  The air Is regulated to 
approximately 10 psig and flows through a glass or plastic 
tube «here It suspends a float.  The float rises and falls 
In the tube as determined by the air flow through the tube. 
A hose Is connected from the top of the tube to the gage head 
Itself.  Rate of air flow, as Indicated by the position of 
the float In the column, Is proportional to the clearance 
between the gage head and the work being measured. The 
gage Is calibrated by determining the upper and lower 
float positions which represent the maximum allowable 
tolerance limits. 

At first glance the gage head, normally used to check an 
Internal diameter, physically resembles a common plug gage; 
however, It has a central air passage with a series of air 
jets exiting at Its diameter. When Inserted Into the hole 
to be checked, the gage checks the true diameter of the hole 
based on the clearance between the gage head and the Inside 
diameter of the hole. The larger the diameter the greater 
the air flow; therefore, the float will rise In the tube. 
A typical system of this type, shown In Figure 1, can also 
be adapted for making external diameter checks as well as 
other dimensional checks. 

Another widely used air gaging Instrument uses the back 
pressure sensor In conjunction with a dial Indicator.  It Is 
connected to an air supply through a filter and regulator. 
Supply air Is regulated to approximately 20 psig. The Indi- 
cator Is essentially a limited-range bourdon tube which 
immediately shows the back pressure.  As in the case with 
the flowmeter gage, the pressure changes are determined by 
the clearance between the gage head and the component being 
measured.  Extremely fast responses and remote sensing are 
advantages of a liquid-filled bourdon tube. A typical back 
pressure gage used for checking an internal diameter is 
shown in Figure 2. 

COMBINING FLUIDIC LOGIC WITH BACK PRESSURE SENSORS 

r: 
When gaging small delicate surfaces, we are usually faced 
with the problem of sensing a physical parameter with ex- 
tremely low pressure air and minute air flows and of ampli- 
fying the signal to achieve a working output.  Fluidlcs can 
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FIGURE 2 - Back pressure gage used to gage inside diameter. 
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be quite satisfactorily combined with back pressure sensors 
to amplify the low back pressure signal. 

The sensor uses a flow of air v/hich Is filtered,  regulated, 
and metered through an orifice.    The output of the sensor, 
which Is back pressure In the line.   Is proportional   (over a 
limited range)  to the distance of the item being gaged from 
the orifice. 

Back pressure sensors are considered proximity switches be- 
cause it is not generally necessary that complete closure 
of the sensing port occur In order to obtain an output 
signal.     It should be understood, however,   that  the back 
pressure method is generally limited to disfances of less 
thai 1/4 the probe diameter.    Figure 3 shows a  typical 
rel< tionshlp between back pressure and the distance of the 
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FIGURE 3 - Typical relationship between back 
pressure and gaging distance. 
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object being gaged.  As shown, the back pressure output 
signal generated varies inversely with the gaged distance 
and directly with the supply pressure (over a limited range) 

Back pressure venturi devices2 can be custom designed for 
sensing or gaging small, precision parts and powdery sur- 
faces as well as liquid surfaces. The venturi nozzle shown 
in Figure 4 has the ideal geometry for back pressure sensing 
It should be noted that the diameter of the sensing orifice 
"d" should be approximately five times the sensing distance 
of "D". 

The coupling of low pressure fluidic elements to perform 
signal amplification, digital switching, and logic functions 
provides wider versatility and range to air gaging appli- 
cations which use back pressure heads. 

It is possible to combine the jvoportional amplifier with 
the back pressure sensors to achieve a pressure amplifica- 
tion of up to several hundred to one. 3    A simple example of 
this is shown in Figure 5.  This system as shown consists of 
a needle valve, a pressure chamber, and the sensing orifice. 

Signal port 

S*fltiiig dittane« "D" 
0.010 - 0.015 in. 

Supply pressure Back pressure orifiee "d" 
0.060 ii. diameter 

FIGURE 4 -  Ideal   nozzle geometry for back pressure sensing. 
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FIGURE 5 - Combination of back pressure sensor 
with proportional amplifier. 

The component being gaged Is slid under the orifice; It 
partially impedes the flow of air from the orifice causing 
a rise of pressure in the sensing chamber thereby increas- 
ing the pressure in the control jet of P/A.  The output 
from 0? of P/A can then be further amplified by cascading 
with other proportional amplifiers. 

A Go/No Go indication can be accomplished by converting the 
analogue output of the proportional amplifiers to a digital 
signal.  A system of this type is shown in Figure 6.  In 
this example the low pressure leg of the proportional ampli- 
fier is used to determine when the part is at its tolerance 
limit. The OR/NOR gages 0/N, and O/N3 are held in a switched 
condition (output 02) when an in tolerance part is being 
gaged.  If the part varies out of tolerance, O/Nj and O/N, 
will switch to ©! indicating a reject component. The entire 
tolerance band can be shifted by adjusting the bias on the 
needle valve N,.  The high and low limits can be shifted 
by adjusting N2 and N,.  For example, closing N2 will raise 
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FIGURE 6 -  Conversion of analogue to digital signal. 
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the underslze limit; i.e., 0/N, will switch back (output O^ 
sooner because the signal is restricted. This system as 
described can provide a noncontact gaging method with digi- 
tal display without delicate instrumentation or electronic 
amplification when its input signal comes from a back 
pressure head. 

Since there are no moving parts in the fluidic gaging cir- 
cuit it is virtually maintenance free. With a three-stage 
amplifier it is possible to detect dimensional changes of 
less than 0.0001 in. After the tolerance limits have been 
established the system can be calibrated with gage masters. 

A fluidic comparator circuit can also be designed by adding 
an additional gage head with a built-in master.  This can 
be of benefit when the problems of providing a constant air 
pressure and maintaining the set points must be eliminated. 
A fluidic comparator gaging circuit, as shown in Figure 7, 
can be used for extremely accurate gaging. This system 
uses two gage hiads, one for the master and one for the 
component being ;?aged. The back pressure from the two heads 
is connected to a  cascaded proportional amplifier which can 
be used to power indicator lights, bourdon tubes, or pres- 
sure transducer system. 

1 

( 

Surfoc« being gaged 

Cog« head 

*• 

Gag« Kaad with 
built-in mattar 

EB 

*> 

E 

Fint »tag« af cascaded amplifier 

FIGURE 7 - Fluidic comparative gaging, 
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These examples  show sons of the gsglng systems which ere 
possible when beck pressure sensing Is combined with 
fluldlc empllflcstlon. In most esses the descriptions 
given are brief to show only the beslc operating principles 

FLUIDIC NONCONTACT POWDER HEIGHT GAGE WITH VISUAL 
ACCEPTANCE INDICATOR - CASE HISTORY 

An Important physical parameter requiring measurement during 
the manufacture of detonators is the explosive powder exten- 
sion (Figure 8). This measurement must generally be con- 
trolled and verified within several thousands of an inch. 
Techniques used for the measurements of the heights of the 
extremely fluffy powder in loaded detonators have remained 
virtually unchanged since the original gaging method (the 
"snake eye" gage) was developed in the 1950*8. This gage 
(Figure 9) consists of a cup which has two protruding pins 
whose lengths match the maximum and minimum allowable powder 
extension. The pressed powder height is gaged by placing 
the snake eye gage over the loeded cylinder. The loading 
would then be microscopically inspected and the presence of 

Fipletiv« powder c > 

Cylinder 

Detonator hoodor 
with oloctrodot 

FIGURE 8 - Location of explosive powder measurement. -"   I 
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Pl 

1 

Pin Ungtht match th# moximgm 

and minimum powd«r »xtantion 

FIGURE 9 - Snake eye gage used for 
powder height verification. 

one indentation in the powder surface would indicate an 
acceptance component.  No indentations or two indentations 
would indicate a reject part.  In addition to undesirable 
gage marks on the powder surface, this method relies on 
visual inspection to accept or reject an extremely critical 
fabrication parameter.  Various noncontact methods of gaging 
this dimension have been evaluated such as light section 
microscope, light reflection, capacitance, and laser.  The 
light section microscope is accurate; however, operation is 
slow and performed only by trained gage inspectors.  It is 
not considered an in-line type of inspection.  The light 
reflection method did not repeat well enough to reliably 
gage powder heights.  Capacitance and laser gages remain 
under evaluation. 

Prior work with fluidics, in the areas of machine control, 
process control, parts sensing, and position sensing, 
provided the background required to conceive the combination 
of fluidic logic and back pressure sensing to design a powder height gage.* 

( 

*Work performed by Corning.   Bendix.   Pitney Bowes,  Johnson 
Service,   and others in the area of sensing and gaging proved 
to be beneficial when background information was being col- lected  . 
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1 
A back pressure head was designed which would not contact 
the critical powder surface.  This design, shown In Figure 
10, Incorporated an adjustable center probe and an outside 
retainer which would reference on a noncrltlcal area of the 
component being gaged.  Air was supplied to the slightly 
recessed center probe where It would exit along the powder 
surface being gaged. Air escapement flutes along the side 
of the retainer would allow the air to exit unrestricted. 

Prior to finalizing the design, a development study was 
undertaken to establish the optimum gaging parameters such 
as orifice diameter, gaging distance, air escapement size, 
and gaging pressure.  The original prime design requirements 
for this gage were that It 1) would not contact the powder; 
2) would gage a part In not more than 15 sec; 3) could be 
operated by unskilled personnel; 4) would give visual indi- 
cation of the condition of the part. I.e., In tolerance; 
5) would be portable; and 6) could be easily calibrated 
and maintained. A simplified block diagram of this gage is 
shown In Figure 11. Some of the design parameters selected 
were the sensing orifice at 0.052 in., the sensing distance 

( 

Adjuttohlt cantar prob* 

Air tscoptmart f lut»» 

i 

d, S*n*ing erific* = 5D 

FIGURE 10 - Cross section of back pressure gage head. 
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FIGURE 11 - Block diagram of a powder height gage. 
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at 0.010 in., and the back pressure at 0.100 psi.     The pres- 
sure distance relationship was also established with sensor 
pressure varying from 0.050 to  1.0 psig.    As a result of 
these studies a fluidic noncontact powder height gage was 
designed for measuring the explosive powder extension in a 
detonator.     The gage which was built is shown in Figure 12. 
In actual use fluidic indicator  lights visually indicate 
whether the component being gaged is in or out of tolerance. 

Calibration with masters was used to establish the relation- 
ship between back pressure and simulated powder extension. 
This relationship, is shown in Figure 13.    The masters 
(Figure 14) were fabricated from hardened steel in a con- 
figuration to match the detonator being gaged.    In order to 
calibrate the gage accurately,   it was   interfaced with a 
precision transducer and digital pressure display which had 
a full  scale reading of 2.0 psig graduated in 0.001 psi 
increments. 
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FIGURE 12 - Fluldic powder height gage with visual 
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FIGURE 
13 - Calibration curve obtained with steel masters. 

The complete gaging system checked loaded detonators of the 
type shown in Figure IS.  A series of detonators was loaded 
to various powder heights ranging from -0.001 to +0.006 in. 
These units were used to further calibrate the gage to 
determine the relationship of back pressure to actual powder 
height.  This relationship is shown in Figure 16.  Over 
the normal gaging range (i.e.. flush to +0.003) the read- 
ability of the gage was determined to be equivalent to 
0.000080 in. 

In production use the digital display was not used because 
of the small back pressures which had to be measured. The 
hardened steel masters were used for daily checks of the 
Schmitt triggers in the gage circuit. 
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FIGURE 15 - Detonator loaded with compacted explosive, 
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0.500 

FIGURE 16 - Relationship between back pressure and 
powder extension In a detonator. 
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When a below tolerance master was In the nest, the set 
point on the Schmitt trigger was set to indicate "Below 
Tolerance." A similar procedure was followed when setting 
the Schmitt triggers for "in tolerance" and "above tolerance" 
conditions as shown by the indicator lights. 

FLUIDIC POWDER HEIGHT GAGE WITH PROPORTIONAL AMPI 
CASE HISTORY 

■lERS 

There were stability problems associated with adjusting the 
set points of the Schmitt triggers and with production drifts 
of the powder extension that could not be detected in time to 
make necessary tooling adjustments. 

Because of the low back pressures involved, direct reading 
of the back pressure was not attempted in production use. 
The unique feature of the proportional amplifier, i.e., to 
amplify a low level signal, was used in the design of an 
improved powder height gage where the actual b*ck pressure 
could be monitored.  The improved design also eliminated 
drifting set points on the Schmitt triggers. This gage 
incorporated a Coming S-stage, 3-input summer with fixed 
resistors giving pressure gains (G ) of 2,5, or 10. This 
summer (proportional amplifier) is shown schematically in 
Figure 17.  The pressure at output ^2 (Po?) is expressed in 
the following equation:" 

o I In ?c?     R. P  + -1- p 
K |« 

P0, - 2.45 Pe2 + 5.13 Pe,. + 11.0 P, 

Ü.L. p 
R.,   e or 

1.15 P c ' 

where the  flow rates of the  fixed resistors  are listed as 
follows: 

Q of R,    - 14.3 std.   em'/min 
Q of R1? - 35.0 std.   cirP/min 
Q of R ,„ - 73.4 std.   cntfmin 
Q of R,,, - 16.4 std.  cmVmin 
0 of R ls - 157.7 std.   cmVmin 

The actual P02  to Pe relationship as   supplied by Corning  is 
shown in Figure 18.    An amplification Gp of up to 10X is 
noted. 



o 
Ri, 

o 

o 

o 

Flow rot*« of f\tfi Mtlttar*: 

0»f R, -14.3SCCM 
Q*f Ri2>3S.0SCCM 
Oof Ri4 = 73.4SCCM 
0*IRij= 16.4 SCCM 
Q of Ri4 - 156.7 SCCM 

+ 11.0 Pee-1.15 PeS 

FIGURE 17 - Three input summer circuit  (proportional 
amplifier) with fixed gains. 
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FIGURE 18 - Relationship of control input to pressure 
output of proportional amplifier. 
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With the use of the P/A, then the relatively small AP of 
0.100 from the back pressure head during aging can be 
amplified up to a much higher, more readable level, detected 
with a precision transducer and displayed on a digital dis- 
play. 

The powder height gage which Incorporated the P/.A Is shown 
in Figure 19. After the operator places the component to 
be gaged in the nest, the operator depresses the start button 
The air cyclinder lowers the gage head; the amplified back 
pressure is then indicated on the digital display. The con- 
trol circuit which was designed for this gage is shown in 
Figure 20. With the use of the selector valves the opera- 
tor can select amplifications of 0, 2, 5, and 10. 

The actual calibration curves at the various amplification 
levels using hardened steel masters are shown in Figure 21. 
From these curves, tables showing the back pressure and 
corresponding powder extension were established. An opera- 
tor can use the tables to determine the actual powder height 
after reading the back pressure. A binary-coded decimal 
output on the digital display also allows the option for 
interfacing with a computer, punched cards, or punched paper 
tape for more permanent recording or computation. 

o OTHER APPLICATIONS OF FLUIDIC GAGING 

O 

The combination of back pressure gaging with fluidic logic 
affords many advantages over other gaging methods. One major 
advantage for use in Inspection of high explosive pellets and 
pressings is that no electrical accessories are required. A 
partial list of applications which relate to detonator fabri- 
cation Include measurements of pellet heights, pellet diam- 
eters, depth to powder, well depth, liquid levels, and powder 
surface area.5 The techniques used are all similar and major 
differences occur only in fixturing and tooling. Some of 
these applications will be briefly described. 

Measurement of Pellet Height Explosive pellet heights are 
measured by the combination of back pressure sensors and 
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FIGURE 20 - Contrcl circuit designed for powder height 
gage with proportional amplifier. 
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FIGURE 21 - Calibration curves at amplification 
of 0. 2, 5. and 10. 
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I . fluldic logic. A system of the  type shown In Figure 22 
* * gages pellet height without contacting the pellets. This 

system consists of a gage head where the pellets are Inspec- 
ted and a nest which holds the pellet.  The Inspection gage 
head Is connected to an Identical gage head with a permanently 
Installed master which serves as a standard. 

The outputs of these gage heads are then fed Into a staged 
amplifier cascaded to the OR/NOR elements O/Ni, 0/N2, and 
O/N3 . When an acceptable pellet Is In the gage head, ele- 
ments O/Ni and O/N3 are held In a switched condition (I.e., 
output O2) and 0/N2 shows an In-tolerance pellet.  If an 
unacceptable pellet Is In the gage head elements, the outputs 
of elements O/N2 and O/Ni or O/N3 switch and Indicate an out- 
of-tolerance condition.  The tolerance limits can be ad- 
justed by adjusting needle valves Ni and N2 . An Inspection 
O system of this type Is easily mechanized and could be Inter- 
faced Into the operation of the press. 

o 

r. 

The above system provides simple accurate gaging without 
expensive gaging equipment.  There are no moving parts as 
such In the fluldic gaging circuit. With a three-stage 
proportional amplifier, It Is possible to determine pellet 
height with an accuracy of 0.0001 In. depending on the range 
being measured, 

A similar system cculd be employed to determine pellet 
diameter.  Identical In operation, the only major difference 
would be the gage head Itself. 

