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FORE W ORD 

This report, prepared by The Bendix Corporation, Research 

Laboratories Division, Southfield, Michigan, is the final report describing 
the results of an investigation of the feasibility of synthesizing a 

fluidic flight control system. This work was accomplished during the 

period April, 1964 to August, 1966 under Air Force Contract AF 33(616)- 

1492, Project Number ë226, Task Number 822604 sponsored by the Air 

Force Flight Dynamics Laboratory of the Research and Technology 

Division, Wright-Patterson Air Force Base, Ohio. This program was 

administered under the direction of Mr. James Hall, of the Air Force 

Flight Dynamics Laboratory, FDCL. The work was conducted at the 

Bendix Research Laboratories Division in the Energy Conversion and 

Dynamic Controls Laboratory, managed by Mr. L. B. Taplin. The pro¬ 

ject was directed by Mr. K. W. Verge, Assistant Department Head, Flight 

Controls Department, with W. F. Datwyler as alternate Project Supervisor. 

This manuscript was released by the authors October 1966 for 

publication as an RTD Technical Report. 

Publication of this technical report does not constitute Air Force 

approval of the findings or conclusions stated in the report. It is pub¬ 

lished only for the exchange and stimulation of ideas. 
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abstract 

A program was conducted to inveatigate the feasibility of synthe¬ 

sizing a fully-pneumatic fluidic flight control system for advanced vehicle 

applications. A pitch axis flight stabilization system was developed to 

determine feasibility and to indicate achievable performance. 

The system approach selected for investigation utilizes a novel 

pulsating vortex rate sensor, jet digital signal processing elements, an 

orifice-volume analog frequency shaping network, and a complete inte¬ 

grated rotary position servo. The position servo consists of analog 

vortex and venjet amplifiers, a novel vortex servovalve, a fluidic posi¬ 

tion transducer, and a rotary actuator. All components and subsystems 

required were designed and developed into integrated configurations 

suitable for operation on 1000T air in a 1000*F environment. 

Functionality was demonstrated for all components and subsystems 

and for the complete integrated system. The position servo operated 

excellently with air supply and environmental temperatures in the 

tested range from 70*F to 1000*F. Operation of the rate sensing com¬ 
ponentry was limited to several hundred degrees F. Basic designs exist 

for all functional components and subsystems -equired. Subsequent 

effort can be directed to design refinement for enhanced performance, 

temperature capability and packaging as desired. 
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SECTION 1 

INTRODUCTION 

The requirements for control of advanced Air Force flight vehicles 
demand that systems be built to withstand severe compartment environ¬ 
mental temperatures which in some vehicles can be as high as 1400 F. 
Where these temperatures are to be encountered, if conventional electro- 
hydraulic or electro-mechanical approaches are to be used, a considerable 
weight and complexity penalty will be suffered in providing the necessary 
cooling and/or insulation. This added complexity can result in a reduc¬ 

tion of overall weapon system reliability and performance. 

One relatively new approach to solving this problem has been the 
realization that a hot gas flight stabilization system is feasible. Through 
work sponsored by the Air Force Contract 33(600)-40538, the feasibility 
of operating a flight stabilization system on 1300eF gases in a 1400*F en¬ 
vironment has been shown. Gas gyros, compensation networks and servo¬ 
valves which operate rotary-type servo actuators have been tested ät 
these temperatures with no cooling or insulation employed. The advent 
of fluidic technology has, of course, brought about the realization that 
such a hot gas system can be improved further through better reliability, 
increased operating temperatures, and increased capability to withstand 
shock and vibration. In addition, the flueric devices and circuits provide 
additional design flexibility in that simple compensation and gain change 
means are possible, and additional control functions - such as acceleration 
limiting - are easily added. Fluidic Technology provides still another 
very important degree of flexibility in that this technology is not limited 
to just proportional or analog devices but provides also a large inventory 
of digital devices and techniques. Because both digital and analog tech¬ 
niques are available, it was possible to consider the design of hybrid 
circuitry which capitalizes on the best of each of these techniques, thus 
leading to a system which has better signal-to-noise ratios, performance, 

and reliability. 

For purpose of establishing a realistic set of ground rules for the 
"Synthesis of a Fluidic Flight Control System" the pitch axis stabilization 
loop of a typical advanced aircraft was selected as the framework for the 
development of these rules. As with most advanced aircraft, the flight 
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conditions vary over such a large range that large changes in the vehicle s 
dynamic characteristics take place requiring that the stabilization loop 
be adjusted in gain to compensate for these changes if proper damping 
and response are to be maintained. A functional block diagram of the 

stabilization loop is shown in Figure 1. 

The system specifications for stabilizing a typical vehicle are 
listed in Table 1. Because flueric devices have been shown to operate 
over a large range of pressures, and particularly low pressures, the 
use of turbojet engine compressor bleed gases were selected for the 
sensing and compensation portions of the stabilization loop. High pres¬ 

sure lOOO’F air was selected for operating the gas servo so as to 
maintain a realistic and small servo actuator size and weight. A rotary 
gas servo is employed in order to achieve a high static and dynamic 
servo stiffness. A low servo stiffness can easily aggravate and accentuate 
body bending modes and control surface flutter in the aircraft. 

The system approach selected for investigation utilizes a novel 
pulsating vortex rate sensor, jet digital signal processing elements, an 
orifice-volume analog frequency shaping network, and a complete inte¬ 
grated rotary position servo. The position servo consists of analog vortex 
and venjet amplifiers, a nov.»l vortex servovalve, a fluidic position trans¬ 
ducer, and a rotary actuator. All components and subsystems required 
were designed and developed into integrated configurations suitable for 

operation on lOOO'F air in a lOOO'F environment. 

Functionality was demonstrated for all components and subsystems 
and for the complete integrated system. The position servo operated 
excellently with air supply and environmental temperatures in the tested 
range from 70*F to 1000#F. Operation of the rate sensing componentry 
was limited to several hundred degrees F. Basic designs exist for all 
functional components and subsystems required. Subsequent effort can 
be directed to design refinement for enhanced performance, temperature 

capability and packaging as desired. 
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Table 1 - Partial Specifications for a "Fluidic Flight Control System" 

Operating Media .JOO*F - 1000‘r Air 
Operating Aablent.1000*1 Haalaua 

Kate Sensor 
bandpsso (45* Phase Shift). >5 cps 
Threaholil .0.1*/Se. 
Range .W/Set 

Compensación Network 
Washout Break Frequency .0.1 Cps 
tag Break Frequency .. 1 Cps 
Cain Change Ratio ...10 To 1 

Control Surface Actuator 
Supply Caa Pressure . *400 Pala 
Supply Cas Temperature .100*F To 1000*F 
Maximum Hinge Moment .50,000 ln<U> 
Maximum Horsepower .5 Hp 
Bandwidth... '5 Cps 
Static Stiffness .2 X 10* Lb-ln/Had 

OTHER 
INPUTS 

Figure 1 - Functional Block Diagram Flight Stabilization Loop 
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SECTION II 

DEVELOPMENT APPROACH 

A. SYSTEMS CONSIDERATIONS 

Many flueric components have been tested in the last few years, 

some demonstrating performance sufficient to allow consideration of 

these devices for use in control systems. In many instances, the device 

performance, while good as an unloaded device, has been shown to be 

seriously degraded when it is used to drive another flueric device. 
In some cases, parasitic oscillations occur when two elements are 

coupled; also, signal-to-noise ratios may be seriously reduced, and 

signal reflection may degrade circuit performance. In short, all too 

often, devices have been connected in which proper attention has not 

been paid to impedance matching, which, in turn, can result in circuit 

and device designs which are improperly sized. This mismatched cir¬ 

cuit can cause excessive use of fluid thus reducing circuit efficiency, 

and in some cases may require that additional elements be used to 

achieve the desired circuit gain. 

B. SIGNAL AMPLIFICATION 

In selecting circuit techniques and establishing impedance match¬ 

ing criteria, one must decide what figures of merit or circuit perform¬ 

ance parameters are to be constraints on the selection. Certainly, one 

of the most important parameters must be a high signal-to-noise ratio 

if a sufficiently large ojie rating range is to be achieved. In control appli¬ 

cations, a ratio on the order of 500 to 1 is usually required. Also of 

importance are circuit response, minimum drift and null shift, and 

efficient circuit elements, i.e., circuit elements with the highest possible 

pressure, flow, and power recovery. Reasonably good linearity and a 

minimum threshold are also important performance parameters. 

Again, probably the most difficult figure of merit to be met is that 

of signal-to-noise ratio, especially where pneumatic flueric devices 
are to be used. Noise levels are known to increase very rapidly with 

high Reynolds numbers in pneumatic devices; therefore, in most 

instances, subsonic flows are employed. It should be noted that where 

high velocity or supersonic flows can produce a large improvement in 
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signal gain, the signaUto-noise ratio may be improved, even though 
the absolute noise level is also much higher. It is interesting to examine 
a sensor and amplifier circuit in which each element introduces a noise 
signal Ni. The sensor gain is defined as Ki , and each amplifier has a 
gain.K , The circuit is shown in Figure 2. The output signal without 

noise is given by: 

The output noise is given by: 

and the signal-to-noise ratio is 

0 0 
o (3) 

K + K K 
s s 

There are of course, some rather obvious facts to be learned 
from this simple expression: (1) if the amplifier gains are large 
enough, the signal-to-noise ratio is essentially that set by the sensor, 
(2) if all amplifiers cannot have a high gain, then the first-stage gain 
must be high, or, more precisely, the amplifier nearest the sensor 

must have a high signal-to-noise ratio. 

A number of things affect the noise level N at any stage. First, 
the flow receiver in which the fluid is partially stagnated can cause 
eddies, etc., which appear as noise. Second, the power supply used to 
drive in the stage must be low in noise content. Third, flows in the 
device which pass over edges or which are split by edges can cause 
edge tones, and, in most cases, momentary attachments which cause 
noise. Fourth, - a most important factor in flight control - structural 

Figure 2 - Sensor and Amplifier Network with Noise Sources 
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resonance noise, vibration, and acoustic noise from engines may intro¬ 

duce noise into the flueric network; the devices and circuits must 

exhibit very low microphonie characteristics. As an example, a lòò-db 

engine noise level is a pressure fluctuation level on the order of 0.6 psi. 

If this pressure fluctuation is introduced without attenuation at the sen¬ 

sor or preamplifier stages, a serious degradation in signal-to-noise 

ratio can result. 

One technique used'by electronic engineers to achieve better 

signal-to - noise ratios has been that of employing digital techniques 

for preamplification of signals; i.e., the information is handled in the 

time or frequency modulation domain so as to avoid picking up ampli¬ 

tude noise. The flight control system selected for evaluation uses a 

digital, or time-modulated, approach as a means of achieving the best 

possible signal-to-noise ratio. 

As an example, assume a sensor can be developed which has a 

pulse rate output which is proportional to the input signal. Assume 

further that the signal-to-noise ratio for this sensor is equivalent to 

its analog counterpart. The noise, in this case, manifests itself as a 

variance in pulse rate or interpulse period. If it is further assumed 

that the information carried by the pulse frequency must be eventually 

converted to an analog signal after amplification, the question arises 

as to what type of amplification should be used. The analog signal con¬ 

version could be either in the form of a binary number or the average 

pressure represented by the number of pulses occurring per second. 