Depth-To-Powder Gage The powder In many detonators Is pressed 
to a recessed condition for later placement of a high density 
pellet. The measurement, commonly referred to as the "depth- 
to-powder" dimension, has been taken with contact methods 
such as snake eye gages, ball-operated variable resistors, 
and feather-touch dial Indicators. A modification to the 
gage design described In previous sections Is used to measure 
recessed powder heights. An example of how this Is Incor- 
porated Is shown In Figure 23.  A gage head fabrication 
with a known machined step would reference against the end 
of the cylinder; however, the step length would be slightly 
less (0.010 In.) than the maximum depth-to-powder.  During 
gaging the back pressure readings correlate to the actual 
powder height.  The back pressure received Is connected to 
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FIGURE 22 - Gaging system for measurement of explosive pellet height. 
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FIGURE 23 - Gaging of depth to powder of loaded cylinder, 

o 

( 

a proportional amplifier and coupled to a digital display. 
The gage head Is machined with air escapement flutes along 
the sides so that the air can escape freely. This technique 
can be used to measure compacted powder heights, either 
extended or recessed. A noncontact method of gaging which 
will not disturb the powder Is necessary In the manufacture 
of many small bore detonators where even a minute disturbance 
In the powder surface can be of significant size compared to 
the total area of the exposed powder surface. 

Well Depth Gage Well depth measurements of detonators have 
been taken with dial Indicator or Sheffield PrecisionsIre1 

air gages where a properly designed tip Is lowered Into the 
well contacting the surface being gaged.  In most cases the 
tip Is shaped to avoid contact with areas which could be 
damaged. This method has become unacceptable when the 
measurement must be taken from delicate vapor-deposlted. 
prlnted-clrcult, or silk-screened surfaces which should not 
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be contacted or marred. A probe euch ae shown In Figure 24 
was machined with dimension "A" adjusted to 0.010 In. less 
than the minimum allowable well depth. When the probe Is 
Inserted Into a well and connected to an air supply, the 
back pressure which is obtained Indicates the well depth as 
previously described. 

o 

Some of the various probes, nests, and masters which have 
been used in these applications are shown in Figure 25. 
Because of the versatility fluidic gaging offers, most of 
the probes were used with the same gage console which used 
the proportional amplifier. Some of the advantages and dis- 
advantages of fluidic gaging as compared to other noncon- 
tact measurement systems are shown in Table 1. 

CONCLUSIONS 

Fluidics offers many advantages to assist in the gaging of 
small precision components, powder surfaces, and delicate 
surfaces. One of the major advantages is that the gaging 
pressure and/or flow can be directly connected to the fluidic 
logic elements.  Speed is another advantage; fluidic ampli- 
fiers can react to changes in input in approximately 1 msec. 
This eliminates delay times which means high speed gaging 
can be accomplished. Other advantages such as no moving 
parts and inherit insensitivity to temperature extremes, 
shock, and vibration are also beneficial in eliminating down- 
time and maintenance. 

O 

Ö 

W»||fcprii -0.010 in. 
Mi -0.0101«. 

O 
FIGURE 24 - Details of nozzle used for measurement of well depth. 
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Table 1 

COMPARISON OF FLÜIDIC WITH OTHER NONCONTACT GAGING METHODS 

D««lgn 
Feature 

Initial Coat 

Gage Tine 
Maximum 

Operator 

Effect of Sur- 
face Being 
Meaaured 

Accuracy 

Adantable to 
Multiple Gage 
Head 

Can be Coupled 
to E.D.P. 

Gage Distance 
(In.) 

Remote Gage 
Possible 

Warm Up Time 

Explosion 
Proofing 

Fluidic 
Gage 

$1,200 

10 sac 

Manual or 
Automatic 

Should be 
relatively 
smooth 

0.000050 

Yes 

Yes 

<0.010 

Yes 

None 

None 
Required 

Light 
Section 
Microscope 

$2,500 

3 min 

Skilled 
Manual 

Independent 
of surface 

0.000050 

No 

No 

<0.007 

No 

None 

Available at 
additional 
expense 

Capacitance 
Gage 

$1.500 up 

5 sec 

Manual or 
Automatic 

Very dependent 
upon material 

0.0001 

No 

Yes 

<0.030 

Yes 

10-15 min 

Available at 
additional 
expense 

Light 
Reflection 

$2,000 up 

5 sec 

Manual or 
Automatic 

Very dependent 
upon surface and 
color 

0.0001 

No 

Yes 

<0.030 

Yes 

10-15 min 

Available at 
additional 
expense 

I ) 
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ABSTRACT 

This paper Is concerned with a fluldlc speed sensor consisting of 
a submerged fluid jet and a rotating disk. The Jet Is parallel to the 
rotational axis of the disk and near Its periphery. The fluid velocity 
produced by the disk rotation deflects the Jet and changes the recovery 
pressure at a downstream receiver. In this effort, performance of the 
speed sensor Is studied experimentally using hydraulic oil as a working 
fluid and an analytical procedure similar to that suggested by Katz and 
Bastle Is applied to estimate that performance. 

The remainder of the paper deals with a breadboard application of 
the speed sensor controlling the output speed of a hydrostatic trans- 
mission. The speed sensor signal Is compared to the desired output 
speed In a pilot operated valve which drives a ram adjusting the dis- 
placement of the transmission pump. The dynamic design of this feed- 
back controller Is considered and Ideal and actual transient responses 
of the system are compared. 
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INTRODUCTION 

Rotational speed has been controlled by fluid power in many 
applications employing various approaches for sensing and control. In 
a traditional controller arrangement described by Raven [1], engine 
speed is sensed mechanically by a fly ball governor and that signal is 
transferred to a hydraulic actuator which adjusts the engine throttle. 
Latson et al. [2] have controlled a hydromechanical transmission to 
maintain good prime mover performance by maintaining a desired 
transmission input speed at varied output speeds. A hydraulic pump was 
employed as the rotational speed sensor. In a similar application, Reid 
and Woods [3] have utilized an air powered fluidic speed sensor (based 
on frequency to analog conversion) and a pneumo-hydraulic servovalve in 
the control of a hydrostatic transmission. Boothe et al. [4] have 
described the use of phase discrimination techniques for the control of 
rotational speed and have developed air powered fluidic controllers 
using that approach. 

The purpose of this paper is to investigate the application of a 
hydraulic fluidic sensor for the control of rotational speed. The 
sensing principle to be considered is based on the air operated device 
studied by Leathers and Davis [5] and show» schematically in Figure 1. 
Fluid moving in the boundary layer attached to the rotating disk inter- 
acts with the jet flowing near the disk from source to receiver and re- 
duces the recovered pressure. As the disk speed Increases, the Jet 
deflection increases and the recovered pressure decreases. 

A similar air powered sensor has also been proposed by Katz and 
Hastle [6] for application to machines containing spur gears. In this 
sensor the Jet is directed as in Figure 1 but instead of flowing near 
the disk edge, the Jet passes through the path of the rotating gear 
teeth. Recovery pressure is either zero (when a tooth is in the path) 
or equal to the pressure recovered from the Jet which is being deflected 
by the velocity of fluid trapped between the rotating teeth. The output 
circuit filters the pressure variations and the average output pressure 
becomes a decreasing function of rotational speed. Other work with Jet 
deflection linear velocity sensors has been performed by Tanney [7]. 
He indicates that improved sensor linearity and a direction sensitive 
output can be obtained by using two receivers producing a differential 
output pressure signal. 

This paper focuses on the basic configuration proposed by Leathers 
and Davis as a simple sensor for use in the hydraulic control of rotation- 
al speed. The static characteristics of the sensor are first studied 
using hydraulic oil as the working fluid, then, the application of the 
sensor in a hydraulic speed controller is considered. It should be 
mentioned that the alternative configurations suggested by Katz and 
Bastle and also by Tanney may be similarly employed and might be quite 
attrnctive for particular applications. 
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THE SENSOR CHAIACTgRISTICS 

GeoMtry and details of tha Jat daflactlon hydraulic apaad aansor 
ara prasantad In Figure 2. In thle study tha disk radius was typically 
R - 1.37 In. the Jet length L ■ .56 In. and tha exit orifice diameter 
D ■ .054 In. Supply pressures «ere normally leas than 10 pal and the 

entire disk, supply sod receiver arrangement ware submerged In hydraulic 
oil. The experimental reaults are suamarlx«d In Plgurea 3-5 which are 
In normalised form. The retlo of the blocked output pressure to the 
blocked output pressure st zero  speed In given by P/P and the tangen- 

tial velocity of the disk edge Is referenced to the averege Jet velocity 
es Ru/U . Figures 3-5 show the effects of distance from the disk edge 

and disk thickness on sensor performance. These figures do not show 
experimental dsts points since they were obtelned by drawing curves 
through actual X-Y plots of output preaaure vs. speed as measured by a 
tachometer. These plots were continuous but somewhat noisy. A typical 
noise level of the sensor pressure Is shown In the pressure-time plot of 
Figure 6. It was possible to manage the effects of this noise on speed 
control by adjusting the closed loop system dynamics. (  i 

It should be clear that the sensor geometry can be adjusted to 
obtain various sensitivities end to produce reasonably linear behavior 
over different ranges of shaft speed. The final dimensions and cali- 
bration choaan for uae In the breadboard controller to be considered 
later In this paper are preeented In Figure 7. 

ANALYSIS OF SENSOR PERFORMANCE 

The ultimate objective of an analysis of this sensor la to be eble 
to predict the sensor output preaaure aa a function of speed for all 
geometric configurations of Intereat. Tha analysis preeented here la 
en Initial step In that direction. It focuses primarily on the Jet 
behavior and on casea where the effect of the disk rotation can be 
simply represented by a region of crossflow at the velocity of the disk 
periphery. Thle effort can be readily extended to the more general 
aituation by describing the appropriate crossflow velocity at all points 
between the jet source end receiver but this requires e detailed study 
of the flow field surrounding the rotating disk. 

The deflection angle of a Jat with respect to its original sxis has 
been shown by Keffer end Balnea [8] to be proportional to the retlo of 
momentum flux in the croaaflow direction to the momentum flux of the 
Jet» 

e(x) --J  (1) 

(J 
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The Jet momentum is essentially constant at 

2 
irD    - 

Mj - Äe Ue " " "T- üe (2) 

and the crossflov momentum at any point along the Jet re suits from 
the velocity of the flow entrained by the Jet up to that point 

M (x) - p / ^J v dx (3) 
o 

where dq/dx is the entralranent rate of the Jet and v is the crossf low 
velocity at the point of entrainment. Equation (1) thus becomes 

•«•rfnr /x^vdx (4) 
nil  D   o 

e  e 

and to calculate the deflection angle in a given crossflow only the 
entrainment rate remains to be determined. Albertson et al. [9] 
present expressions for the entraitment rate of a submerged free Jet 
based on the assumption of a Gaussian velocity distribution within the 
Jet. These expressions are: 

(£1) - .785 CU D (1 + ^L) (5) 
o e 

in the tone of flow establishment and 

(^)      - irC U    D (6) 
dx e    e 

es 

in the zone of established flow.    The constant C is experimentally 
determined for a particular Jet flow by a method which will be described. 
Figure 8 defines the zones of flow establishment and established flow. 
The flow is considered established when the cote of the original Jet 
has disappeared at x    - D /2C. 

Combining Equations 5 and 6 with 4,  the angle 6 can be determined 
for a given crossflow velocity distribution.    Assuming that  the cross- 
flow velocity is a constant V over the full length L of  the Jet and 
realizing that for the Jet length under consideration the flow does 
not become established  (L < x ), Equations 4 and 5 yield 

«<«> ■ riH*+ ^ (7) 
e    e e 
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Integrating Equation 7 over the length of the jet then gives the jet 
centcrllne deflection at the receiver as 

v - r   ^     fi + 2Stt (8) 

Knowing the canter line jet deflection at the receiver, Kats and 
Has tie [6] have shown that the output pres-ure   «covered by the re- 
ceiver Is 

-2-y 

ir D / 
Jit Kt) dr + 

9      F 

) P(r) dr 

for y i-z (9) 

and 

P    - 

2    2      2 

) P(r) dr 

(10) 

I 

o 
In Equations 9 and 10, P(r) represents the pressure recovery due to the 
fluid velocity at a given rad:'us r within the jet.   According to Reld 
[10], for L/D   > 10, this pressure «ay be calculated by 

P(r).iPlu(r)r (11) 

where u(r) is the jet velocity at radius r coaputed for the free jet at 
the receiver. The velocity distribution according to Albcrtson at el. 
[9] la 

D 2 
-(r + Ca - -|) 

u0(r) - ü# «H  , 2 *  1 
2C x 

for the region of flow •stablishaent and 

(12) 

i i ir i  i nn  i jMMM^^^^gg^g^ 



o u (r) 
U D       2 

«?[—5—öl 2 2 2C^ x^ 2 C x 

after the flow has been established. 

(13) 

Coablnlng Equations 11 and 12 or 13 with Equation 9 or 10 produces 
the dealred relationship between output pressure end Jet deflection. 
For the problem at hand, the receiver Is quite close to the region of 
established flow and Equation 13 has been used for the velocity dis- 
tribution. The output pressure In normalized form Is thus 

o 
r ■ •637 ^ < C D L o 

/ 2 - y 

-r 

/o 
irr exp( -=—=• ) dr 

* 2 2  2 
-1  'V-D0

2/4       -r2 r COB  ( 2$ > «P< XT > d' 

O 
f or y < -=• and 

(U) 

p     D 

r --w7 r(rFT o       o    o 

Do 

•       2 2  2 
.  r2-tyZ-D Z/4       .,2 

D r co. - (  ^ ) exp( -j-j ) dr 

D 
for y * -f • (15) 

G 

The pressure P Is the recovered pressure with sero Jet deflection. 

The constant C la evaluated by forcing Equation 14 to agree with the re- 
covered pressure at sero deflection. In this study, C - .042 has been 
obtained which Is low compared to [6 and 9] but seems reasonably con- 
sistent with the low Reynolds Number and rather high pressure recovery 
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(about 2/3) characterizing the sensor.  Numerical Integration has been 
applied for eval tatlng Equations 14 and IS. (  ) 

Results of the analysis using the above approach are compared to 
the experimental results In Figure 9. The computations for disk 
thickness T ■ 1/2 In. have been carried out as described above using 

a crossflow velocity of Ru over the total Jet length. This result agrees 
reasonably well with the actual performance at Z/D - 1 which Is the 

closest that the disk was approached. For T. * 1/4 and 1/16 In., the 

analysis was modified to apply the Ru velocity only over the disk 
thickness. This approach seems to be reasonable for the thicker 1/4 
In. disk but apparently for TD - 1/16 the crossflow velocity caused by 

boundary layers attached to the disk becomes very significant. This 
effect could be considered by defining the flow field completely and 
returning to Equation 4. 

THE HYDRAULIC SPEED CONTROLLER 

In order to study the sensor's performance In a hydraulic controller 
a breadboard system was developed using the speed sensor to control the 
output speed of a hydrostatic transmission. A diagram showing the 
general nature of the system Is given In Figure 10. The hydraulic 
signal produced by the fluldlc sensor Is compared to the desired speed 
setting In a pilot operated Interface valve. The output of this valve 
drives a piston and cylinder which adjusts the transmission pump dis- 
placement to achieve the proper output speed. The controller will 
attempt to maintain the desired output speed with changing input speeds 
and with changing loads on the transmission output. 

o 

0 
A schematic of system components is shown in Figure 11 where P Is 

the blocked output pressure of the speed sensor and Y is the position 

of the output piston controlling pump displacement. The spring shown 
within the interface valve sets the desired output speed and moving the 
base of this spring left or right changes the setpoint. Changes in set- 
point could be accomplished by other methods Including the Introduction 
of bias pressure, etc., but that has not been considered in this effort. 

In developing a dynamic model of this control systen for design 
purposes It was first necessary to identify the plant. This was done 
by observing the response of the transmission output speed to small 
step changes in the position of the piston Controlling pump displacement. 
The resulting second order transfer function is shown in Figure 12. 

A model of the sensor-valve-ram combination begins by writing the 
following equations: 

Ü 
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continuity on the l,ft .id« of th« v.lv«; 

d             P - P r.   5_ p   . v     .   d vdtPv     -T7-Av5FXv 

continuity for the piston; 

(16) 

(17) 

notion of the valve; 

.2 

" v v  -v dt Av " \ \ 

and motion of the piston; 

•<v fl Xv " Av % - B„ TT X-. " * - X. - P (18) 

dt 

Here: 

C - valve capacitance 

(L. ■ ran capacitance 

P ■ pressure on valve left 

(19) 

PL " Pl " P2 * rm  lo*d pressure 

P - sensor blocked output 
pressure 

\ - valve «pool area 

Xv • valve dlaplacement 

Aj - ra« area 

K - valve flow gain 

K - valve pressure-flow 
c  coefficient 

Y- - ram displacement 

«v * v-lv« "" 

B ■ valve damping 

F - spring force at X - 0 

N- - piston mass 

F. ■ load force 

BR - piston damping 

K • spring rate 

R - sensor output resistance 

ays Since this trill be a relatively low performance and low pressure 
tern, It Is reasonable to assume that the hydraulic oil Is Incompressible 
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0) and also that tha iaartlal forcaa ara null. Under thaaa 

condition«, Equatlona 16 and 17 bac 

(AP - AP ) 

and 

(20) 
v v 

^r AT. - r^ AX dt  R  ^  v (21) 

where A's have been Introduced aa a reminder that thaaa linearized 
equations are valid only for mall perturbation« about an operating 
point. Combining Equatlona 18 and 20 yield« 

(Rv Av2 + V ?t A% " *v ^ " ÄFo - Kv % (22) 

Inserting the dependence of «eneor pre««ure on tranaalsvlon spaed 
give« 

o 
*• ^♦vks A K AM - AF - K AX v «       o   V  V (23) 

The tranefer function equivalent« of Equatlona 21 and 23 have bean In- 
cluded In the block diagram of Figure 12. Thl« diagram shovs tha 
desired output «peel a« tha spring force at saro valve displacement be- 
ing simned at the valve vfool with the fluldleally sensed actual «paad. 
Alao Indicated In thl« figure ara tha final value« of all the parameter«. 
A Bode plot design procedure waa uaad to check the dynamic characteris- 
tic« of the «y«tem and open loop pleta ara «howa In Figure 13. The 
vertical daahad lines In this figure Indicate the corner frequency 
aasoclatad with the «eneor valve dynamic« and tha tranamlaalon natural 
frequency. Three different amplitude plot« ara shown for values of K 

correapondlag to valve «upply preaeuree of 100, 200 and 300 pal. It 
can be aaan that raaaonable phaaa margins «slat for tha lower «apply 
preisurea but at the valve gala correapondlag to 300 pal stability la 
questionable. 