The pulses leaving the sensor could be standardized by use of a pulse 

stretching network, a form of amplification, which would add width to 

the pulse. Such networks usually add some additional noise to the sig¬ 

nal. Further amplification could be achieved by using the standardized 

pulse to trip a series of flip-flops, each operating at an increased supply 

pressure, thus building up the amplitude of the pulse. It is, of course, 

obvious that any amplitude noise which adds to the output signal of any 
of the intermediate flip-flop stages has no effect on signal-to-noise ratio 

as the signal information is still being carried by the rate at which 

pulses occur. The final flip-flop stage can add noise if it is at this 
point that the average pressure corresponding to the number of pulses 

is to be used as the analog conversion of the information. This simple 

scheme using pulse stretching and flip-flops can, in many cases, pro¬ 

vide signal amplification with less signal-to-noise degradation than when 

proportional analog amplification is used. 
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Still another method of amplifying involves counting the pulse train 
on a flueric up-down counter and using feedback through a D to A 

converter, so that a binary number corresponds to the value of the 

sensed variable. A circuit for this method of amplification is shown 

in Figure 3. A sensor capable of being biased must be used in imple¬ 

menting this circuit technique in order to allow for negative feedback. 

If a vortex rate sensor is assumed, K^, represents the velocity 

gain of the vortex flow field, Kf is the feedback D to A converter gain, 

and Kp is the gain of the A to D converter portion of the rate sensor 

which converts amplified degrees per second into a pulse rate. The 
pulses are counted, or integrated, by the flueric up-down counter. 

The output, 0O, for an input, éj, is given by: 

K 
V 

0 K 
o _ f 
r= ~i- <4> 

» + 1 

The counter uses flueric complementing flip-flops which, of 

course, introduce a noise, N, on the output signal. This noise signal is 

Figure 3 - Binary Digital Output Sensing Circuit 
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essentially proportional to the magnitude of 0O, i.e., N = Kjvj 0O. The 

noise content in the counter output, 0on, is given by: 

N 

N + 
s = 

K. 

oN 
K K 

f P 

+ 1 

The signal-to-noise ratio is given by: 

(5) 

oN 

N 
s _ 

N K, 

K 

(6) 

Here the noise output is set only by the sensor noise and the noise level 

on the final output stage. If flip-flops were used to amplify the pulse 

level so that the pulses would drive a high pressure counter, amplitude 

noise introduced by the interstage flip-flops would not degrade the 

signal-to-noise ratio. 

C. IMPEDANCE MATCHING CRITERIA 

In the case of proportional jet-on-jet devices and vortex devices, 

the controlling parameter is momentum; i.e., device operation or its 

output is related directly to the efflux momentum leaving the control 

port. To illustrate, the flueric device output is to be transmitted 
to the control port of a second device, as shown schematically in Fig¬ 

ure 4. The objective, selected for illustration, is to maximize the 

efflux momentum delivered within the next device. An equivalent cir¬ 

cuit can be constructed for the fluid state circuit schematic, as shown 

in Figure 4(b). The pressure, Pr, is taken as the stagnation pressure 

in the element receiver when it is blocked. This pressure is, of course, 
a function of the control pressure Pcl. When the receiver is not blocked, 

but rather connected to the control port of the second device, a pressure 

P 2 is developed upstream of this control port and a weight flow, W, 

pisses through the connecting line. The pressure drop caused by the 

receiver impedance can be represented by an equivalent orifice of area, 

A (If the receiver length to equivalent diameter ratio is very large, 

an* equivalent laminar restrictor instead of an orifice must be used '0 
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(a) Schematic (b) Equivalant Circuit 

Figure 4 - Momentum Transfer Between Elements 

represent the impedance characteristics of the receiver.) At high 
operating frequencies, the length and volume of the receiver channel 
will introduce amplitude attenuation and phase shift; thus the equivalent 
impedance will require, in addition to the orifice, a capacitance and 
delay function. To illustrate the impedance matching problem simply, 
frequencies will be assumed to be low enough that the capacitive and 
transport delay effects are negligible. 

Two operating conditions must be examined for the control port 
flow and momentum: (1) the control port or orifice, Ac, is flowing 
sonically; (2) it is flowing subsonically. 

where 

W = 
C C , A 

d c 
(7) 

W = weight flow -Ib/sec 
1 /2 

C = orifice flow constant - °R /sec 

C = orifice discharge coefficient 

, 2 A = orifice area - in 
c 

P = pressure upstream of the orifice - psia 
c2 

T = upstream gas temperature - °R 

= back pressure on orifice - psia. 
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It is now necessary to find that value of Ac which will produce the maxi¬ 
mum M. Taking the derivative with respect to Ac and setting it equal 
to zero: 

dM 

dA 

C C V P 
d s r 

Vt" 

and 

1 + 
4 A 

o J 
2 A 

1 + 
4 A 

2 A 

- 0 (13) 

(14) 

Also from equation (11): 

c2 
(15) 

These expressions simply state that for a sonic control port, the 
maximum delivered momentum rate occurs when the receiver delivers 
as much flow as possible. If the recovery can be represented by an 
equivalent orifice, A0, then this orifice should flow sonically. Once the 
equivalent output impedance orifice is sonic, it does not matter what the 
value of Pc2 or Ac is as long as P^/Py > 2 or: 

for — > 2 
*02 

A P P _ 
_ — c — r , c2 
2 < — < — as long as — 

o c2 V 
> 2 . (16) 

For the case where the control port is operating subsonically, the weight 
flow is given by: 

W = 
2 C C A P 

dev 

Vt" / c2 
- 1 (17) 
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Equating (17) and (9). 

The momentum expression for subsonic flow cau now be used and 
derivatives taken, as was done in the sonic case, to find the area ratio 
Ac/Ao that produces maximum momentum rate. Plots of normalized 
momentum rate are shown in^Figure 5 which clearly shows the pressure 
ratio Pc2 /PV maximum M for various^values of Pr /Py • The momen¬ 
tum rate was normalized with respect to Mm as given by: 

\ = 0.915 C Cd A& V k 8 R Py (19) 

Once Pc2/Pv 1® hnown, equation (18) can be used to find the proper 
control port area, Ac. A plot of Pc2/PV and Ac/A0 is shown in Figure 6. 

•LOCUS OF -5- FORkAXM P^j in THIS REGIOtOMLL 

»V YIELD MX-* 

- 0.915 C Cd A0 Pv /ÎTR 

Figure 5 - Normalized Momentum Rate Characteristic Curve 
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Figure 6 - Area Ratio Impedance Matching Criteria for Momentum Rates 

Obviously, the control area selected should be that needed for the 
maximum Pj. • which a device will deliver so that a maximum momentum 
rate will be delivered by the load orifice or control port of the next 

device. 

Again, it should be remembered that the above criteria and area 
ratios plotted in Figure 6 are only good for those elements where the 
output impedance can be characterized by an equivalent orifice. If the 
weight flow-pressure relationship at the receiver of a fluerac element 
is not characteristic of orifice flow, then the actual flow relationship 
should be used and the above procedure repeated to determine the pro¬ 

per load orifice size. 

One interesting aspect of the impedance matching criteria, shown 
in Figure 6, is that when the available pressure ratio, Pr/Py i is greater 
than 4, the load orifice can be any size within the range shown. The 
reason for this range of orifice sizes is that above Pr /Fy of 4, both 
orifices can flow sonically within a bounded range of pressures, Pc2. 

The terminology "impedance matching" is perhaps a misnomer 
in that only at the low subsonic flows do the impedances literally match, 



i.e., Ac = Aq. Again, the criteria of matching (not literal matching) is 

that of finding the proper load orifice to maximize momentum. Obviously, 

other criteria can be established based on maximizing weight flow, 

delivered power - a volumetric flow times differential pressure acting 

on a piston-cylinder actuator, and even signal-to-noise ratio. In the 

case of preamplification of weak signals, the best signal-to-noise criteria 

of matching should be used. 

D. CIRCUIT TECHNIQUES 

In designing flueric circuits for wide range temperature oper¬ 

ation. care must be taken to offset the effects of temperature and pres¬ 

sure variations which can cause serious null shifts. One technique which 

tends to cancel these effects embodies the use of push-pull circuitry; 

that is, the circuit is in essence dual with the signal output being trans¬ 

mitted as a differential pressure or flow signal. A push-pull stage of 

amplification then has two outputs, one of which increases while the other 

decreases when a signal is applied at the input. The push-pull circuit is, 

of course, a natural technique for the jet-on-jet devices as they inherently 

have the necessary duality. Figure 7 shows two amplifying networks which 

are push-pull. 

One advantage of the push-pull circuit is that it greatly attenuates 

or cancels the effect of power supply pressure variations. This advantage 

is realized if the amplifier is designed so that it has constant gain for 

reasonable changes in supply pressure. By constant gain, it is meant 

that the change in output differential pressure is a constant. When the 

gain is not constant, noise on the supply pressure source will modulate 

the differential output signal when an input signal is present. This is an 

important point in considering noise phenomena in that it is not enough 

to consider just null noise; the signal-to-noise ratios must be established 

with a signal applied. 

Figure 7 - Push-Pull Circuit Techniques 
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Compensation circuits and flueric filter networks for operation 

over a wide temperature range require special attention; for, as the gas 

temperature changes, corner frequencies of the network can shift. This 

shift in corner frequencies or circuit time constants must be taken into 

account in designing the network for a particular system. As an example 

of the temperature shift phenomena, the simple lag network shown in 

Figure 8 is analyzed. 

Assuming, for the moment, that the orifices are flowing subsonically, 

the weight flow W¡ is given by: 

wi * 

2 C C_, A, P 
d 1 

VT 
(22) 

This weight flow supplies the compressible flow to the volume,V, 

and the flow, , leaving the downstream orifice. 

w = W + - 
1 2 k R T [H] 

and 

w¿ 
2 C Cd A2 PV 

VF / -1 

(23) 

(24) 

t 
Linearizing equations (15), (16), and (1 7); using WQ as the quiescent 

weight flow, P0 as the quiescent pressure between the orifices, Pro as 

the quiescent signal pressure; and letting 

Q 
o 

W R T 
o 

P 
o 
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r 

Also 

ro 

1 +•■ 

(27) 
1 + S T 

When the two orifices are flowing sonically the transfer function for 

AP/APr ii 

AP 

AP 

1/2 (28) 

1 + 
k 0 

The effect of a change in gas temperature can now be investigated. 

The pressure ratios and quiescent pressure, are no, affected by temper- 

ature. The quiescent volumetric flow, Q0 , between the two ' 

temperature-sensitive. Since W0 is inversely proportional to the 

roo, of the absolute temperature, the volumetric flow 0o, is Pr°P°rtlona 

to the square root of the temperature; therefore, as the temperature 
increases^ the time constan, will decrease. The time constan, is inversely 

proportional to the square roo, of the gas temperature. 

If the time constant change is too large for a given application, 

then i, will be necessary to compensate for the change. One metho 

employs the use of a thermally-adjustable orifice which ,s c°n6,ruc^e 

so that its flow area decreases with increasing temperature. In some 
Tases à volume may be used which has a bimetallic wall so constructed 

that, as temperature increases, the volume increases. 