The actual Performance of the hydraulic control system Is shown In 
Figure 14 for small atap Inputs In deelred speed. Thaaa recorder plots 
agree exactly with the conclusion* of Figure 13 showing good response at 
the lower pressures but very light damping for tha 300 pel supply. 
Computer solutions for the step response of the mathematical modal have 
alao bean obtained and compare favorably to tha actual performance. A 

o 

( 
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typical comparison Is shown In Figure 15 for Cha valvt supply pressure 
at 200 pal. 

Ic might be noticed In Figure 13 Chat the tlae constant associated 
with the sensor output lapedance and Interface valve provides the 
doralnant dynamic effect In the control loop. This time constant 
could be readily decreased by reducing the sensor output resistance. 
However, It was desired to keep the system bandwidth somewhat las« than 
1 cpa to reduce the Influence of the sensor noise (at several cps) on 
the controller and this could be accomplished with the sensor dynamics 
aa indicated in Figure 13. The crossover frequencies (points where 
|G(J(ii)| - 1) and thus the bandwldths of the systems shown In Figure 13 
are In the 1 cps neighborhood. Accuracy of the speed controller with 
this sensor-valve configuration could be held to ±1 rad/sec despite the 
appreciable sensor noise plotted in Figure 6. As expected, a reduction 
of the sensor-valve time constant by decreasing the sensor output im- 
pedance and the corresponding Incraaae in closed loop bandwidth rcaulted 
in Increased steady stats error. 

CONCLUSIONS 

G 

This paper describes the performance, analysis and laboratory 
application of a hydraulic fluidte sensor for rotational speed. The 
sensor is simple and its application in hydraulic control is straiaht- 
forward. It can be powered by any constant pressure hydraulic supply 
by using s suitable dropping resistor. 

In the breadboard application considered here, the dynamic 
performance of the speed control loop was somewhat limited to provide 
adequate steady state accuracy. With reductions in the sensor noiv» 
level, the dynamic performance of the controller can no doubt be im- 
proved. It should be noted that no serioua attempt to reduce sensor 
noise has been made to date and that progress in this aspect of sensor 
performance la quite likely. 
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Rotational Speed Sensor 
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Figure 11  Valve-Ram Combination 
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ABSTRACT .      . 

V  ) This paper presents a short analysis of and comprehensive 
experimental verification for the existence of a new dimension less group, 
that relates fluid amplifier characteristics, called the fluid amplifier 
Reynolds number, NR .     It Is defined as 

NR« " Cbs  **iPW f ^th/bs ♦ «HI ♦ tM'l 

where: 

b       -    amplifier supply nozzle width 

P       -    amplifier supply pressure 

p       -    fluid density 
v        -    fluid kinematic viscosity 
t .     -   amplifier supply nozzle throat length 

a       -    amplifier supply nozzle aspect ratio , 

In addition to showing  that this   is a valid scaling parameter for many fluldlc 
devices, both digital and analog,   it is also shown that a critical value of 
N-    exists, N-   « 1000, such  that fluldlc operation is virtually  Independent 

of Reynolds number (supply flow, pressure) above that value. It is argued 
that this condition defines the lower limit of fully established turbulent 
flow in a fluldlc device. 

1 
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NOMEHCUATURE 

A 
b 
B 

I 
P 

«. 
h 
K 
I 
L 

Q 
r 
R 
S 
u 

cross-tact Ion«I area,   (m2) 
nozzle width,  (m) 
width,   (m) 
nozzle discharge coefficient,  (dimensionless) 

hydraulic diameter, 2bh/(b • h),  (m) 

geometric constant,  (dimenslonless) 
pressure gain,  (dimenslonless) 

nozzle height (m) 
constant,  (dimenslonless) 
length,   (m) 
characteristic dimension, (m) 

-    Reynol 

terlstlc dimension. 

ds number, W— , 

r*.  ftPe)        ' 

(dimenslonless) 

pressure, 
volumetric flow, (mVs) 
radius, (m) 
fluid resistance, (kg/dn* • s)) 
normalized distance along a nozzle wall 
characteristic fluid velocity, (m/s) 

Greek Symbols 

v - fluid kinematic viscosity, (m2/s) 
p - fluid density, (kg/m3) 
o - aspect ratip, h/b, (dima^sion less) 
X - dummy variable of integration, (dlmensionlefs) 

Subscripts 

a amplifier 
c control 
eff - effective 
FET - fully established turbulence 
h     - height 
1     - integer count,  1 or 2 
n nozzle 
Id   - ideal 
P    - plenum 
s     r supply 
st   - static 
S     - stretched 
th   - throat 
i refers to condition on converging walls 
2 refers to condition on plane walls 
•      to nozzlf exit condition 

\ 
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INTRODUCTION 

' 
In fluldlcs, •• in oth«r «rcas of fluid Mchanict,  It Is 

oftan useful to consider dimension less groups (sealing parameters) which 
provide a means for comparison of various phenomena in differing physical 
circunstances.    The most femltlar such group Is perheps the Reynolds Number, 
NR, which provides a measure of the ratio of Inertial to viscous forces In 

a moving fluid.    N. Is defined as the quotient of the product of e character- 

istic velocity U and characteristic dimension, L, with the kinematic 
viscosity v.    in general the characteristic dimension is an obvious quantity, 
for example the length of e plate, the diameter of a cylinder, or the width 
of e two-dimensional channel.    In eech case it Is the only important dimension. 
One begins to run into trouble, however, when considering three-dimensional 
flow or Internal flow with a complex geometry.   Which dimension should be 
chosen to be most representative of e flow phenomena, when there is more then 
one dimension?    In pipe flow the hydraulic diameter Is used.    Hydraulic dia- 
meter, d. ,  Is proportional to the ratio of the flow-through eree to the wetted 

perimeter.    Zuments [1] shows this to be generally crue In his very lucid - 
presentation.    Already, however, one begins to see the complexity involved I    j 
if more than one dimension  Is  Involved, since the definition of hydraulic 
diameter Is not obvious.    In the case of fluldlc flow problems  Involving 
Jets there are at least seven dimensions common to most devices:    supply 
nozzle width, b , supply nozzle height, h , length of throat, I ., overall 

nozzle length, I ; nozzle-to-splitter distance; amplifier width, B ; end 

control nozzle width, b .    It is conceivable that there are more if one 

wishes to consider such dimensions as outlet channel width, attachment wall 
length, and offset; end* control nozzle shape.    Applying the Buckingham ir 
theort/n only produces as many Reynolds numbers as dimensions so thaf it 
does not appear that dimensional analysis  Is going to help. 

With this background, then,  it Is clearly evident thet a problem 
exists.    The solution lies In finding the simplest relation possible which 
Is still universal enough to be e valid scaling parameter In as many Instances 
as possible.    Orzewiecki's [2] analysis of disCharge coefficients shows that, 
even for sinple nozzle flow, the Reynolds number based on nozzle width does 
not reduce the deta to a single curve.    Kelley and Boothe's [3] data on pro- 
portional amplifier gain show that hydraulic diameter, used es the character- 
istic dimension, does not produce e suitable Reynolds number.    Nanlon and 
Mon's [4] data on proportional amplifier gain Indicate that to use the nozzle 
height as the characteristic dimension is fairly good, but scatter Is still 
evident, and It, too, is therefore not entirely satisfactory.    Because 
combinations now become somewhat more arbitrary, it is the present purpose 
to determine analytically a good characteristic dimension, and so to define 
a fluid-amplifier Reynolds number, N. . 

o 
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AMAtYSIS 

In general the predominant feature of a Jet fluid amplifier 
or gate Is the supply Jet Issuing from e nozzle, so that If the discharge 
coefficient of a nozzle can be expressed In terms of e single verleble then 
this variable mey Include the characteristic length being sought. 

F. Hanion, HDL, suggested thet the simple form of discharge 
coefficient, c., from reference [2] be multiplied out end e domlnent group 

pulled out of there.    This is the form found In eq. 1. 

cd - [1 - IDjAflp [1 - 2D2/(o^] (I) 

where 

MR - i^TTb/v 

a   - aspect ratio, h/b 
P    - amplifier supply pressure 

p   - fluid density 
v   - fluid kinematic viscosity 

The value of D.   involves en Integrel of the axial freestream velocity over 

the entire length of the nozzle.    If a simple relation between geometry end 
this velocity exists then the integrel may be replaced by the effective 
length of strelght duct to which the nozzle is equivalent so thet: 

Dl " K^eff/b * ^h/b)i (2) 

where 

K-1.75 s 
I ff - effective-length contribution of the contraction - / (u/Uj5 dx 

o 
on fig. 1 that portion of the nozzle between the strelght sections. 

S - distance along wall  from start to end of contraction 
X - dummy variable for S 

Substituting eq.  (2)  into (1),  the equation for discharge coefficient becomes 

cd 

/'■ Multiplying out yields the following equation: 

11 JL (3) 
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..^s^s (^ + i) + Ml ^.ff+ ^h)/b 

C) 

For the normally expected case 

« 1, ^ ^ff + ^h 

cdS' "f^ l/a)! 
(5) 

From eq.  5  it can be seen that the discharge coefficient,  for large Reynolus 
numbers,  is a function of a single variable group such that 

cd-f ZTETT + \hy\ (6) 

Numerical experiments with various nozzles   Indicate that the effective  length 
of the nozzle contraction, t ,,/b  is under most circumstances no greater than 

the order of 1.    In that case one can define a modified Reynolds number, or 
a fluid amplifier Reynolds number. 

NRa " V^W* ♦•><!♦ I/o)2] (7) 

It can therefore be seen that  if the supply Jet is the predominant part of 
a device the characterst 

EXPERIMENTAL VERIFICATION 

a device the characteristic dimension to be used is L - b/[(l ./b+1) (l+1/o)2]. 

To Justify, not only that this characteristic length is  truly 
characteristic but also that the supply Jet characteristics predominate In 
fluid amplifiers of many types, the experimental data following Is presented. 

Four nozzles of the planview shown  in fig.  I, with b ■ 1.0 mm and 
h - 0.5,  1.0,  1.5, 2.0 mm, and a moderately  long throat, t ,   - 4.0 mm were 

used  In the experimental measurement of the discharge coefficient.    The plenum 
chambers were made long In order to allow the flow from a fitting, making 
a right angled turn,  to become uniform.    The static pressure In the plenum 
was measured by using a static wall  tap located at the start of the contraction. 
Electronic manometers were used to measure this pressure as well  as the 
pressure differential across a calibrated laminar flow-meter.    The data 
were recorded on an X-Y plotter as volumetric flow rate, Q, versus plenum 
static pressure, P    .    Figure 2 shows the raw data.    The supply stagnation 

pressure, P , was then calculated from the plen-jm dimensions and the flow, 
as: 

o 

o 
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or by noting that tht average velocity Is the quotient of flow and area: 

where 

B  - width of the plenum chamber 
P 

p  - fluid density 

The experimental value for discharge coefficient Is the ratio of the actual 
flow through the nozzle to the Idee) flow [2. 2a]. 

t Q/(bh ^TTp) 

The resultant experimentally determined values of discharge coefficients are 
shown  In fig.  3-    As can be seen the discharge data all  collapse to one curve 
except  In the case of the low-aspect-ratio nozzle, o ■ 0.5.    Close examination 
of the actual nozzle used For o - 0.5 showed that glue bonding the cover 
plate had seeped into the channel  forming a considerable fillet thus reducing 
the cross-section,  increasing the  Impedance to flow and hence yielding a low 
value of c. based on the  Ideal nozzle exit area. 

The experimental data taken for proportional amplifier pressure 
gain given by Kelley and Boothe [3], was collapsed by them to approximately 
one curve by use of a stretched Reynolds number N.. - NR(od./b), where 

d.   - 2bh/(b+h),  is the hydraulic diameter.    Their data are shown  in fig. k, 

which also shows how their data collapse on the fluid-amplifier Reynolds 
number, N.   of eq.  7.    The scatter of the data is about the same.    Kelley 

and Boothe did not give the length of their nozzle so that the dimensionless 
group N "    used is simply 

NR" " V(1 * ,/o)2 (8) 

because I does not vary  In their experiment.    Expanding their "stretched" 
Reynolds NRS number shows that  It  is simply, 

'RS MR/[1(I+1)] 

which is only different from N '', by a factor of one (1) In the denominator, 

In that Kelley and Boothe have I/o and the present enalysis has (1 + I/o). 
For low values of the aspect ratio, o, this apparently does not result in 
too great a difference. 

X 
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The data of Manion and Hon CO, also for proportional amplifier 
pressure gain,  is plotted against Reynolds number based on nozzle height N.. . 

Their data are shown In fig. 5 as  Is a comparison using the fluld-ampl If ler 
Reynolds nunber of eq. 8.    As can be seen the data are tighter around the 
modified Reynolds number.    Sealing with nozzle height was not bad, however, 
if the fluid-amplifier Reynolds number of eq.  8 is expanded to have a Reynolds 
number based on nozzle height (rather than width)  the result is: 

NR" ' NRh/(^+ ,/'^2 

The quantity l/fv^T + I//?)2, for the aspect ratios of O.k - 1.0 used, varies 
only from 0.20^1  to 0.25, hence the choice of nozzle-height Reynolds nunber 
was fortuitous,  in that  it was only off by a factor that didn't vary much. 

Referring now to the work of McRee and Hoses [5] and McRee and Edwerds  [6] 
It can be determined from their data on attachment point distance that at a 
constant value of the fluid-amplifier Reynolds number 

MRa " NR/((*th/b * 'W ♦ I/o)2) - 1000 

there  Is no longer any appreciable Reynolds number dependence.     In other 
words the Jet entrainment is constant, which  Is tantamount to the establishment 
of fully-turbulent flow In the device.    Considering this point a little further, 
one can observe the data on the flow required to cause a switch In a digital 
device as a function of supply pressure as taken by Hüller [7] and Warren [8]. 
When this flow becomes  independent of supply pressure it, too,  is an  Indication 
that fully established turbulent flow or constant entrainment has occurred. 
For Huller's data on sharp splitter digital devices using a throat length 
£ ./b    ■ 1.0 with an aspect ratio, 0*1,  the Reynolds number, N. , at which 

the switch flow becomes constant is  1000.    For Warren's data on  latching vortex- 
type digital  devices with an aspect ratio o - 2, a throe': length ^th/b * 2.5, 

and a nozzle width of 0.8 mm, the switch flow becomes approximately constant 
at 12.*» kPa (1.8 psi).    This, too, corresponds to a value of f luid-«npl ifier 
Reynolds number of 1000.    A trend has appeared.    To pursue it further the 
data of Weinger [9] on turbulence level  in proportional amplifier«, show that 
there,  too,  for various aspect ratios from 2 to 7 the point at which a constant 
level of turbulence wus achieved corresponds to a NR  .■ 1000.    (Ti:e throat 

length used in Weinger's experiment wes 5.3 b .    The data for aspect ratios 

from .5 to 1.0 did not go high enough  In supply pressure to Insure constancy 
of the turbulence level). 

The  Indication from the latter five independent sets of data Is 
that there appears to be a constant value of N.   which predicts the onset 

of fully-established turbulence In a fluldic device.    Examining this statement, 
it appears that the value of N.   - 1000 describes a minimum-stability  laminar 

velocity profile at the exit of the nozzle that Immediately becomes turbulent 
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upon exiting.    One can see from this that an  increasa in throat length will 
cause the nozzle-width Reynolds number to be higher for fully-established 
turbulence.    Similarly a decrease in aspect ratio will do the same thing. 
These were the things dona based on experience to promote iaminarity and low 
noise.    Now there is some analytical-empirical Justification.    The cause of 
this  iaminarization is quite evident.     If the throat is long or the aspect 
ratio is  low,  the exit-valocity profile is fairly well developed and the 
gradient of velocity (~ shear)   is  low so that the flow is more stable than 
a flow with high free-shear interface.    This  is the case for a low discharge 
coefficient.    Apparently the combination of the adjacent (top and side) boundary 
layers has an effect for if it were only the sides undergoing separation that 
were critical  then the critical number would be different (e.g. HJlt ./b ♦ 1)). 

The value therefore of the fluid amplifier Reynolds number for fully-established 
turbulence N Ra FET 

'Ra 1000 
FET 

SUMMARY AND CONCLUSIONS 

The analysis has  indicated that there is a characteristic 
dimension for many fluid amplifiers such  that  the Reynolds number using 
that dimension collapses ail amplifier discharge coefficient data,  regardless 
of nozzle shape or aspect ratio,  to a single curve.    This has been experiment- 
ally verified.     In addition this same modified Reynolds number hes been found 
to relate to other fluid-amplifier characteristics.    It collapses the gain 
curves for laminar proportional amplifiers of different aspect ratios, and 
more importantly a constant value of 1000 established the Reynolds-number- 
independent operating region of turbulent fluid amplifiers, both digital and 
proportional. 