The effects of temperature change on flueric amplifiers and 
sensors must also be recognized. Where amplifiers utili.e the "^ip e 

of conservation of momentum, little temperature effect is noted, 

momentum is independent of temperature for a R1Ven the 
momentum vector angles do not change with temperature, and since the 

“aTThcad is proportional to the product of ^ 

velocity squared, the stagnation pressures are unaffected. There is 
course's slight exception, since density and viscosity changes affect 

Reynolds number. 
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SECTION III 

FLUIDIC FLIGHT STABILIZATION SYSTEM DESCRIPTION 

The need for a high dynamic range in rate sensing,necessitating 

a marked improvement in signal-to-noise ratio for pneumatic flueric 

sensors and amplifiers, has prompted the selection of a digital sensing 

technique. Although the sensor by its very nature is analog, once the 

signal is converted to a form which will allow digital processing, no 

further noise should be picked up until the signal is finally converted 

back to an analog signal. The system chosen, then, is shown in block 
diagram form in Figure 9. 

As discussed above, the direct use of the rate sensor pulse rate 
information requires very fast computation rates and was therefore 

abandoned in favor of a time unbalance modulator approach. The modu¬ 

lator keeps the information stored in the time domain while it is ampli¬ 

fied and converts it finally at the servo input amplifier to an analog signal 

with appropriate filtering as stated in the list of specifications. 

Figure 9 - Block Diagram of Fluidic Flight Stabilization Syst 



The servovalve employs a fluidic interface which has proven to 

have significant merit in that no damping tanks or lead networks are 

needed to damp the closed loop servovalve# A loop closure which slaves 

the servovalve spool position to a flueric pilot stage has been achieved. 

The servo actuator employs a pneumatic vane motor which allows for 

expansion of the working gases. This technique as used in the Hot Gas 

Flight Stabilization System AF 33(600)-40538 has been shown to reduce 

fuel consumption. Servo feedback of elevon position employs a pneumatic 

bridge pickoff technique compatible with the flueric summing amplifier. 
This amplifier accepts the vehicle rate information directly from the com¬ 

pensation network. The rate signal is not amplified by an analog amplifier 

which could degrade the signal-to-noise ratio. 

A. SYSTEM FORM AND OPERATION 

The fluidic flight control system consists of three major subsystems, 

as indicated on Figure 10. 

• The Rate Sensing Subsystem senses angular rate and provides 

a time-unbalance-modulated pulse train with average value 

proportional to input rate. The subsystem consists of a biased 

pulse-mode vortex rate sensor and a jet element bias-alternating 

network connected in a feedback loop to derive the desired time- 

unbalance modulations. 

• The Signal Processing Subsystem consists of a variable-gain 

pulse amplifier and orifice-volume filter networks which 

amplify and demodulate the Rate Sensing Subsystem signal 

• and provide requisite signal frequency shaping. 

• The St rvo Subsystem consists of vortex summation ampli- 

fiers, venjet amplifiers, a servovalve, a motor, and a position 

trans iucer connected in a position servo loop to convert the 

processed rate signal into an aerodynamic surface position. 

Figure 10 - Subsystem Blo< k Diagram 
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Figure 12 - Rate Sensor Subsystem-Basic Schemacic and Waveforms 

(a) Schematic (b) Output Waveforms 

In the basic network (Figure 12(a)). each sensor pulse (output C) 

switches the output of the complementing flip-flop (outputs A and B). 
The flip-flop outputs are connected back to opposing control inputs on 

the sensor to establish the sensor bias direction. Since the flip-flop 

switches at each sensor pulse, the sensor bias direction also changes 

after each sensor pulse. Since the time between pulses is established 

by the vector sum of the bias and rate-induced angular moments, rate 

alternately adds to the bias for one pulse period and subtracts for the 

next. Only the direction of bias is alternated (the magnitude is constant) 

so that with zero rate, the alternate pulse durations are equal. The out¬ 

put of the network is the time-unbalance-modulated pulse train which 

exists at the flip-flop output (Figure 12(b)). 

The major advantage of the selected approach over a simple 

standard-pulse-averaging approach is that the selected approach in¬ 

trinsically compensates for changes in temperature and source pressure 

level, affording the advantages of push-pull techniques without requiring 

a pair of matched sensors. 

The use of alternating bias to achieve time-unbalance modulation 

requires that the time for bias be short, relative to the shortest time 

between sensor output pulses. If the sensor output frequency has a 

maximum value of fm.x for the maximum corresponding rate input, 

0. ■’max 
, the sensor bias“reversal time must be short compared to 

1 

min f 
o max 
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This constraint on bias reversing time requires that delays in 
the external network and the switching time constant of the vortex cham¬ 
ber be held low, consistent with the desired sensor operating frequency 
range. Ideally, delays and lags in the bias switching path should be zero; 
practically, moderate values of effective switching time merely result 
in reductions in modulation sensitivity and processed frequency. 

C. SIGNAL PROCESSING SUBSYSTEM 

1. Variable-Gain Pulse Amplifiers 

The pulse amplifier chain performs two functions, the first 
being amplification of the time-unbalance signal by increasing the height 
of each pulse with negligible change in the pulse width. This is done with 
a series of bistable amplifiers. The second function is gain change of 
the system, accomplished manually using an external valve. The required 
gain change is 10:1; that is, the maximum gain is ten times the minimum 

gain. 