This modified Reynolds number therefore is truly representative 
of a fluid amplifier - it includes such  important parameters as aspect ratio 
and supply nozzle shape, as well as  throat  length, which were lacking from 
previously used dimension less groups. 

in conclusion,  then, a new Reynolds number for fluid amplifiers 
has been established from a rational analysis of supply Jet flow issuing 
from a power nozzle, and a constant has been experimentally determined that 
determines  the region jf Reynolds-number-independent flow. 
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Figure 2.    Raw flow-pressure data for the experimental nozzle 
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EFFECTS OF ASPECT RATIO AND LOW REYNOLDS 
NUMBER ON RECOVERY AND FLOW REGIMES 

IN A PLANE-WALL DIFFUSER 

1 2 A.S. Dighe  and A.T. McDonald 

ABSTRACT 

The flow regime and pressure recovery behavior of a 
plane wall diffuser were studied experimentally to deter- 
mine the effects of low Reynolds number and aspect ratio. 
Tests were performed for flow conditions (Reynolds numbers 
between 3,000 and 28,000, based on hydraulic diameter) and 
aspect ratios (0.21 < AS < 2.65) typical of those found in 
fluidic devices. 

The pressure recovery coefficient for fixed geometry 
was found to increase monotonically with Reynolds number. 
At the highest Reynolds number tested, the recovery for 
AS > 1 was comparable to that obtained by Reneau, et al, 
at high Reynolds number.  For constant Reynolds number, 
the pressure recovery coefficient first increased and then 
decreased with aspect ratio; optimum values of aspect 
ratio were identified for three representative Reynolds 
numbers. Flow regime behavior was found to depend on both 
Reynolds number and aspect ratio. 

(J 

NOTATION 

Symbol 

A 
AB 
AE 
AR 
AS 

geometric cross-sectional area 
blocked area, A-AE 
effective area, m/cV 
area ratio, A2/A1 
aspect ratio, bj/Wi 
blocked area fraction, Ag/A 

o 
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b diffuser height 
Cp pressure recovery coefficient, po'PjApüf 
d hydraulic mean diameter, 2A/(b+W) 
E effective area fraction, AE/A 
m mass flowrate 
p static pressure at a cross-section 
p0 stagnation pressure 
Re Reynolds number, üjdj/v 
U core velocity 
U average velocity 
V maximum velocity at a cross-section 
W diffuser width 

Greek Symbols 

6* displacement thickness of boundary laye 

6 

e 
e 
v 
p 

momentum thickness of boundary layer« 
diffuser half angle 
kinematic viscosity 
density 

.. |(i - §)dy 

Subscripts 

\ 
diffuser inlet section 
diffuser outlet section 

o 

c 

INTRODUCTION 

Diffusere have been studied experimentally for many 
years; however, a design guide for efficient diffusere is 
far from completion, mainly because of the large number of 
governing parameters on which diffueer performance depende. 
Analytical prediction techniques for flow behavior fail for 
meet practical diffueer geometries becauee flow in theee 
diffueere ie often eeparated. 

« 

A survey of the exieting literature on diffueere 
indicatee that meet experimental work on diffueere of 
varioue geometries and shapes wae done at high Reynolds 
number (Re > 60,000), becauee in applications euch ae tur- 
bine draft tubes, aircraft inlets, and turbomachinery 
paeeagee, diffueere generally operate at high Reynolds 
numbere. 

Diffueere working at low Reynolde numbere (possibly 
with laminar inlet boundary layers) were not of practical 
interest until recently when fluidic applicatione gained 
increaeed importance. Many fluidic devicee euch ae fluid 
amplifiers, rate and temperature eeneore were developed ae 
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control system elements to compete with their corresponding 
electronic: counterparts.  These units have diffusing pas- 
sages at the output sections.  Because of their miniature 
sizes and low flowrates these units operate at low Reynolds , 
numbers (of the order of a few thousand) and their aspect ' ): 
ratios are also low (of the order of unity). 

The purpose of this experimental study was twofold: 
(1) to evaluate the pressure recovery coefficient of a 
plane wall diffuser at varying aspect ratio (0.21 <. AS < 
2.65) in the low Reynolds number range (3,000 <. Re < 
25,000), and (2) to study the effects of aspect ratio 
and low Reynolds number on the flow regime behavior. 

LITERATURE REVIEW 

The pressure recovery of a diffuser has been found to 
depend upon both geometric parameters and flow parameters. 
For plane wall diffusers, the length ratio, divergence 
angle (or area ratio) , and aspect ratio are the geometric 
parameters while Reynolds number, Mach number (in the case 
of compressible flow), inlet boundary layer thickness, etc. 
constitute flow parameters. 

Reneau, Johnston and Klinc^- prepared extensive pressure 
recovery charts for plane wall diffusers using the perform- 
ance data then available.  They also realized that the 
aspect ratio of a plane wall diffuser can influence the 
pressure recovery.  They made analytical computations 
using the integral momentum method to predict boundary 
layer growth for unstailed diffusers.  Their results 
suggested that for aspect ratios above about 10, the pre- 
dicted pressure recovery remains unaffected by aspect 
ratio. The analytical results also suggest that in the 
case of low aspect ratio diffusers, short units have better 
pressure recovery than long ones of the same area ratio. 

Sovran and Klomp2 correlated the inlet blocked area 
fraction to determine the pressure recovery coefficient 
for optimum recovery diffuser geometries.  Their correla- 
tion works well for two dimensional as well as conical 
diffusers so long as the inlet boundary layer is maintained 
turbulent and thin.  The blocked area coefficient, B^, is 
defined by the equation 

AE ■j - I - f (1) 
where A represents the geometric cross-section of the dif- 
fuser at inlet and Ap, the effective cross-section calcu- 
lated from the equation 

o 

■ 

/ 

_   ■ ---,..,.,  -..-- ■ - - —- ■ -——-^— — ' 



o ^•wi (2) 

G 

O 

o 

In Eq. 2,  Vi represents the maximum centerline velocity at 
the inlet of the diffuser. 

The first experimental measurements of the effects of 
aspect ratio on two dimensional diffusers were reported by 
Johnston and Powars.3 They selected five aspect ratios and 
three different geometries; one in the unstailed flow 
regime, another with peak recovery and the third in the 
transitory stall regime. Their results indicate that the 
pressure recovery for the diffuser geometry with transitory 
stall increases as the aspect ratio is lowered, a result 
contradicting the trend predicted analytically by Reneau 
et al. for unstailed diffusers.  However, Johnston and 
Powers used boundary layer control to maintain their inlet 
displacement thickness, 6*, on all the four walls. 

4 
Further experiments were performed by Runstadler 

using diffusers with aspect ratios of 1/4, 1, and 5.  Inlet 
Mach number, Mj, and inlet blocked area fraction, Bj, were 
the primary flow parameters varied. From one of the cross- 
plots showing peak pressure recovery versus aspect ratio 
with inlet blockage fraction, Bi as a parameter, it appears 
that Cp rolls off on either side of a maximum value obtained 
at AS * 1. All of these experiments were conducted at high 
Reynolds number (Re > 105). 

5 
Recent work by McMillan and Johnston concentrated on 

one aspect ratio (AS = 0.1) with fully-developed inlet flow 
for diffusers with N/W^ ■ 6 and seven different area ratios. 
They found Cp to be Reynolds number dependent and to 
increase with increasing Re, in the range 20,000 < Re < 
70,000. They attributed the low values of Cp to ineffi- 
cient diffusion owing to increasing dissipation caused by 
turbulent shear.  The failure of the Sovran and Klomp 
correlation technique in these low aspect ratio diffusers 
was mainly because of inefficient diffusion. McMillan and 
Johnston also studied the flow patterns and found that 
diffusers in the transitory stall regime exhibited flow 
pattern variations.  The flow pattern changed from transi- 
tory stall to fixed stall and finally to bistable stall as 
the Reynolds number increased. 

In fluidic devices, the role of aspect ratio as a con- 
trolling parameter for noise reduction has been considered 
by several investigators. Glaettli, et al.6 and Comparin, 
Glaettli and Mitchell7 conducted studies on noise reduction 
of fluid jet amplifiers and found that reduced aspect ratio 
attenuated the noise level. The investigation of Tamulis8 
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on jet knife edge amplifiers showed that low aspect ratio 
(AS - 1) in general adversely affected the establishment 
of jet knife-edge noise.  Thus amplifiers of near unity 
aspect ratio have an advantage over high aspect ratio 
amplifiers. 

In many fluidic devices, the output legs incorporate 
diffusing passages and the working range of Reynolds number 
is low (3,000 < Re < 25,000). Recent experimental results 
of Drzewiecki9 have shown that flows in the nozzle exit 
region of close wall bistable amplifiers exhibit diffuser 
flow regime behavior. The mean flow and boundary layers 
in these units may be either laminar or in the transition 
zone from laminar to turbulent. Many investigators have 
qualitatively predicted a low pressure recovery at lower 
Reynolds number but an experimental evaluation of C» has 
not yet been undertaken. 

O 

EQUIPMENT DESIGN AND PROCEDURE 

By using a suitable experimental setup, both of these 
governing parameters (low Reynolds number and aspect ratio) 
can be studied to determine their influences on pressure 
recovery coefficient and on flow regime behavior. A plane 
wall diffuser unit with N/W^ ■ 18 and 26 » 8° was selected 
for this investigation because at high Reynolds number 
this geometry gives high pressure recovery. 

Clear plastic sheets in nominal thicknesses of 1/4, 
1/2 and 1 inch wore machined to form diffuser strips and 
corresponding filler plates.  To ensure uniform thickness, 
sheets were millei on both sides.  Using machined strips 
it was easy to assemble the unit free from leakage.  The 
diffuser holder was also fabricated from clear plastic to 
permit flow visualization.  Suitable combinations of dif- 
fuser strips and filler plates were used to obtain twelve 
different aspect ratios in the range 0.21 < AS < 2.65. 

Static pressure taps 0.016 inch in diameter were 
drilled carefully along the axis of the top cover plate on 
2 inch centers and also at the diffuser throat and exit 
planes. An access hole of 5/16 inch diameter served to 
admit a pitot tube used to measure the velocity profile 
normal to the parallel walls. No provision was made to 
control the boundary layer as this is beyond control in 
the normal application of diffusers to fluidic devices. 
A pictorial view of the diffuser unit is shown in Fig. 1. 

The general layout of the experiment setup is shown 
schematically in Fig. 2.  Water is circulated around the 

1 
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system by a small centrifugal pump. The diffuser assembly 
joins the two constant water level tanks. 

The pressure rise through the diffuser was very small 
at low Reynolds numbers, so a micromanometer with a least 
count of 0.001 inch of water was used. 

For flow visualization, dye was injected at the dif- 
fuser inlet and exit planes using hypodermic needles. The 
pressure taps were also used to inject dye when needed to 
observe flow patterns. The most important flow patterns 
were also photographed in super 8 format color movies. 

The water flowrates were generally low, so they were 
measured by collecting the flow of water over the down- 
stream weir during a measured time interval.  Using the 
measured mass flowrate, m, the mass average velocity, U,, 
w*s calculated from the equation. 

o m - pA1ü1 (3) 

The pressure recovery coefficient, C», was then calculated 
for a given Reynolds number, from 

"2  '"I (4) 

O 
Sufficient time (as much as 1/2 hour) was allowed to let 
each reading stabilize. 

RESULTS AND DISCUSSION 

Variations in Cp with increasing Reynolds number were 
measured for each of 12 aspect ratios. Representative 
plots are shown in Figs. 4 through 8. 

r 

Since this micromanometer used a liquid as gauge fluid, 
it could not be coupled directly to the diffuser pressure 
taps. A three fluid coupling (water-air-manoiaeter fluid) 
arrangement with a converter section between the pressure 
taps and manometer was used. A pictorial view in Fig. 3 
shows the test setup.  For accurate measurements of small 
pressure differentials, sufficient time was allowed for 
the air temperatures in the converter section to equalize. 

■ 
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In «ach of Figs. 4 through 8, a steep Increase in C» 

occurs in the low Reynolds number range below Re « 7,000. 
The performance remains fairly independent of Reynolds 
number above a value of about 15,000. 

At low Reynolds number, viscous forces tend to 
dominate over the Inertia forces in internal flow. The 
loss due to viscous dissipation accounts for inefficient 
diffusion thus decreasing Cp considerably.  The bulk flow 
at low Reynolds number was observed to be laminar. No 
boundary layer trips were used at the diffuser inlet, so 
the boundary layer remained laminar, as made clear by dye 
traces injected in the boundary layer. As the Reynolds 
number was increased by increasing the flowrate, the 
boundary layers became turbulent, and the recovery coef- 
ficient increased. A turbulent boundary layer is thus 
found to improve the pressure recovery coefficient for a 
fixed aspect ratio. 

The cross-plot in Fig. 9 illustrates the effect of 
aspect ratio on the performance of a diffuser at constant 
Reynolds number. Cp increases as aspect ratio increases 
for each fixed Reynolds number up to an optimum aspect 
ratio.  With further increases in aspect ratio, Cp decreases 
slightly. The curves shown in Fig. 9 suggest a trend for 
the optimum aspect ratio as the Reynolds number of the flow 
increases.  For Re = 5,000, the optimum AS « 1.6; for 
Re » 10,000, the optimum aspect ratio is about 1.5, while 
at Re ■ 20,000, AS ■ 1.33 gives maximum Cp. Thus as 
Reynolds number increases, best recovery is obtained with 
lower aspect ratio units. For the diffuser geometry 
(N/Nx ■ 18 and 26 « 8°), AS = 1.33 appears best for 
Re 2. 20,000. 

The inlet blocked area fraction, B^, was measured as a 
function of Reynolds number for 3 different aspect ratios. 
The results are shown in Fig. 10.  Some scatter in these 
data is apparent at lower Reynolds numbers, due to the very 
small dynamic pressure values measured at low flowrates. 
However, the data show a consistent trend toward lower 
blockage as Reynolds number is increased. 

As noted earlier, the Sovran and Klomp correlation 
was based on diffuser data obtained with turbulent boundary 
layers and high Reynolds numbers.  Therefore the correla- 
tion should agree only with some of the present data, those 
measured at high Reynolds number.  Table 1 shows the pre- 
dicted Cp values, using the measured blocked area fraction 
hi,  from Fig. 10, in the SK correlation, against the exper- 
imentally calculated values of Cp.  For AS ■ 0.94 the 
agreement between the predicted and experimentally calcu- 
lated values of C is within 10 percent, when Re 2.  10,000 

' 
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TABLE 1 
A Percent 

Reynolds Aspect CP CP 
Error 

Number Ratio 'SK (absolute) 

2.65 0.754 0.709 6.30 
20,000 0.94 0.766 0.704 8.80 

0.40 0.808 0.578 39.8 
2.65 0.718 0.686 4.66 

10,000 0.94 0.737 0.671 9.83 
0.40 0.747 0.531 40.6 
2.65 0.702 0.610 14.1 

5,000 0.94 0.710 0.610 16.4 
0.40 0.716 0.365 96.1 

♦Calculated from correlation of Sovran and Klomp, Ref. 2 

i.e. with turbulent inlet boundary layers.  For lower 
aspect ratio however, there is considerably better agreement. 
This can be explained by studying more closely how Sovran 
and Klomp derived their correlation. At the inlet and exit 
planes of a diffuser. 

Po1 " Pi 
+ I pVl  and Po2 " 

p2 + 7 pV2 (5) 

where, V^ and V2 represent maximum velocities at these 
planes.  From Eqs. 5 

,2 

P9 " F, i^-f-ls-s) (6) 

Using effective area fractions E^ and E2 as designated 
by Sovran and Klomp, 

- « AÜ p  AU1 E1A1V1 E2A2V2 (7) 

Then Eg. 6 can be written 

p2 - ?! 
E2A2 

1    11 
E2A2j 

1 (8) 

Finally, using the definition of recovery coefficient. 

- 's - \, 
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'         ip»J         4 E'AR2 $'*l 
(9) 

The ideal one-dimensional pressure recovery coef- 
ficient, Cp., depends only on the area ratio, AR.  It can 
be easily snown that 

Cn - 1 - i (10) 
pi      AR 

Thus, the coefficients Ei and E?  in Eq. 9 account for 
velocity profile distortion at the diffuser inlet and exit 
planes.  This velocity profile distortion is attributed to 
insufficient diffusion.  However, the stagnation pressure 
loss, p0l - Po,» or the loss coefficient p0- - Po2A ptff, 
is due to inefficient diffusion.  In general diffuser 
losses are due to both insufficient and inefficient dif- 
fusion. 

Sovran and Klomp assumed negligible stagnation pressure 
loss in arriving at their correlation and thus allowed for 
only insufficient diffusion as the principal factor in pre- 
dicting the pressure recovery coefficient. 

Thus the actual recovery coefficient could be written 

(11) c„ - cÄ    - 
P         PSK 

_    1             1 

1 
1 

'S 

PSK       E*       E*AR2 
where   C   » -% »=_, (12) 

The results shown in Table 1 suggest, for high aspect ratio 
diffusers (AS > 0.94), operating at high Reynolds numbers, 
insufficient diffusion was the main contributing factor in 
determining Cp. At lower Reynolds numbers (Re < 5,000) the 
inefficient diffusion effect was no longer negligible. For 
low aspect ratio diffusers in fact, velocity profile dis- 
tortion as well as stagnation pressure loss terms were 
comparable at all Reynolds numbers. The "potential core" 
was practically absent.  The actual Cp thus was much less 
than the predicted value of Sovran and Klomp. 

A study of flow patterns in the diffuser was also 
undertaken at increasing Reynolds number for all the aspect 
ratios.  Figure 11 represents the flow pattern at Re ■ 3,760 
for a diffuser with AS * 0.21.  The stalled and reversed 
flow areas were seen clearly using dye tracers. The sepa- 
ration bubble remained stationary for a few seconds and 
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then slowly marched upstream before it was washed out. 
When the Reynolds number was increased beyond 5»000 the 
stall disappeared. 

An interesting type of stall pattern which exhibited 
a periodic behavior was observed for AS ■« 0.46 at Re = 3,890. 
The stall developed on one wall near the exit plane of the 
diffuser and was washed out later with no stall for small 
time duration. It then developed on the other wall and wa.. 
eventually washed out. This shifting of stall from one wall 
to another was not observed with any other geometry. At 
Re « 4,300 switching was not observed and stall preferred 
one wall. No stall was observed beyond Re ■ 5,300. 

Figure 12 shows the flow pattern for nearly a square 
diffuser (AS = 1.12) at Re = 2,220. A two dimensional 
stall was observed on one wall but it was not bistable 
in nature.  Introduction of dye through a pressure tap 2 
inches downstream from the throat also indicated the 
existence of the stall. At Re - 4,700 the two dimensional 
stall disappeared and small local spots of recirculation 
were observed. No stall was seen above Re ■> 5,600. 

In Fig. 13 a flow pattern for AS - 1.37 at Re - 2,440 
is shown. Dye injected in the exit plane traveled upstream 
along the diffuser floor.  Stall was also observed on one 
diverging wall. No stall however was found at Reynolds 
numbers beyond 5,400. 

A two dimensional stall was observed at Re = 3,500 for 
AS » 2.21 as shown in Fig. 14.  This stall was not bistable 
in nature and as the Reynolds number was increased stall 
disappeared as in all the previous cases. 

( 

CONCLUSIONS 

Experiments were performed on plane wall diffusere 
with N/Wx ■ 18 and 26 ■ 8° for twelve different aspect 
ratios. Results of measurements of pressure recovery 
coefficient and flow regime behavior, revealed the fol- 
lowing : 

1. At constant aspect ratio, the pressure recovery 
coefficient, Cp, increased monotonically with 
Reynolds number for all aspect ratios tested. 
Cp increased rapidly in the Reynolds number 
range between 3,000 and 7,000.  The increase 
was less rapid at Reynolds numbers above 10,000. 
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2. At constant Reynolds number, recovery first 
increased and then decreased with steadily 
Increasing aspect ratio.  The aspect ratio for 
optimum recovery decreased slightly as Reynolds 
numbers increased. 

3. Flow regime changed with increasing Reynolds 
number. At low Re, jet flow was observed in 
some low aspect ratio diffusere, while a two 
dimensional stall pattern was exhibited in 
diffusers with AS >. 0.94 up to Re - 5,000. 
Above Re ■ 5,000 none of the diffuser units 
tested exhibited stall. 
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Abstract 

An analytical study of the effect of heat and mass transfer on 
the flow properties of a gas stream flowing through a duct with constant 
cross-sectional area In both the subsonic and supersonic regions Is 
reported. A relation of equivalence between ttis  dlmenslonless heat and 
mass transfer which Influence the dlmenslonless flow ^/operties Is 
established. The mass transfer has the sane effect on the pressure 
ratio, between the down-ami-up stream, as the heat transfer.  In the 
subsonic region, the Increase of heat or mass supplied to the flow 
causes the decrease of the pressure ratio. The Increase of the with- 
drawal of heat or miss from the flow causes the Increase of the pressure 
ratio.  In the supersonic region, the effects are reversed. 

1. Introduction 

The transfer process consists of momentum, heat and mass tran.s- 
f«f« In fluidle circuits, momentum transfer has been effectively 
utilised. However, the use of heat and mass transfer liigs far behind 
that of momentum transfer. In the present work, an analytical study of 
the effect of heat and mass transfer on the flow properties of a gas 
stream through a duct with constant cross-sectional area is reported. 

In general, one-dimensional compressible flows in ducts with 
variable cross-sectional areas may have chemical reaction, change of 
phase, transfer of heat, mass, and work, etc. Shapiro [1] described 
such a problem with differential equations and his end results were 
carried out numerically. Under certain simplifications, a one-dimen- 
sional compressible, Isentroplc flow with heat md mass transfer was 
treated by Lin [2] using Integral equations to get approximate doäCu 
solutions.  In this paper, a method similar to that In [2] is uned. 
However, the friction loss in the duct is considered. The advantage of 
the method used is that from the closed solutions, n clear view of the 
effect of heat and mass transfer on 'low properties can be obtained. 
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2. One-di»en«lonal flow with heat and maas transfer 

For calculating a one-dlaenslonal compressible steady flow In a 
duct with constant cross-sectional area, and with heat and maas trans- 
fer, the following assumptions are made: 

(1) The heat and mass transferred to the stream In the duct are 
uniformly distributed over the whole cross-sectional area; the 
upstream state is kept constant during the heat and mas* trans- 
fer into the stream. 

(2) The gases of the mainstream and of the supply are perfect gases 
with constant specific heats. To simplify the problem, it is 
assumed that the gas supplied is the same as  that in the main- 
stream, or that the quantity of gas supplied, which is different 
from that in the mainstream, is small in comparison to that of 
the mainstream. The change in chemical composition can then be 
ignored. 

(3) There is no body force acting on the fluid and no change in 
elevation. 

The system of governing equations for the flow in the duct bet- 
ween two sections can be expressed as follows: 

u 

••■the continuity equation: 

i(x)dx    ■ P2V2A, 

-the momentum equation: 

•iV+ r * 

(p1  ♦p1Vf)A-jgTi ds -  (p, ♦ P,V2)A, 2'2/ 

(1) 

(2) 

o 

-the energy equation: 

"iV 

/:; 

M-Mj:;. (x)dx 

q(x)dx P2V2A I CP
T2 * T- 

-and the equation of state: 

(3) 

V mi J 

'1  _ 
D T pl  1 

p T     ' M2 2 
(4) 
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o where p  is the density, V the velocity, A the cross-sectional arcs, x 
the axial coordinate of the duct, ih(x) the mass transferred in the 
direction perpendicular to the x-coordinate per unit tlm« and unit 
length, p the pressure,  TW the shear stress at the duct wall, s the 
surface of the duct wall between the sections 1 and 2, Cp the specific 
heat at constant pressure, T the absolute temperature, and 4(x)  the 
heat supplied per unit time and unit length.    The subscripts 1,  2 and 
s refer to the states at positions respectively upstream of, downstream 
of, and in the region where the heat and mass are being transferred. 
Due to 

T = rip TW -   I   ?       , (5) 

o 

(j 

the term of rhe shear stress in eq.   (2) can be expressed as 

f^, ./*£.-«£ f^^j-dx. (6) 

where f is the friction coefficient.    By making use of sn average value 
ToV7 

of -£— the above integral term can then be Integrated 

f v-^a-V^-^^r^ fpV2. (7) 

To obtain an explicit expression of the average value of fpV2, the 
following linear relationship  is assumed: 

fpV2 = f12(P1vJ + ßP^Vj), (8) 

where f12 and 6 are constants. Substituting eq. (8) into eq. (7) gives 

/• 

wheri      a = 

Vis = AaCPjV^ HP2V2
2), 

2(x2  - x,)?, 'I'^U 

(9) 

(10) 

o 

i 

For the above approximation, it is understood that there is no shock 
wave taking place in the region between positions 1 and 2. 

Introducing the following dimensionless variables 
fX2 
I ii(x)(ix 

m = 
^ iV 

(11) 
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i^ 

m 

4(x)dx 

M|  
'o-pjV.CpT^ ' (12) 

o 

CPT01    ' 
(13) 

r -(i + .)
2ri. 

P2 
(14) 

♦ -(! + .)-£ , 
(15) 

o 
e -(i + .)2f f (16) 

P .Ä 
Pi ' 

and using the Mach number relationship* 

(17) 

O 

=*:•«•-»•<■ pi 

.2 
PJVJ-KP^    . 

(18) 

(19) 

l01 
- (1 + K   -   1 MJ) . (20) 

where T0.  Is the stagnation temperature of state 1, and K the ratio of 
the specific heats,  the system of equations (1) to (4) becomes 

!•-♦ 
(21) 
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PI 

o _L. + (i _ oO » -L. p + (1 + aß) A_ , (22) 

(1 + ^i M2)(l + «„ + qo) = jf^-g (6 + ^ HJ*2)  . 

'-» 

(23) 

(24) 

This system of equations can be solved as follows: 

o 
1 + (l-a)icM* 

2(^ + aMH^ 
1 ± Z1     1 + E«ax 

* = r , 

(25) 

(26) 

P = 1 + KM^Kl-a)  -  (l-h»ß)r]    , (27) 

o 
e = pr   , 

M
2 

(28) 

(29) 

where     E (l + in)(l +ineo + q0) - 1    , (30) 

^imax = 

[l+il-oDKl^y 

4(^+ oßK)Mf(l +5fi^) 
- 1 (31) 

c 
The above solutions Indicate that the heat and mass transfer 

are combined In a single energy term E In eq. (30), which Is denoted 
hereafter as the total energy. 

3. Determination of the constant g 

The heat and mass transferred to the mainstream always act to 
move the Mach number at the downstream position, M2, towards unity, 
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Irrespective of whether the flow la subsonic or supersonic.  Therefore, 
It Is expected that Mj will be equal to one, when the total energy 
reaches Its maxloun value, which la called the critical total energy. 

From eq. (25), It la evident that Eaax  Is the maximum amount of 
total energy that can be added to the flow since imaginary results are 
obtained for E > Emx-    For 8uch a case, E = Eg^x, M2 can be calculated 
from eq. (29) as follows: 

M2       ,  1  
2,Emax   i + rt*    ' 

Because M must satisfy the above requirement, 

(32) 

Z'Emax 

hence,  the value of 6 oast be: 

6 = 0    . 

(33) 

(3A) 

Therefore, the solutions of the problem, eqs. (25) to (31), become 

1 + (I-QOKMJ 

(K+D M^ 
+ / . 1 / E ' 

♦ ■r   , 

p = i + KMJ[(I-O) - r] , 

e = pr 

(35) 

(36) 

(37) 

(38) 

o 

.) 

M 

v2 ~ P  ' 
Ml 

E = (1 + m)(l + me0 + q0) - 1 , 

Emax = 
[1 + (l-a)icMj]2 

2(K+l)M2(l+!~iMj) 

574 

1 . 

(39) 

(40) 

(41) 

:) 

- -- -- ■ -■ ■ - - - .-.-     
- ■ m^ 



fr IP* 

0 
4. Equivalence between the heat and mass tranafer 

Let Q = me0 + q. (42) 

be the dlmenslonless total heat transferred to the mainstream. Then the 
total energy can be expressed as 

E = (1 + m)(l + Q). (43) 

C 

Fron this equation, it is obvious that the effect produced by the mass 
transfer, m, on the dlmenslonless flow properties (T, ty,  P,e and M ) is 
the same as that produced by the total heat transfer, Q.  However, in 
the real case, the mass transfer has other functions which directly 
influence the ratios of density, velocity, and temperature, but do not 
influence the ratio of the pressure, as indicated in eqs. (14) to (17). 

5. Discussion of the value of a 

o 

In eqs. (35) to (41), the value of a, which is defined by eq. 
(10),  is unknown because the mean value of the friction coefficient, 
Ti«i between the sections 1 and 2 is unknown.  In general, the value of 
fj2 has to be determined experimentally. However, if the quantity of 
heat or mass transferred to or from the control circuit is relatively 
small in comparison with the total enthalpy or mass of the mainstream, 
respectively, then the effect of the heat or mass transfer on the fric- 
tion coefficient can be neglected.  For such a case, the mean value of 
the friction coefficient can be determined by Shapiro's work [l]. 

For the purpose of discussion of the effect of the heat and 
mass transfer on the flow properties downstream, a fixed value of 0.1 
will be assigned to a. 

0 

6. Critical total energy 

From eq. (35), it is seen that Eaax  is the maximum amount of the 
total energy that can be transferred to the flow since Imaginary results 
are obtained for E > E, max In Figs. 1 and 2, Enax is plotted as a 
function of M, in the subsonic and supersonic regions for K ■ 1«4 and 
a = 0.1.  In the region 0.675 < M < 1.866, the Mach number at section 
2 has already reached sonic velocity due to the friction effect. There- 
fore, no energy is allowed to supply the flow in this region.  It is 
also seen that there is no limitation of Eg^y when M, approaches zero. 
However, when Mj approaches infinity, there exists an asymptote as 
follows: 
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(44) 

7. Chine in properties 

Becauae of the approximation used in eq. (9), a shock 
relationship should be excluded. Therefore, only the minus sign in 
eq. (35) can be used. Figs. 3 to 10 show the effect on the flow 
properties of the total energy transferred to the flow in both the sub- 
sonic and supersonic regions. The following table suamarises the rela- 
tionship for increasing the total energy supplied: 

In subsonic flow 

Mi ^ 

r Increase 

$ Increase 

p decrease 

e increase 

^ 
increase 

In supersonic flow 

Mj > 1 

decrease 

decrease 

increase 

increase 

decreaae 

i 

Mgs. 11 to 18 show the effect on the flow properties cf the wlthdrswal 
of the total energy. The following table also suamarizes the relation- 
ship for increasing the withdrawal of the total energy: o 

In subsonic flow 

Mj < 1 

r decrease 

* decrease 

p increase 

e decrease 

M„ decrease 

In supersonic flow 

Mj > I 

increase 

increase 

decreaae 

decreaae 

Increase 

I 

For increaaing the withdrawal of the total energy, there exist« a limi- 
tation because the mass flow rate and the stagnation enthalpy carried 
by the mass flow rate are limited. Therefore, r and 0 in Figs. 11 and 
13, respectively, in the subsonic region, and P and 9 in Figs. 16 and 
17 in the supersonic region, do not reach to the zero point. 
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■ 8.  Control In Fluldlc Circuits 

The effect of heat and mass transfer on the pressure of the 
flow Is a major interest in the control of fluidic circuits.  From the 
definition, eq. (17), the dimensionless parameter P does not Include 
the parameter m. Therefore, the effect produced by the mass transferred, 
m, on the parameter P is exactly the same as that produced by the total 
heat transferred, Q. In the subsonic region, the increase of heat or 
mass supplied to the flow causes the decrease of the parameter P. 
However, the increase of the withdrawal of heat or mass from the flow 
causes the increase of the parameter P. In the supersonic region, the 
effects are reversed. . 

9.  Conclusions 

Heat and mass transfer as control parameters in fluidic circuits 
are analyzed. The relation of equivalence between the dimensionless 
heat and mass transfer which influence the dimensionless flow proper- 
ties is established. The mass transfer, m, has exactly the same effect 
on the pressure ratio between sections 2 and 1 as the heat transfer, Q, 
In the subsonic region, the Increase of heat or mass transferred to the 
flow causes the decrease of the pressure ratio P. The Increase of heat 
or mass transferred from the flow causes the Increase of the pressure 
ratio P.  In the supersonic region, the effects are reversed. 
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List of Symbols 

A     cross-sectional area 

c      specific heat at constant pressure 

D diameter 
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List of symbols (cont'd) 3 
E 

1W 

12 

(x) 

(x) 

p 

diaenslonlest total enthalpy per unit aasa transferred defined 
In eq. (13) 

total energy defined In eq. (40) 

aaxlmum total energy defined in eq. (41) 

friction coefficient 

mean value of the friction coefficient between x and z, 

dimensionlesa mass transfer defined in eq. (11) 

■ass transfer per unit time and unit length 

Mach number 

pressu.-e 

dlmentionless pressure defined in eq. (17) 

heat transfer per unit time end unit length 

dimrnsionless heat transfer defined in eq. (12) 

dimensionless totsl heat transferred defined in eq. (42) 

surfsce st the duct wall 

temperature 

velocity 

axial coordinate 

constant defined in eq. (10) 

constant 

dimensionless density defined in eq. (14) 

dimensionless temperature defined In eq. (16) 

ratio of specific heats 

density 

shear stress at duct wall 

dimensionless velocity defined in eq. (15) 

.) 

□ 

Subscripts 

1, 2, s referring to the states at positions respectively upstream o^, 
downstream of, and In the region where heat and mass sre being 
transferred 

0     referring to stagnation state 
:i 
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Flg. 1; Maximum total energy as a function of 
upstream Mach number In subsonic flow 
for a = 0.1 and K * 1.4. 
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PI«. 2; Maxlaui total energy •• • function of 
upstroan Mach nuabor In supcrtonlc flow 
for a ■ 0.1 and K M 1.4. 

0.6, 

0.1 J 

10  M, 

I 

580 

 -■ - --  "  ..      —:-.  ^..^ ■"  .. **J**~*^~*J~—       ^.■.,.,  ,. ... .   u 



1 

o 

c 

o 

f    • 

6. 

5- 

4. 

3. 

2. 