The amplifier configuration is shown in Figure 13. Four bi¬ 
stable amplifiers are connected in series so that the gain of the total is 
the product of the individual gains. The first three stages utilize units 
which have a good pressure gain when working with the small signal 
output of the rate sensor subsystem; these will not work, however, at 

200PSIG 

OUTPUT TO 
COMPENSATION 

AND FILTER 
VOLUMES 

Figure 13 - Variable Gain Pulae Amplifier 
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the high supply pressure required by the last stage. Therefore, an 
amplifier with less pressure gain (i.e., better wall attachment) is used 
because it remains bistable at pressures above 200 psig, the maximum 
supply pressure to the fourth stage. As with the alternating bias ampli¬ 
fier, these amplifiers operate at 25 psig back pressure. 

The gain of the entire amplifier chain is controlled by the 
supply pressure to the fourth stage. The first three stages are set up 
in such a way that the output pressure of the third stage is sufficient 
to switch the fourth amplifier for all supply pressures to the fourth 
amplifier. The output pressure of the fourth stage depends on the supply 
pressure to this stage; and the gain of the amplifier chain is the ratio 
of the output to the input pressures. Therefore, when the supply pres¬ 
sure to the fourth stage is varied, the gain can be varied without affecting 
performance. In effect, the gain is changed by changing the gain of the 

last stage. 

2. Filter Shaping Network 

The function of the filter compensation network is to convert 
an amplified time-unbalance pulse-train input to a time-varying average 
signal (by filtering) and to form a "washed-out" time varying signal by 
subtraction of two differentially lagged functions of the time-varying 

average signal. 

Filtering is achieved by passing the time-unbalanced pulse- 
train through a first-order filter comprising an orifice-volume combi¬ 
nation. The "wash-out" function is achieved by passing the same time- 
unbalanced pulse-train through a second first-order filter (with break 
frequency lower than the first filter) and subtracting the two filtered 
time-varying signals. The difference of the two signals is formed by 
injecting the signals from the two filters into a summation vortex ampli¬ 
fier (in opposing control ports) such that the output of the vortex amplifie 
is the desired time-varying difference signal. Figure 14 is a block dia¬ 
gram of the network and Figure 15 is a schematic of the network. 

The filtering volumes used consist of two 50 in volumes and 
two 5 in3 volumes. They are coupled in such a way that there are two 
filtering paths, each connected to one 50 in3 volume and one 5 in3 volume 
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Figure 14 - Filter Compeneetion Network - Block Diagram 

D. SERVO SUBSYSTEM 

The servo subsystem is shown assembled in Figure 16 and ex¬ 

panded in Figure 17. The system includes the servo amplifier, servo¬ 

valve. motor and position transducer. The processed rate signal from 

the compensation network enters the servo amplifier as a position 

command signal for the servo. The signal is compared to the position 

feedback signal from the position transducer and a position error is 

determined. This error signal is amplified by a two-stage amplifier 

and directed to the servovalve. The valve in turn provides flow to the 

motor in proportion to the magnitude of the error signal. The sign oí 

the error signal (plus or minus) determines to which motor port the 

flow is metered and hence the motor direction. The motor proceeds 
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Figure 16 - Assembled Servo Subsystem
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.Figure 17 - Disassembled View of Servo Subsystem



to move and drive the position transducer through a small transmission 

that represents the ratio required in a typical application. When the 
position error reaches zero, the amplifier and servovalve null them¬ 
selves and the servo stops until the demand signal changes. 

The individual components are described in detail in the following 
sections. The servo requirements derived from the system studies are 

listed in Table 2. 

The servo block diagram is shown in Figure 18. 

The nomenclature for this block diagram is as follows: 

P = Amplifier output (psid) 

a = Feedback pot output (psid) 

Y = Servovalve position (in.) 
a 
p = Filter network (psid) 

K = Amplifier gain (psi/psi) 
a 

K = Servovalve gain(in/psi) 
s 

= Feedback point gain (psi/rad) 

G = Servovalve transfer function 
s 

G = Amplifie r transfer function 
a 

Table 2 - Servo Subsystem Specifications 

i 

Linearity.S% or better 

Hyaterenie.3% 

Null Shift.Less than 10% for a 1000‘F 

temperature rise 

Frequency Respoi se.Less than - 3db at 5 cps 

Less than 90 deg. phase at 5 cps 

Transient Response.Maximum overshoot - 29% 

Static and Dynamic 

Resolution.0.0S deg. 

Static Stiffness.2.24 x 10^ in-lb/rad min. 

Saturation Velocity.30*/sec min. 

Travel.* 35 deg. 
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Figure 18 - Servo Subsystem Block Diagram 

Tj = Pressurization time constant (sec) 

J = Actuator moment of inertia (in-lb-sec^) 
a 

ß = Actuator position (rad) 

ß = Actuator velocity (rad/sec) 

T = Actuator torque (in-lb) 
a 

9T • IK a . in-lb 
. = Actuator torque gain at operating point—:- 
o Y in. 

a 

9T 
—r— = Actuator torque-speed slope at operating point ——7 
dß rad/ 

The servovalve transfer function is given by, 

in-lb_ 

sec 

K 

3 2 
S a S , S J , 

+ - + -- + 1 
ß u) _ 2 ß w 

nv ß w nv 
nv 
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Figure 19 - Reduced Servo Subsystem Block Diagram 

Figure 20 - Servo Amplifier Response Curve 
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and, 

2 
OJ 

nv 

2 A2 k P 
_o 

MV 

where 

M = spool mass (Ib-sec^/in) 

V = end chamber volume (in^) 

k = 1.4 for air 

P = end chamber quiescent pressure 
o 
A = spool end area 

The block diagram of Figure 18 may be reduced to the form shown 

in Figure 19 where the first block represents the servo amplifier gain 

and transfer function. The second block represents the servovalve 

transfer function, and servovalve-motor gain and the third bloc* dia¬ 

gram represents the motor transfer function. 