Flg. 3; Dlnenslonless density as a function of 
upstream Mach number in subsonic flow 
with positive E/Eaax as parameter for 
a = 0.1 and K = 1.4. 
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Fig.  4;  DIMMIOQIMS prtssur« M • function of 
upstrcaai Itach nuabtr In subsonic flow   ' 
with positiv« E/Eaax «s psrsastsr for 
o « 0.1 and K » 1.4. 
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Flg. 5; Dlmenslonless r.emperamre as a function 
of upstrean Mach number In subsonic 
flow with positive E/Eaox ■■ parameter 
for a = 0.1 and tc = 1.4. 
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Fit. 6; Downstrean Mach number as a function 
of upstream Mach nuabev In subsonic 
flow with positiv« E/EBU as paraastar 
for a « 0.1 and K ■ 1.4. 
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Fig. 7; Dlmenslonless density as a function of 
upstream Mach number In supersonic flow 
with positive E/Emax es parameter for 
a = 0.1 and K = 1.4. 
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Fig. 8; DlMMlonlMS pressure M • function 
of upetreea Mech nuaber in eupereonlc 
flow with positive E/EMX ee pereaeter 
for a « 0.1 and K « 1.4. 
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o 
IÜU _9: Dlmensionless temperature as a func- 

tion of upstream Mach number in super- 
sonic flow with positive E/Enax as 
parameter for a = 0.1 and K * 1.4. 
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Fit.10: Downstr««« Mach nuabcr as • function 
of upatrcaa Mach nuabor In supcraonic 
flow with poaltlva E/EMX •• paraaatar 
for a ■ 0.1 and K « 1.4. 
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Fig.11; Dimenslonless density as a function of 
upstream Mach number In subsonic flow 
with negative E/Emax as parameter for 
a = 0.1 and K =  1*4« 
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Flg. 12;  DlMüsionlets pleasure «• a function of 
upstreaa Mach Quad>«c In subsonic flow 
with negative E/E—y as paraastar for 
a ■ 0.1 sad K « 1.4. 
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o 
Flg.13;  Olmenslonless temperature as a function 

of upstream Mach number In subsonic 
flow with negative K/tn&x •■ parameter 
for a ■ 0.1 and ic « 1.4. 
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Fig.14; Downstreaa Mach nunber «s • function of 
upstrun Mach nunbar In subsonic flow 
with negative E/IMX as parameter for 
a ■ 0.1 and K ■ 1.4. 
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Fig.15; Dlacntionlea« density as s function of 
upstrssa Msch nuabsr in supersonic flew 
with negetive E/E^ax  •■ peraaettt for 
a « 0.1 end K * 1.4. 
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fit. 16; DiMnslonltM prasaur« am a function of 
upatraaa Hach nuabar in auparaonic flow 
with natatlva l/^g aa paraaatar for 
a ■ 0.1 sod R ■ 1.4. 
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Ft«. 17; Dlaeaslonless temperature •• ■ function 
of upstrtaa Mach number In supersonic 
flow with negative E/Ep^ as parameter 
for a « 0.1 and K = 1.4. 
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Flg. 18; Dmmatrcaa Mach nuabtr «s a function of 
upstream Mach number In supersonic flow 
with negative E/EMUI as paraaeter for 
a ■ 0.1 snd K ■ 1.4. 

S96 

a 

u 

0 

■ ■ ■      —■' ■":- ^fummfLMm lull miaiin iHiiiin .■.■«■■■I. n iiiiirnifiii.i ■fn.i II.II.I.IM  i     ^nmmmün^im^^Hgj^^,) 



ö 

O 

o 

o 

THRUST AND ASSOCIATED PHENOMENA OF FREE AND SUBMERGED JETS 

Ernest A. Taylor, Jr. 
Monsanto Textiles Company 

During a series of discussions about Jet propelled boats a number of 
years ago, I was able to demonstrate that a free Jet has more thrust 
than a submerged Jet. I adjusted the pistol grip nozzle on a garden 
hose to produce a high velocity Jet. When I held the hose about three 
feet back from the nozzle and turned the water on, the thrust of the 
vertical Jet raised the nozzle about six Inches. When the nozzle was 
lowered Into a bucket of water, the nozzle dropped some two or three 
Inches when the tip touched the water surface. This simple, repeatable 
demonstration was convincing "proof" that a free Jet produces more 
thrust than a submerged one, although I could not explain why. 

In recent years, some of my work has been Involved with the flow of 
liquid Into various types of dlffusers. When I ran Into several bottle- 
necks, I kept remembering the experiment with the garden hoze nozzle. So 
I wrote letters to three authorities on fluid flow asking for their com- 
ments on this problem. All three wrote me considered replies explaining 
the reason for this phenomenon. When I was given an opportunity to pre- 
pare this paper, I had to verify for myself the reason for this behav- 
ior. As a result of my work, I have learned that neither my correspon- 
dents nor I were fully Informed on the problem. Like many other things 
In life, this problem 1s simple only at first blush. 

Many years ago. Lord Kelvin said, "...when you can measure what you 
are speaking about, and express it In numbers, you know something about 
It: but when you cannot measure It, when you cannot express It In num- 
bers, your knowledge Is of a meager and unsatisfactory k1nd."(l) Until 
this time, I did not have any numbers for the thrusts Involved, only re- 
peated observations. The first order of the day was to upgrade my 
knowledge of the problem. A carefully performed backyard experiment 
with my garden hose nozzle revealed that the thrust of the free Jet was 
three ounces and the thrust of the submerged Jet was two ounces. The 
problem now was simply to explain why submerging the tip of the nozzle 
beneath a water surface would reduce the thrust of the Jet by one-third. 

My three correspondents, oach in his own way, had suggested that the 
decreased thrust of the submerged Jet was because of reduced pressure at 
the nozzle exit created by induced secondary flow. I designed three 
nozzles of one-quarter Inch tubing, each with a flat plate of a differ- 
ent area welded to the tip of the nozzle. By carefully measuring water 
flow to the nozzle and the nozzle thrust both free and submerged, I was 
confident that I could easily determine the reduced pressure at the face 
of each plate due to the Induced secondary flow. Imagine my astonish- 
ment when I discovered that the thrusts of these Jets were Identical for 
the same flow rate whether they were free or submerged. 

It was obvious that I had failed to Identify the problem. An exami- 
nation of my garden hose nozzle revealed what I had missed. The tip was 
cone shaped. Aha I So I added an Identical cone to the tip of a quarter 
Inch tube.   But the free and submerged Jets still had Identical thrusts. 
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A searching reexamination of the garden hose nozzle led me to take 
serious consideration of the center plunger for the first time. The po- 
sition of this plunger determines whether the water from the nozzle is a 
fine spray or a high velocity stream. When the nozzle was aJiusted to 
produce a high velocity Jet, I became aware that there was a bubble 
trapped Inside the jet and attached to the tip of the plunger. It is 
really strange that I had never observed that before. With sudden in- 
sight, I modified a one-quarter Inch tube by centering a one-eighth Inch 
rod in it with the tip of the rod retracted 5/32 inch from the nozzle 
exit. With this nozzle, I was able to measure a distinct difference 
between the thrusts of the free and submerged Jets for the first time. 
By using a slightly larger rod and adjusting Its retraction Inside the 
nozzle, I was able to Improve the thrust and Increase the difference in 
thrust between the free and submerged Jets. However, It was quite dif- 
ficult to install the rods and keep them centered in the tubes. 

Ü 

In analyzing the data from these modified Jets, I calculated the Jet 
exit velocity from the flow and thrust data. I found the exit velocity 
of the free Jet to be higher than that of the submerged Jet for the same 
flow rate. I also observed that the trapped air bubble inside the free 
Jet disappeared when the tip of the nozzle was submerged. However, it 
reappeared when the nozzle tip was lifted clear of the water. The high- 
est thrust valued occurred In the free Jet with the trapped air bubble. 
In my reading, I learned that the friction factor of a jet passing over 
a region of low velocity fluid can be up to about twenty times the fric- 
tion factor of a turbulent boundary layer along a smooth wall.(2) This 
higher friction factor Increases the shear stress at the Jet boundary. 
When the nozzle tip is submerged, the Jet exits from the nozzle Into a 
relatively low velocity fluid. The resulting high shear stress at the 
jet boundary, as mentioned above, increases the turbulence Inside the 
jet. This is one reason that a submerged jet spreads more rapidly than 
a free Jet. The trapped air bubble 1s aspirated away by the now turbu- 
lent jet and is replaced by a short separation bubble of fluid. The Jet 
now spreads inward to close Itself around the envelope of this separa- 
tion bubble. Since the mass flow rate remains essentially constant, the 
jet velocity decreases as the cross sectional area of the jet Increases. 
Some of this jet spreading and the resulting velocity decrease occurs 
before the jet reaches the nozzle exit. The thrust, being a function of 
the velocity squared, is therefore reduced. When the submerged Jet is 
lifted clear of the water, the high shear stress at the jet boundary is 
eliminated. Jet turbulence is diminished and the Jet spreading is re- 
duced. This lowers the pressure In the separation bubble. Apparently, 
the Jet ruptures to admit air and relieve this low pressure at the cen- 
ter of the Jet, thus reestablishing the trapped air bubble at the end of 
the rod and increasing the Jet exit velocity and thrust thereby. 

In a solid Jet, the thrust for a given flow rate is constant whether 
the Jet is free or submerged. In a garden hose nozzle, the center 
plunger produces a hollow Jet with the hollow extending Into the nozzle. 
The thrust of the free Jet Is high. When this nozzle is submerged, the 
accentuated jet spreading extends into the nozzle,   reducing the thrust. 

This answered one question but now there is another. How much vacu- 
um Is In the   separation bubble.    Alas!   There Is no way to measure   It. 
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But. wait! Suppose the Jet Is turned Inside out! I decided to use 
a one-eighth Inch tube Inside a one-quarter Inch tube. The small tube 
would carry the water for the Jet and the large tube would confine the 
separation bubble. I designed and built a nozzle on this basis with a 
connection for a vacuum gauge at the top of the large tube. Using a 
vernier caliper with a depth gauge. I could set the end of the small 
tube any distance Inside the large tube and measure the ratractlon to 
one-thousandth of an Inch. With the one-eighth Inch tube. I was limiter 
to water flow ratec of 0.4. 0.5, 0.6 and 0.7 gallon per minute. With 
this nozzle. I measured the water flow, thrust and separation bubble 
vacuum of the submerged Jet at various retractions up to two Inches. 
When I began to plot data from these tests. I found It quite nonlinear. 
In looking for correlations, I decided to examine the performance of 
this nozzle as a diffuser. The inside diameter of the small tube was 
0.075 inch and that of the large tube was 0.190 inch. For every retrac- 
tion increment. I calculated the angle between Imaginary lines from the 
exit diameter of the small tube to the exit diameter of the large tube. 
These imaginary lines defined an imaginary conical diffuser. The angle 
between these lines, two theta. is shown on the graphs of the data. 

The data taken with this nozzle is plotted as graphs on the follow- 
ing page. Graph number 1. on logarithmic paper, shows that the curve of 
thrusts for each flow rate has two constant values with a true logarith- 
mic section in between. For retractions between 0.2 inch and zero, the 
thrust is maximum and is the same whether the nozzle Is submerged or 
free. There is a smooth transition to the logarithmic curve of de- 
creasing thrust which terminates abruptly at a retraction of about 1.2 
inches at the minimum thrust value for the submerged Jet. For the free 
Jet, there is no change in thrust or vacuum with any retraction as long 
as the Jet does not touch the sides of the large tube. Graph number 2 
shows that there is no vacuum in the separation bubble of the submerged 
nozzle until the small tube Is retracted more than 0.2 Inch. Then, it 
Increases rapidly, reaching a maximum value at a retraction of 1.2 inch- 
es. The cause for this behavior is shown in figures 1. 2 and 3. These 
figures show the tip of the small tube retracted Inside the one-quarter 
inch tube. In practice, these tubes are vertical. In figure number 1. 
the Jet is shown entraining fluid from the space between the Jet bound- 
ary and the Inside wall of the large tube. However, there is ample room 
for a flow of make-up water to replace that aspirated by the Jet. Thus, 
there is no established separation bubble and no measurable vacuum. The 
Jet has not spread, since there Is no change in thrust. In figure num- 
ber 2, at a retraction of 0.6 Inch, there Is a considerable reduction in 
thrust with a corresponding Jet spread. The equation for thrust ^akes 
it possible to calculate the Jet diameter. This larger Jet diameter 
partly closes the exit of the large tube, reducing the make-up water 
flow to the separation bubble, which is now well established. As graph 
number 2 shows, there is a considerable vacuum In the separation bubble 
at this point. In figure number 3, the Jet has spread to essentially 
fill the exit of the large tube. No make-up water can now flow to the 
separation bubble. At this point, the thrust has reached its lowest 
value and the vacuum Its highest. Further retraction causes no change 
in either. 

Graph number 3 shows the thrust plotted on rectangular coordinate 
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THRUST« 28 GRAMS,   VACUUM» CS IN. H6. 
JET   DIAMETER*0.121   AT TIP OF I/4M0IA. TUBE. 

THRUSTt 74 0RAMS. NO VACUUM. 
JET DIA  t 0.073". 

^^S   FlQURg   NUMBER   3 
THRUST« 14 «HAMS AT 0.7 OPM,  SAME FLOW   FOR EACH FIGURE.   VACUUM AT TIP 
OF l/S" DIA.  TUBE« 8.S " IN. HG.     JET 0(A.< O.I70HAT TIP OP 1/4" TUBE. 

paper and graph number 4 shows the separation bubble vacuum plotted on 
the same paper. These four graphs have the retraction of the small tube 
as the abscissa. At the top of these graphs, the theoretical diffuser 
angle two theta Is shown for reference. 

Graphs number 5 and 6 show the theoretical diffuser angle two theta 
as the abscissa. In both of these graphs. It Is Intriguing that both 
the thrust and separation bubble vacuum plot as straight lines, although 
at different slopes, over the major portion of each graph. I cannot ac- 
count for this. It Is very significant that both of these curves flat- 
ten out at a theoretical diffuser angle of less than six degrees. This 
shows that the Jet spread angle Is Identical with the most efficient 
diffuser angle. It Is also highly significant that the logarithmic por- 
tion of the thrust curve occurs between the theoretical diffuser angles 
of about six and twenty two degrees. This agrees with the investiga- 
tions of Cochran and K11ne(3} who found that the flow through a straight 
walled diffuser was attached to both walls until the diffuser angle was 
Increased to almost twenty one degrees, although the flow began to be 
unsteady at about seventeen degrees. 

I have also discovered other correlations which are Impossible to 
discuss in these few pages. I am convinced that thrust Is a tool that 
can be employed with profit In defining Jet spread and other parameters 
required for the most efficient design of fluldlc equipment. 
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FLOW OF PARTICLES  IN A SUBMERGED F1UIDIC DEI ICE 

P.   I.  Chen 
Applied Science «id Engineering Department 

Portland    "täte University 

N. L.  Marcott 
Bureau of Sanl   ary Engineering 

City of Portland 

"ortiand, Oregon 

The phenomena of particle flow In a bistable wall attachment  fluldlc 
device were first Investigated by Chen and Hogland.    Their studies were 
mainly concerned with the two-phase  flows of solids In gas streams.     This 
study, however, Is concentrated on the hydraulic aspects of solid flow in 
a fluldlc device which Is submerged In liquid. 

In our study, experiments were conducted In order to evaluate the 
effect of solid/fluid density ratio, supply pressure, and the depth of sub- 
mergence upon the percentage of particle recovery at the active output. 
Results show a higher recovery efficiency for lower density ratios which In 
fact confirm the original observations.    Entralnment strength also plays 
an important role in determining the efficiency.    These findings are described 
In detail and substantiated by a graph. 

This study demonstrates that non-moving part bistable fluldlc devices 
can be employed with high levels of efficiency in directing the flow of 
particles moving In a liquid stream.     It is expected that this project 
could lead to applications In Industrial processes and slurry controls. 

INTRODUCTION 

The bistable fluid device Is   a non-moving part device which utilizes 
the wall attachment phenomenon, commonly known as Coanda effect,  to control 
flow direction between two possible outputs.    The Coanda effect Is primarily used 
In designing the digital type of fluldlc devices.    However, this study is 
concerned with the Investigation of a bistable device capable of transporting 
solid particles.    The Investigation of such a device which can be used to 
perform this function was first attempted by Chen and Hogland (1,2).     In 
their studies, solid particles were sent through a bistable  fluid device, 
and the collecting efficiency for particle of various sizes under different 
pressures were conputed.    They defined the collecting efficiency as the ratio 
of the nunber of particles collected at the active output to the total 
number of particles received at both outputs.    Their study mainly was con- 
centrated on the flow of light particles in the air stream. 

The device described In their first study (referred to es the basic 
device) was Incapable of obtaining a 100% collecting efficiency.    Their 
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second study Involved the design end testing of three nodifleetlone of the 
beslc device.    The designs Included:    (e) Lifted legs,  (b) Blocking vane, 
and (c) Guiding vane.    All three luuJIflcatlone reported e nomlnel 100Z 
collecting efficiency. Ö 

In thle on-going study, water is ueed es the transporting medium. 
No modification of any kind to the so called basic device wee employed up 
to this point of experimentation. Since the density of particles le different 
from thet of the working fluid, particle tends to move with different 
velocity as coopered to Its surrounding fluid. A particle moving along a 
straight streamline which does not have e significant difference In transverse 
velocity gredlent, tends to stey on the streamline. In this case, the 
forces acting on the particles are the dreg force and Inertia force. When 
e particle moves towards a curved Jet et ream, the forces acting on the particle 
In addition to drag and Inertia forces ere centrifugal force, lift force 
In the longitudinal direction, and dreg force In the transverse direction. 

Fectors holding the particle In the jet stream are the lift force 
creeted by the velocity distribution and the transverse drag force which 
resists the tendency of the particle to move ecross the Jet stream. Neglecting 
wall Interference, the momen;w.uro of the particle becomes the dominating factor 
for the particle to detach from the Jet stream. That is, when the momentum 
of the particle overcomes its drag force in the transverse direction, the 
particle will flow towards the apex of the splitter and may strike the 
inactive side of the output leg. 

o 
EXPERHCNTAL SET-UP AND TESTINGS 

For the experiment, e bistable fluid device as shown in Fig.  1 was 
constructed of plexiglas.    The dimensions of this device are as follow: 

Size 8.5" long, S.0"wide, 1" high 
Throat area 0.5" deep, 0.5" wide 
Throat length 3.0" 
Outlet wall angle IS* from centerllne 
Vents 0.25" downstream from the splitter apex 
Output leg 0.5" wid*. 0.5" deep 

Also, a splitter position of 2 Inches away from the centerllne of the control 
ports was used as e result of an earlier study (2). 