Figures 20, 21 and 22 are the dynamic response curves of these 

three blocks and: 

djf = 0.000018 rad-sec/in-lb 
8T 

a 

0T 

-- = 6,000,000 in-lb/in 
8 Y 

a 

K = 0.0003 in/psid 
s 

K^. = 10 psid/rad 

Figure 23 is the open loop response of the servo obtained by summing 

Figures 20, 21 and 22. 

Setting the loop gain such that an 8-db gain margin exists in Fig¬ 

ure 8 yields the closed loop response curve shown in Figure 24. The 

required Ka amplifier gain is 36 db or 31 psi/psi. 
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Figure 21 - Servovmlve Response Curve 

Figure 22 - High Temperature Actuator and Servovalve Frequency Response 
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Figure 23 - Servo Subsystem Open Loop Frequency Response 

Figure 24 - Servo Subsystem Closed Loop Frequency Response 
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The fluidic servo amplifier provides the signal summation 

function and amplifies the error signal to a level appropriate for oper- 

ating the flueric pilot stage of the servovalve. The amplifier consists ot 
a vortex summation amplifier stage and two stages of venjet pressure 

and level amplification. Each stage contains two elements operating in 

push-pull with all signals being push-pull orientated. 

A schematic of the amplifier is shown in Figure 25. The inputs 

are push-pull pressure signals and include a compensated vehrele rate 

signal, a servo angular position signal and an addition signal or bias 

pressure. The output signal is the amplified servo position error signal 

and operates the servovalve pilot stage. Two supply pressures, one U 

600 psig supplied to the high pressure port and one at 30 psig suppled 

to the low pressure port are required to operate the amplifier. 

The unit is designed to mount on the servo housing and has 

internally manifolded ports as well as external ports. It is fabricated 

from stainless steel and will operate at 1000T gas temperatures. The 

assembly consists of three parts which include a manifold assembly 

containing the four venjet amplifiers, all internal connections and two . 

SUMMING JtT 
I amplifier amplifiers 

INPUTS 

GAIN 
ADJUSTMENT 

P S SIGNAL 

OUTPUT 

L.P. SUPPLY 
H P SUPPLY 

Figure 25 - Servo Amplifier Schematic 
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vortex summation amplifiers. All joints in the three subassemblies are 

diffusion bonded or high temperature brazed to eliminate use of sea s. 

The summing amplifiers are connected to the manifold assembly wit 

metal seals. These can be removed or replaced with a modified amp i- 

fier if required. The venjets are located in the manifold block. They 

are fixed assemblies brazed together using high temperature brazing 

alloys. However, the supply manifold is accessible. Supply orifices 

can be modified if the high pressure supply requirement is changed to 

the servomotor. Two adjustable orifices are located on the sides of 

the manifold assembly for the specific purpose of adjusting the servo 

amplifier gain. 

The rate signal from the compensation volume is supplied to 

the amplifier through the servo housing and enters the manifold assembly. 

The petition feedback signals are supplied directly to the summing ampli¬ 

fiers through external ports located on their ends. The output signal is 

supplied to the servovalve by two small stainless steel tubing lines that 

are part of the manifold assembly. The assembly bolts to the servo 
housing with three Number 10-24NC screws which also clamp the venjet 

supply manifold cover. The cover cannot be removed, however, without 

removing the small flathead screws on its face. The summing ampli¬ 

fiers are bolted to the manifold by four screws. A seal spacer plate 

and five seals must be placed between the amplifiers and manifold 

prior to assembly. The summing amplifiers are right and left hand 

assemblies. Installation must be performed in such a manner as to 

line up the supply ports characterized by the single large seal. A 

photograph of the complete servo amplifier is shown in Figure ¿b. 

A gain adjustment function is provided in the servo ampli¬ 

fier by a feedback path from the first venjet stage to the summing am¬ 

plifier. The feedback loop is a regenerative loop in that it increases 

the original gain by a given amount determined by an orifice adjust- 

ment. As the summing amplifier pressure output increases, the venjet 

output is increased. The venjet output is fed back to further increase 

the summing amplifier output. The gain of the feedback path is always 

less than one; thus, the loop cannot become unstable. The output pressure 

of the venjet is set at the proper pressure to be introduced into the sum¬ 

ming amplifier. 
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SECTION IV 

COMPONENT DESIGN AND DEVELOPMENT 

A. RATE SENSOR 

The vortex rate ..n.or i. eitniUr to a vortex valve in that it u.e. 
con.ervation of momentum in a vortex field to amplify the rate nput. 
However, the interior of the vortex chamber ha. two outstanding 
difference, from the interior of a vortex valve or a vortex P-'«»'”' 
amplifier. The supply flow enter, around the button through a porous 

ring known a. a coupling element instead of coming ¿i'.ctlyinírom* 
supply plenum. Secondly, the ratio of the outer diameter to the outl 
hofe diameter is larger than that for a vortex valve, being 60T com- 
pared to 10:1 for the valve. The rate sensor is shown in cross-section 

in Figure ¿7. 

The coupling element couples angular rate around the axis perpen¬ 

dicular to the plane of the vortex chamber to the gas entering the 

Figure 27 - Rate Sensor Vortex Chamber 
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chamber. This tangential velocity, Vt(J, which is equal to the chamber 
radius, r0, times the angular rate of rotation, Ô , is extremely small 
for normal values of 8 . As the flow proceeds towards the center of 
the vortex chamber, the principle of conservation of angular momentum 
says that the product of the tangential velocity and the radius must 
remain constant, neglecting viscosity. This means that the tangential 
velocity is amplified by the ratio of the outer diameter to the outlet 
hole diameter which is 60. This shows why the outlet hole is small 

compared to the size of the vortex chamber. 