Particle« used in testings were round in nature in order to reduce 
the complexity Involved in notion.    The average weight, diameter and density 
ere contained Ar Table I. 

o 

TYPE OF 
PARTICLE 

WEIGHT 
gm 

DIAMETER 
cm 

VOLUME 
cm3 

DENSITY 
gm/cm3 

Glass Beads 0.085 0.370 0.0265 3.207 

Lead Thot 0.203 0.330 0.0188 10.798 

Plastic Beads 0.039 0.381 0.0290 1.345 

o 
TABLE I The Physical Characteristics of Particles 
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o 
The test set-up as shown In Fig.  2 Included a plexlglas tank 43.8 cm 

wide, 80.0 cm long and 41.3 cm deep.    Clear plexlglas was chosen for con- 
structing Che tank In order to allow observation from the sides and the 
bottom or the tank.    It also made possible for high speed movie filming 
from the cank bottom. 

City tap water was used as the working fluid.    The depth of water In 
the tank was controlled by an adjustlble "morning glory" type overflow 
drain. 

o 

( 

( 

Testa were conducted by first setting the supply pressure to the 
device and then measuring flow rates under steady state condition by timing 
and weighing of the overflow.    With the depth of submergence set at a con- 
trolled level, particles were Introduced Into the supply port of the device 
via a Y connection.    Particles were placed In the stream one at a time In 
order to eliminate possible Interaction among each other.    A collection 
trough was located downstream near the device output for the purpose of 
collecting particles after each test run.    When sufficient tests were con- 
ducted for one flow rate, the supply pressure was changed In order to study 
the same phenomenon under a different flow rate.    The range of supply 
pressure varied from 3 pslg to 12 pslg which provided a calculated velocity 
range  from 5.25 feet per second to 8.6 feet per second at the throat section. 

During some test runs, a 16 mm movie filming at the rate of 64 frames 
per second was taken.    This movie was then viewed at the rate of 24 frames 
per second In order to observe a greater detail of the particle behavior in 
the device.    At lower supply pressures, the motion of particle was clearly 
visible, especially at the region downstream from the throat section, 
without the aid of the high speed movie. 

EXPERIMENTAL FINDINGS 

The result of the test runs la shown on Fig.  3.    Each point on the 
graph represents an average of some 6 to 8 runs for a given supply pressure 
setting.    We notice that this figure contains no information on the depth 
of submergence.    Little or no indication waa shown that there was any effect 
contributed to the collecting efficiency by the depth of submergence.    This 
apparently implies that hydrostatic pressure above the device does not 
affect the strength of entrainment  flow.    Nevertheless, It waa observed 
that when the device was not fully submerged,  the liquid Jet would split 
between the two output».    But as soon as the vents were submerged the wall 
attachment phenomenon took place immediately. 

A comparison of collecting efficiency amont, three types of particles 
used In the testings shows that the lead shot recovery rates were about  75Z; 
the recovery rates of glass beads were ranged from 85Z to 90Z; and plastic 
besds were close to 100Z recovery at the active leg.    These results provide 
a good Indication that the density of particle in stream, that Is, the 
momentum of the particle plays an Important role in determining the collecting 
efficiency.    The low recovery efficiency of the lead shot is caused by its 
high density thus its high momentum, as compared to particles of other types. 
Thus momentum was a dominating factor in deciding the forward notion of 
the particle relative to that by other forces. 
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The momentum would tend to carry the particle In a straight line due 
to the relatively long straight nozzle.    If the particle struck the splitter 
on the side of active output, the particle would be carried out the active 
output.    However, If the particle struck the splitter on the Inactive side, 
the momentum of the particle would then have to overcome the strength of the 
reverse flow In order to escape through the Inactive output.    This accounts 
for the observation that particles which entered the Inactive leg were 
sometimes forced to return to the active output, after moving In a circular 
motion within the Inactive leg near the splitter. 

Figure 3 shows that for both the glass beads and lead shot a higher 
recovery rate was observed at the lower flow rates.    This Is believed to 
be caused by the lower particle momentum which could not overcome the strength 
of the reverse flow.    The reverse flow affects the lighter particles more 
than the heavier ones.    This also leads to a greater collection efficiency 
for the lighter particles. 

Although data shown reflects tests conducted without the presence 
of a control jet, it was observed that, in general, recovery rates were 
higher when the control jet was present.    The reason is the control jet 
momentum can serve to deflect those particles which tend to detach from the 
jet stream. 

SUMMARY 

The study of particle flow in a bistable device was investigated 
in this paper.    The results indicate that wall attachment phenomenon can 
affect the particle flow in such a device. 

The momentum of the particles plays an important role in the movement 
of the particle in the fluid stream.    Particles of lower density can be 
collected more efficiently than higher density ones.    Lesser collecting 
efficiency was caused by the momentum of the heavier particles which dominates 
the forward motion of the particle. 

Thus for a particle to not reach the active output, it must possess 
enough momentum to not only escape the inactive  leg, but also to overcome 
the reverse flow. 

From all observations it was found that  recovery rate was not in- 
fluenced by the depth of submergence.    Because of the limitation of the 
test tank, a steady flow condition could not be maintained for supply 
pressures higher than 12 pslg, this leaves the question of "whether or not 
the supply pressure affects the recovery rate" yet to be answered. 
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Flg. 1 A Bistable Fluidlc Device 

O 

Fig.  2    The  Experimental Set-Up 
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SUPERSONIC BOUNDARY LAYER CONTROL AND  ITS APPLICATIONS 

R V Thompson    Ph.D.. M.Eng.. B.Sc, F. I.Mech.E. 

Marine Industries Centre 
University of Newcastle upon Tyne, England 

ABSTRACT 

The phenomenon of supersonic boundary layer separation and subsequent 
reattachment, with particular emphasis on its application to Fluldlc/ 
Flueric devices, is briefly explained. 

Details are provided of concepts developed. Including monostable, bi- 
stable and three dimensional devices Involving operating media of pre- 
ssures and temperatures up to and including 5000 psia and 6000 F. Past, 
present and future mlssl It* systems, utilising the phenomenon, are des- 
cribed together with a detailed analysis of the advantages to be gained 
by extrapolating the concept to vertical lift devices, stabilised plat- 
forms and decoy systems. 

Although an attempt has been made to be informative the prime objective 
of the paper Is to stimulate a re-assessment of the direction In which 
boundary layer control appears to be moving In this field. 

u 
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IWROPUCTION 

U 
This paper concerns Itself with the control and application of phenomena 
associated with supersonic boundary  layers. 

The research Into this particular aspect of Boundary Layer Control 
commenced at the University of Strathclyde In the early  IQöO's with the 
Intention of developing an alternative form of missile wing surface 
control system   to that already  In existence.     The system was somewhat 
unusual  In that It was to be completely pneumatic (operating on hot 
exhaust gases,), self-supporting and, more Importantly, was to form an 
Integral part of the actual  wing assembly. 

To transfer the Idea into a working proposition it was necessary to 
develop a control  device capable of directing hot gas supplied at super- 
critical pressure ratios according to a given bandwidth of demand.    The 
prime result of the applied effort was the successful  development of a 
component capable of switching supersonic Jets In a bistable mode by 
alternatively venting and closing control  vents   to the atmosphere. 
Furthermore, a fundamental  understanding, together with an  Intuitive 
mathematics solution of the phenomenon of boundary  layer separation and 
reattachment was both evolved and subsequently substantiated. 

During this period interest was shown in the development by Missile 
Companies in the U.K., Scandanavia and the U.S.A.  resulting in the 
design and development of various permutations on the original theme. 
Applications included   Jet reatlon and hot gas secondary  injection 
steering of missile systems, together with cold gas single stage power 
actuator arrangements. 

Early success encouraged further exploration of the phenomenon  leading 
to the construction of three dimensional thrust vector control and ver- 
tical   lift devices.      Even a non-moving part single element thrust and 
pressure ratio computer suitable for gas turbine monitoring require- 
ments has been demonstrated. 

In view of the apparently  limitless application of the phenomenon, an 
attempt has been made in this paper to outline the principles involved, 
devices developed and possible future applications.  In the hope that 
the  interest of others will  be stimulated to a sufficient degree to 
warrant the expenditure of their own effort, thereby reaping benefits 
yet unknown. 

To obviate a totally Insular presentation a list of references detail- 
ing the efforts of others known by the Author to have made contribut- 
ions  In this vieid have been  included at the end of this publication. 

o 
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BOUNDARY LAYER EFFECTS 

Separation 

Figure I describes a two dimensional convergent divergent duct sub- 
jected to a gas flow supplied at supercritical pressjre ratio, viz. 
Po/Pa > 2. 

o 

o 

c 

Ordinarily, propulsion ducts or nozzles are designed for adapted flow. 
I.e. the process of expansion of the supersonic gases    Is allowed to 
continue until the pressure at exit Is Identical to ambient.      In the 
case shown, the duct has been extended beyond this critical   length to 
the degree that boundary  layer separation has been encouraged to occur. 

Process Is basically as follows. 

The Mach number of gases expanding through a convergent-divergent duct 
will exceed unity provided the pressure ratio between throat of supply 
reaches a clearly defined minimum value ■ of the order of 0.500.     The 
flow  In the divergent portion may be subdivided Into two main flow 
regions - main stream and boundary layer flow.      The former Is assumed 
to be InvI seid and I sentropic with zero transverse velocity gradient, 
the latter viscous flow with a large transverse velocity gradient.   The 
velocity at the wal I of the duct Is zero and at the outer edge of the 
boundary layer Is approximately that of the main stream.      If the Mach 
number of the main stream Is In excess of unity, then somewhere In the 
width of the boundary  layer occurs a stream layer moving with the vel- 
ocity of sound In the fluid.     Nowhere In the main stream can the down- 
stream conditions be transmitted directly upstream.  I.e. the main flow 
has no Indication of the conditions appertaining downstream because of 
Its supersonic velocity.      However, the fluid trapped between the sonic 
line and the duct wall  is conscious of the prevailing downstream condi- 
tions ana, more Important, provides a feedback path for this Information. 

An adverse or positive pressure gradient will cause a slowing down of 
the subsonic flow stream causing. In turn, a general thickening of the 
boundary layer.  I.e. the sonic line moves nearer the centre of the main 
stream.      if the adverse pressure gradient Is of sufficient magnitude 
the boundary  layer may separate from the duct wail, causing a series of 
compresslve wavelets which combine to form an oblique shock.      This has 
a distinct effect on the main stream flow.      Symmetrical separation is 
shown  In Figure  i. 

It Is Interesting to note that although the interruption to flow Is 
severe the resulting thrust from the situation shown is still signifi- 
cant.      Naturally, the optimum thrust condition occurs when duct Is 
adapted, with a loss In power being noted either side of this position. 
Maximum power, however, will occur when the gas Is on the point of sep- 
arating at the exit when the Immediate pressure In the stream will be 
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given by 

pa/p      -    [{kn/(n*2)} ♦  l] (I) 

which,  for most situations of turbulent boundary layer flow,  results In 
an ambient/separation pressure ratio near to 2.      Further expansion by 
Increasing the length of the duct, however, will not necessarily result 
In further loss In thrust simply because, under ideal conditions,  the 
pressure immedialely after separation Increases rapidly to ambient there- 
by minimising pressure drag.      it should be remembered also that rate of 
change of momentum Is still   increasing with continuous expansion of the 
gases, substantially negating separation  losses. 

The above observations are considered to be of some Importance to app- 
lications detailed later. 

0 

A unique mathematical evaluation of the separation problem Is contained 
In Appendix I, together with an explanation of the process involved,   it 
should be noted that the theory applies to both  laminar or turbulent 
flow situations and provides reasonable approximations to three dimen- 
sional  expansions. 

Re-Attachment a 
Although mathematically elusive, the effects of boundary   layer separa- 
tion have been well  known to Aero and Gas Oynamiclsts for many years. 
It was only comparatively recently,  however, that the effects of gross 
over-expansions were fully appreciated.      Figure 2 shows a duct of  le- 
ngth at least two and a half times that required to permit ordinary 
boundary  layer separation to take place.      It may be seen that subse- 
quent to separating in the normal  way, asymmetric boundary  layer reatt- 
achment has occurred with useful consequences.      Before exploring these 
further it is considered prudent to detail the factors  influencing the 
reattachment process. 

Proceeding from the conditions of symmetrical separation shown  in Fig- 
ure  I, the developments  leading to reattachment are as follows. 

Referring to Figure 2,  sketch  (a)  details the flow situation following 
a step  Input of applied pressure P0.      The gas may be seen to have sep- 
arated symmetrically from both divergent walls describing the pressure 
distribution shown.      The flow situation is highly unstable due to tur- 
bulent pressure fluctuations occurring along the separated stream lines. 
Furthermore, a process of entrainment occurs along these exposed edges 
becauf.e of visco/mo I ocular attraction creating the vortex flow Indicated. 
Naturally, an Increase In velocity of the gas In these areas  Is accom- 
panied by a reduction In pressure thereby Intensifying the transverse 
Instability of the Jet.      Ordinarily, the process will  prove more viri- 
lent on one flank to the detriment of the other, hence encouraging the 
growth of a transverse pressure gradient.     The pressure which origin- 
al ly caused boundary  layer separation falls in sympathy with entrainment 

a 
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pressure and so the position of separation Iterates downstream in a con- 
tinuous attempt to maintain the status quo as shown mathematically in 
Appendix I and pictorially In Figure 2(b).      The combination effect of 
transverse pressure gradient and Intensifying entrainment encourages the 
main stream to move toward the wail adjacent to the most active area, 
finally culminating in reattachment. The vortex or reverse flow 
region is at muxlmum intensity and is 'locked In',  resulting  In a stable 
flow situation which may only be destroyed by the application of exter- 
nal  forces.      Figure 2(c)  Identifies the salient flow and pressure char- 
acteristics which are further amplified In Figure 3.      The whole process 
occu.a  in approximately one mliiisecond. 

SPECIFIC APPLICATIONS 

AM the applications detailed briefly below depend upon the separation- 
reattachmpit phenomenon discussed previously.      Of specific Importance 
is the relationship which exists between vortex and ambient pressures, 
i.e. the former being substantially  lower than the  latter at any real 
absolute pressure.      The first six applications are realities  in that 
devices have been made, tested and Installed In systems.      Further sub- 
stantiating details of their capabilities are provided in the text. 

Bistable Switch 

Referring to Figure 2c    it may be seen that the stable flow situation 
indicated Is susceptible to external   Influences, e.g.  the placing of a 
suitably sized orifice adjacent to the latching vortex region permits 
ambient air to be introduced at comparatively high pressure.      The con- 
tinuous entrainment process taking place in the region will have access 
to an inexhaustible supply of air at a flow rate predescrlbed by the 
orifice impedence.      Ordinarily, the pressure within the vortex will   in- 
crease carrying with  it physical  growth.     The pressure ratio across the 
Jet decreases causing movement toward the opposite divergent wail as a 
result of an increase in curvature.      The entrainment process between 
that wall and the jet free surface becomes more active;      pressure drop 
more Intense, resulting in a mirror image of the process of attachment 
detailed earlier.        The total  switching process, although a function of 
orifice (control port) area may be caused to occur in  less than one mill- 
isecond. 

Obviously, the placing of a further orifice In the wall to which jet has 
switched its allegiance will  permit a reversal of the process to take 
place providing the original  control  port Is simultaneously closed. 

Figure 5 shows an experimental  switch with a supply operating range 
from 70 to 130 psi.      Devices have been built by the Author to operate 
on pressures up to 2200 psi a and temperatures In excess of 3000oF.    In 
all cases air at atmospheric conditions was the sole means of control 
power.      Worthy of note Is the fact that control  air is drawn Into the 
operating region and,   in consequence, the control  circuit is virtually 
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Isolated from the main power medium.      Further details of this device 
are contained In References 4,   12,   13,   14. 

A considerable amount of effort was applied to proving ttiat the sepa- 
ration reattachment region may be Isolated from excessive back press- 
ures.      Details of the experimentation and the results obtained are 
shown  in Reference 6.      The amplifier specifically designed wes used 
to actuate a  large piston against substantial   loads. A frequency 
response of 0 to 40 cycles/second at ^ i of an inch was obtained and 
a piston thrust in excess of 200  lbs.  achieved.      The device was ope- 
rated simply by alternately venting the control ports to atmosphere. 
Figure 6 shows a diagram of the circuit Involved. 

Mono Stable Switch 

A natural extension of the above device was single port control  there- 
by halving the control  requirements.      Although the power consumption 
involved in the control  circuit  is minimal, a reduction  in the rela» 
tive complexity results  in significant advantages.      Figure B shows a 
schematic diagram of the device.      The geometry has been modified sli- 
ghtly,  as shown at the exit of the throat.      The setback in this area 
provides bias to the expansion of the main gas Jet to the extent that 
when the control  port  is closed the jet will  attach to the adjacent 
wall..      Opening of the control  port encourages switching to the oppo- 
sing divergent wall by the process detailed previously.      Subsequent 
closure of the port will  cause the gas jet to return to its  Initial 
position due to the effect of asymmetrical geometry.      The device has 
much the same capabilities as the Bistable Switch  in that it will ope- 
rate at extremely high pressures and temperatures with high speed of 
response. 

A  further extension of the research has shown that it  is quite possi- 
ble to build a device which will  switch from one divergent wall to the 
other at a pre-described supply pressure without the assistance of con- 
trol  ports.      A further Increase In supply pressure will cause the jet 
to return to Its original  position.      The range between the two criti- 
cal   pressures  is variable both  in absolute terms and In relation to 
supply pressure. 

Missile System Application and Development 

The concepts detailed in previous sections may be applied with advan- 
tage to missile control  schemes;    the alien environmental conditions 
normally associated with the field being compatible with the mode of 
operation of the devices under review.      Methods employed to date  In- 
clude secondary Injection,  jet reaction steering, a combination of 
both and direct boundary   layer control  of missile exhaust flux.      Ob- 
viously, there are further 'indirect' applications, e.g. the super- 
sonic device may be used as the final operating element In a piston- 
yoke assembly or to direct gases to boundary  layer bleed areas on 
missile skin or control surfaces.      Permutations are, apparently, end- 
less and depend upon the Immediate need and the resourcefulness of the 
designer. 
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An attemrt is made to detail  concepts, together with appropriate appli- 
cations,  In the following sections. 

Secondary Injection 

Figure 8 shows a diagramatic sketch of a supersonic bistable device In- 
stalled In the vicinity of the exhaust nozzle of a substantial missile. 
The mode of operation  Is reasonably evident.      Combustion chamber pro- 
ducts are bled off on a continuous basis to a series of possibly four 
bistable devices which are operated either In a'bang-bang' or pulse 
width modulated mode directly In response to gyro stabilisation or gui- 
dance control  demands.      A typical  design consists of the required num- 
ber of amplifiers being vented to the atmosphere by small, electrically 
operated solenoids;      the basic power pack being batteries rated at 30 
volts and  I amp for a duration of at least six seconds. 

The type of device required for this application demands special  atte- 
ntion to the design of exhaust impedance, etc,  for.  Invariably, the 
point of Injection Into the missile main thrust nozzle Is at elevated 
pressures in comparison with prevailing atmospheric conditions. 

Typical design requirements are: 

Valve supply pressure 
Inlet Temperature 
Pressure  (Impedence) at point 
of Injection  into missile nozzle 

Range of ambient pressure to be 
i ncorporated 

1000 -  1500 psla 
5000 - 6000oF 

150-500      psla 

14.7 - 8        psla 

Ordinarily, secondary injection control concepts may be subdivided Into 
four basic derivations dependent upon auxiliary power source: 

(a) hot gas  (4000 - 60qpoF) 

(b) warm gas  (below 2500oF) 

(c) cold gas  (ambient temperature) 

(d) liquid      (ambient temperature) 

(a) Infers tapping main engine; (b) and (c) ordinarily Infer the carr- 
iage of a secondary charge and (d) entails a regulated gas/liquid accu- 
mulator system or possibly tapping of main fuel  tanks. 

Therefore, questions may be raised regarding the efficiency and durabi- 
lity of a system which Incorporates a continuous demand cycle, e.g. flow 
through the device Is continuous Immediately upon Ignition of main pro- 
pulsion system. Figure 9 shows the results of a parametric study re- 
lating to a hypertheticai missile rated at 30,000 - 50,000 lbs. of boost 
thrust requiring control thrusts ranging from 150-500 lbs. over a period 
of some six seconds. 
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It may be seen that cold gas shows the least advantage In overall weight 
of the control  system and hot gas bleed the most economical. All  systems 
shown which may be controlled In a discontinuous manner,  I.e.   lending 
themselves to control by normal  on/off valves, are rated at a A0% duty 
cycle whereas warm gas and hot gas systems are considered on a  \00f basis. 
The total weight of a two axis, battery source, hot gas system designed 
to satisfy the above requirements approximates to 24  lbs. 

It may be noted from Figure 3 the redundant gases emitted by the valve 
are being exhausted in the axial  sense.       In reality, some additional 
advantage may be obtained by venting tangentially through the skin of 
the missile.      A combined secondary  injection jet reaction system is, 
thereby obtained. 

A TOnustable design has been conceived which satisfies the control   re- 
quirements detailed above anJ offers the obvious advantages of halving 
the actuating requirements,  i.e. only one electrically operated sole- 
noid system is required per hot gas valve.      A system of  intrinsic, 
passive pressure feed forward  is required to overcome transverse  impe- 
dencs problems occurring within the valve and the imposition of adverse 
fluctuation  in atmospheric pressure.       It  is worth noting that all  sy- 
stems using warm or hot gas as the power medium impose penalties asso- 
ciated with accumulated debris resulting from combustion.      Apart from 
•clogging'   fierce erosion usually occurs ana r.sw materials or methods 
of manufacture have had to be developed in concert with application of 
flueric control.      Figure 10 shows a device which underwent warm gas 
testing for a perioc of four minutes  indicating that adequate direct- 
ional   control  of exhaust material  may be obtained for quite consider- 
able periods by the use of carbon base materials. 

V_ 

Jet  Reaction Steering 

Simple jet reaction steering involves  reversing the secondary  injection 
design,   i.e. exhausting gas through missile skin for a control  phase 
ar,J axial ly when  in the passive situation.      The mass flow Involved are 
larger than those required in the B.L.I.C.  concept mentioned previously 
as substantial   lateral  thrusts are required to perform abrupt engage- 
ment manoeuvres.      As before,  some augmentation  from skin boundary   lay- 
er  interference  is always  in evidence but the  larger percentage of power 
is  derived from momentum considerations. 

The design of  such a valve is simple and quite straightforward and may 
be derived from curves typified by Figure  II   due principally to the fact 
that exhaust  log  impedences are,  to all   intents  and purposes,  similar, 
thereby obviating the need for applying specialised matching techniques. 
The device may be designed to be self-compensating for altitude changes 
by judicious selection of geometric parameters and,   in consequence, 
successful   first time operation may be expected. 
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Boundary Layer Interference Control   (B.L.I.C.) 

Figure  12 shows a further variation on a thane and combines Jet faction 
steering with boundary  layer interference control.      It should bo noted 
that only one wall exists in the device.      The exhaust flux from the mo- 
nostable amplifiers provides some degree of  lateral  thrust by  Integrat- 
ing rate of change of momentum per unit time but provides a larger mea- 
sure of thrust augmentation due to its effect on boundary  layer flow over 
the missile skin.      The exhaust flux essentially exerts a similar Influ- 
ence to the Imposition of an obstruction In the external  stream, effect- 
ively damming the  local   flow resulting in a pressure rise upstream of out- 
let orifice which.   In turn, creates a transverse force on the missile. 

Such a system could have application to a trim/glide duty cycle require- 
ment after boost phase has been completed, as gas requirements are rela- 
tively small.      A demonstration prototype missile system is shown  in 
Figure  13. 

Exhaust Flux Control 

All  the devices discussed above involve the control  and utilisation of 
gases undergoing two dimensional  expansion, a  logical expansion of the 
effort  is obviously the development of three dimensional  systems.      A 
specific example is the direct control of missile main nozzle exhaust 
flux, the method Involved being as follows. 

The exhaust nozzle is designed for gross over-expansion permitting not 
on'y separation but subsequent reattachment to take place:      an obvious 
method being to increase the overall   length of the nozzle to a scale 
appropriate with achieving the necessary degree of expansion and stabi- 
lity of reattachment. 

Conventional  nozzles consist of circular cross section and, although the 
phenomenon still applies,  reattachment can occur anywhere around the wall 
thereby making thrust vector control extremely complicated.   If not impo- 
ssible.      The feasbility of obtaining missllo thrust vector control  by 
muans of boundary layer control   in an over-axpanded nozzle was first demo- 
strated in a device of square cross sectior  In the U.K.   in 1964.      The 
results are shown, diagrammatical ly.  In Figure  14.      It may be seen that 
the exhaust gas tended to attach to one of the sides of the nozzle and, 
although remaining discreet suffered from lack of integrity resulting  in 
low thrust efficiency.      Turthennore, although switching by atmospheric 
venting was shown to be poss'ble the control ports tended to be  larne 
with obvious consequences on actuator design. 

Rounding of the corners produced a most Interesting and important result. 
The gas Jet adhered to one of the comers, as shown  In Figure  15» main- 
taining a high degree of  integrity and, hence, controllability.      It may 
be seen from the Figure that the exhaust Jet always offers allegiance to 
the control port which  is closed, the other three remaining open.    Swit- 
ching is effected in the usual  manner simply by closeng vent to which Jet 
is required to adhere simultaneously with opening vent in the corner to 
which  it is already attached. 
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In a correctly designed application switching time is limited only by 
the response of the control system and not by the Inertia of the gas 

Itself. Figure 16 shows a series of geometric 
jone exploratory tests and Figure 17 indicates 
Mch may be exercised over such a device slmp- 
n'ate control vent to the atmosphere by the 

, assure alone.  Other designs have been test- 
ed which offer advantö^es In terms of nozzle length and efficiency but 
these may not be offered for general publication. 

attachment phenoroen 
shapes which have " 
the degree of cor 
ly by closing the 
appl ication of fine 

Significant advantages offered by the above system include high late- 
ral thrust generation, immense power gains and fast response. Figure 
I 8 shows the results of tests completed to date with a nozzle of spe- 
cific design and range of expansion angles.  Lateral to axial thrust 
ratios of 30%  are Indicated with negligible Input control demands. 
Typically, a missile exerting 6000 lbs. of thrust on boost has a 1500 
lbs. lateral thrust capability using this method providing the desi- 
gner with an unusual headache as, ordinär!My, control systems exert 
too little rather than too much influence on missile guidance. 

Perhaps the most significant result applicable to  this area of 
activity is the relatively high axial thrust efficiency to be obtai- 
ned despite the gross deviation from accepted design principles which 
normally apply to thrust nozzles.  Furthermore, a correctly designed 
system is self-compensating tor changes In altitude and, therefore, 
has direct applicability to air to air combat missiles. 

Bounrjary Layer Lift and Thrust Augmentation 

In parallel with the fluidic device type developments referenced above, 
a hign degree of experimental effort has been applied to the effect of 
supersonic gas flows on aerofoil type sections with particular empha- 
sis on the generation and control of lift.  Figure 19 shows a cross- 
section through a circular flat plate over which gas at supersonic ve- 
locity is allowed to expand.  The resulting pressure profile, alth- 
ough three dimensional, is to all intents and purposes identical to 
that detailed in previous Sections. 

Integration of the shaded area determines the verMcal thrust genera- 
ted by exhausting gases In this way.  Generating lift by this method 
is relatively inefficient with respect to direct thrust; the former 
having an F/PoAf of approximately 0.5 which is to be compared with 
1.3 - 1.4 for an .adapted bei I-mouthed nozzle 

where 
F vertical thrust 

stagnation supply pressure 
area of throat 

I 
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If, however, the flat plate Is replaced by a conical surface the value 
Increases to 0.7 Theory has shown that free three dimensional expan- 
sion cannot compare in lift efficiency with two dimensional flow hence 
the device shown in Figure 20 has been investtgated. Optimisation of 
the geometric profile Involved in generating lift has formed the basis 
of the effort involved. 

F/PQ/A.). values in the range 1.3 - 1.4 have been recorded with specific 
profiles over a range of pressures P0 of 80 psi to 550 psl.   Due to 
the anticipated application efforts were centralised around 130 psi 
which could logically be generated by a gas turbine compressor bleed 
system.  Although the thrust factors measured compare favourably with 
tno^e generally hoped for in a well designed nozzle, the main area of 
Interest is in the method available to control lift and with it atti- 
tude. 

Attitude Control 

o 

(, 

o 

The nature of the basic vehicle design promotes a neutrally stable sit- 
uation in hover.      The four leg cruciform configuration allows two axis 
attitude control  to be readily effected by varying the  lift on one or 
more of the appropriate lift surfaces.      This is accomplished by vent- 
ing the  low pressure region on the lifting surface to atmospheric pre- 
ssure with simple vent valves which can be proportionally controlled 
in a continuous or time modulated manner.      The nature of Jet attach- 
ment to the lifting surface is such that the switch from the lift mode 
to the vent mode can occur in 0.001 second.      Assuming axis designa- 
tions similar to those on conventional  manned aircraft the lift surface 
control  described above can rotate the vehicle about its pitch and roll 
axes.      Yaw control can be effected with small bleed Jets or trim tabs 
in the compressor bleed air flow or turbine discharge gas flo*.    Figure 
21 shows an artist's impression of a man carrying vehicle considered 
suitable for forward area surveillance. 

Advantages 

Assuming that a gas turbine system formed the basis of the lift vehicle 
shown the control technique Involved offers advantages of simplicity, 
cost and response time over alternative developments, e.g. helicopter. 
Jet thrust control and augmentation, etc. 

The engine could be 'run up' to cruise speed relatively slowly on a 
comparatively simple acceleration schedule with ail  control  vents open. 
Although the engine would be developing full  power corresponding thrust 
would be insufficient to cause  lift off.      Closure of vents would pro- 
vide a step Input of thrust causing  lift off to occur In approximately 
three milliseconds.      Horizonal   flight would be generated by  inclining 
vehicle In required direction of motion simply by time modulation of 
the control ports.     Altitude control would be similarly effected. 

A further advantage of the device is, of course, the lack of rotor and 
transmission equipment required which very frequently accounts for a 
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substantial proportion of the ovaral I coat of any vertical   lift machine. 
Tha vehicle Is jnllkely to present any constructional  difficulties and 
It must be assumed that It could be easily concealed and stored on board 
a vessel or vehicle.     Figure 22 gives en Indication of the flight enve- 
lope which may be expected from the simplest design.      Figure 23 gives 
an estimate of related costs between this device end the hel'copter. 
Further Information regarding antfcfpated pay load to fuel   load ratio Is 
provided In Figure 24.      In fairness it must be stated that the helicop- 
ter shows distlct advantages over any vertical   lift machine using direct 
thrust with respect to fuel consumption.      To the author's knowledge, 
apart from fixed wing aircraft, there Is no way of competing with the 
lift capabilities of a well designed rotor system. 

A substantial quantity of research has been applied to optimising the 
expansion surface with respect to generating lift. However, a great 
deal remains to be evaluated, particularly with respect to the effect 
of vehicle/wind velocity - an attachment phenomenon. 

OTHER APPLICATIONS 

Lift augn.'intfMon for aricraft faced with tne problem of  landing on 
short runways at high elevation, pressure ratio sensing, flow measure- 
ment and control, power actuation, etc, are all within the scope of 
involvement.      As an example, consider Figure 25 Jet attachment through 
an angle of 90    is shown to be quite stable for a range of geometric 
parameters and pressure ratios,  indicating that thrust directional con- 
trol may be obtained with some gain in economy over more conventional 
methods thereby providing perhaps a broader spectrum of design possi- 
bilities. 

It is postulated that the range of application of the phenomenon dis- 
cussed in this paper Is limited only by the skill and Ingenuity of the 
engineer involved and if some interest has been kindled the effort hes 
been worthwhile. 
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o APPENDIX 
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BP'EF THEORETICAL PREMISE 

Invoking the assumption that the boundary layer reaches a position of 
constant velocity at the point of incipient separation, i.e. true phy- 
sical separation occurring at subsequent deceleration condition a sol- 
ution may be evolved as follows. 

The two dimensional Navler Stokes equations may be simplified to the 
extent of equating rate of change of momentum to the resisting force 
created across a plane perpendicular to the boundary layer flow dir- 
ection between the limits of y ■ 0 to y * 6S where 6S Is equal to tho 
transverse boundary layer displacement to the sonic stream line from 
the solid boundary.  This results in the expression 

npU2/(n*2)M2 Pb " P (I) 

where M ■ the Mach No. corresponding to incipient separation 

p - local density 

n ■ the power Index of similarity profile 

U ■ main stream velocity corresponding with M 

p - local  pressure.  I.e. corresponding to M 

Eliminating p U and p in terms of Mach No. and stagnation supply pre- 
ssure P0 by utilising the adiabatic, isentroplc identities and uni- 
versal gas equation, expression  (I) becomes 

M2 -    2/<Jkn/(n*2) ♦  Q.   tPo^a* J> 

where    k    ■    ratio of specific heats. 

(k-l)/k J I W(k-I) — (2) 

For turbulent boundary layer flow with air as the base fluid n - 7, 
k - 1.4 and  (2) simplifies to 

0.286 c-|0.5 
[6.17  (Po/Pa)U       -5] M (3) 

Substitution of the overall pressure ratio lPo/pa)  acting upon a sup- 
ersonic fluidic device results in a value for the main stream Mach No. 
at the point of boundary layer incipient separation.  Worthy of note 
Is that a 40%  change in n results in a variation of the Mach No. M 
of only \%, 

The actual position of Incipient separation may be found by substitu- 
ting determine value of M In the following expressions. 



J-   -     |l  ♦ Ok-D/i] M*   /(kH)/2  Y^/H'2 ( k-l) 

a      ■    (VAt -  I)    tn/2 

xt    "   a cosec (a/2) 

(4) 

(5) 

(6) 

O 

where xt   ■    distanca to point of separation along divergent wall 
measured from throat 

At 

t 

a 

Area of throat 

Throat width 

Total divergent angle 

The total flow sitjation occurring In the supersonic bistable device 
may be further evaluated by solving the curved shock/main flow compa- 
tibility situation caused by the separation of the boundary layer from 
the free wall i.e. that wall having separation not followed by reatta- 
chment.  Impingement of the curved shock on the opposite wall causes 
separation to occur prior to this point which will cause. In turn, a 
further oblique shock to be generated as shown In Figure 3 .   This 
resultant shock Interacts with the original curved shock tending to 
increase the radius of curvature, resulting in a minor shift of the re- 
attachment point which modifies the whole situation In a process akin 
to a control feedback compensating loop.  Fortunately, convergence Is 
rapid and the number of iterations of the shock equations required Is 
smali. 
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TU«OAT 

WIDTH fcft 

Applylnfl to a convrynt dlvrgent duct 

A 

a    ■ (A/A -l)(t 12) 
T n 

x.   > aCosec(a/2) 

where x    - distance from throat to position of separation.    Derived 

pressure profile shown In the following Figure. 
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Figure 13 
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