The swirling flow spreads out as it leaves the vortex chamber, the 
angle of spreading being proportional to the tangential velocity of the 
flow in the exit hole. For large amounts of swirl the flow pattern will 

be conical with a hollow core. 

A probe, similar to a pitot tube is placed on the axis of the exit 
hole as shown in Figure 28. The pressure sensed by this tube is 
related to the spreading angle of the jet; therefore, this pressure is 
related to the angular rate of the sensor. The pressure output versus 
angular rate is shown in Figure 29. Notice that there is almost no 
turndown until a point is reached where the pressure drops rapidly 
with increasing rate. The rate sensor is biased to this sensitive region 
by adding tangential flow through slots in the outer edge of the vortex 

chamber. 

Biasing also provides a sense of direction in that the rate sensor 
is biased to the middle of the high gain region so that the pressure 
increases when the input rate opposes the bias and decreases when 
the input rate adds to the bias swirl. Since the bias swirl direction is 
known, the direction of rotation is shown by the output pressure rising 

or falling. 

If two sets of bias injectors facing in opposite directions are pro¬ 
vided, and if they are alternately turned on, then part oi the time the 
input rate is bucked, and part of the time it is reinforced causing the 
output pressure to fluctuate. The difference between the output 
pressures for the two bias states would then be a function of the input 
rate if the bias pressure is kept constant while alternating sign. 

If the probe has some internal volume and a slender neck leading 
to this volume the ir ernal pressure will oscillate for certain distances 
between the probe tip and the vortex chamber exit hole. The frequency 
of the probe oscillation is related to the pressure that the probe sees. 
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Figure 28 - Rate Sensor Pickoff 

Figure 29 - Output Characteristic of Rate Sensor^ 

a fact which makes the frequency proportional to the input angular 
rate and/or the bias flow. 

The output pulses are triangular and symmetrical, but by blowing 
flow into the back end of the probe as shown in Figure 30, the pulse 
becomes nonsymmetrical, characterized by a sharp rise and a slow 
decay shown by Figure 30. The flow rate entering the back of the 
probe controls the discharge time constant which increases with 
increased flow. (See Figure 31.) 

\ 

V 
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Figure 30 - Probe Output Pulse 
with Blowing Flow
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Figure 32 - Effect of 
Changing Swirl
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Figure 33 - Output of Pulsing 
Rate Sensor

The frequency variation with changing swirl in the vortex chamber 
is due to the threshold pressure of the pulse which allows the probe to 
discharge for a longer time as shown by Figure 32.

Figure 33 shows the probe frequency versus bias pressure curves 
which are similar to that of Figure 29 showing that the frequency is 
mainly controlled by the pressure that exists outside the probe tip.
Here again, one can see that pneumatic biasing improves sensitivity 
and provides a sense of direction. The different curves are obtained 
by bleeding flow from a hole in the button opposite to the exit hole of 
the vortex chamber which improves the sensitivity many times.

Linearity is achieved somewhat by biasing to the middle of the 
sensitive region, but assuring linearity to the limits of saturation can



only be obtained by systematically adjusting the probe-to-exit hole 

distance and the flow rate into the back of the probe. 

Range and sensitivity are linked by an empirical relationship 

which is that the total frequency ranpe of the probe is equal to two 

thirds of its frequency when no swirl is present. This means tha a 
probe pulsing at 150 pps can be'turned down to 50 pps before it sa u- 

rates. Therefore, the product of sensitivity and range is fixed by 
geometry of the probe, increased sensitivity results in reduced rang 

in swirl input and vice-versa. 

The response of the rate sensor is critical to the operation of the 

time-unbalance-modulated system. If the probe can recycle before the 

bias is completely switched within the chamber, the probe wxll give ou 

spurious pulses at the no-swirl frequency, and it is possible for 

rate sensor to lock onto either the no-swirl frequency or a frequency 

with a period equal to the response time of the chamber. 

The response time of the sensor to a change in input is directly 

proportional to the vortex chamber volume and inversely proportional 

to the size of the outlet hole. This implies that the response require¬ 
ments are contrary to the requirements of sensing angular rate, which 

xs true except for the bleeding of flow from the button which improves 

sensitivity while decreasing the response time by increasing the ow 

rate through the vortex chamber. 

Since the input from the angular rate is so weak, flow noise 

in the vortex chamber or in the exit flow can easily swamp this signal. 

Some sources of noise are: 

( 1) Porosity of the coupling element not sufficient to produce 

well distributed flow. 

(2) Turbulent mixing of supply and bias flow. 

(3) Irregularities in vertex chamber walls. 

(4) Nicks or burrs on the inside surfaces of the exit hole. 

(5) Excessive turbulence of the outlet flow, due to improper 

venting or misalignment of the probe. 

(6) Any variation in pressure being fed to the rate sensor. 
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Testing indicates that noise can be reduced by smooth uninter¬ 

rupted introduction of flow into the vortex chamber and by a good sur¬ 

face finish on all wetted surfaces. 

R. BIAS ALTERNATING NETWORK 

The required function of the jet network used in conjunction with 

the pulsating rate sensor is to reverse the direction of the sensor bias 

after each sensor output pulse. Alternating the sensor bias direction 

on a pulse-to-pulse basis converts the basic frequency-modulation 

output to a time-unbalance modulation form. 

In the rate sensor subsystem, the bias alternating function is 
performed by an advanced design flueric complementing nip-flop 

(CF). The output of such a component changes state every time an 

input pulseis introduced. The two outputs of the CF are connected 

back to opposing tangential inputs of the rate sensor, providing t o 

bias reversing function. 

On a functional basis, the rate sensor subsystem could be 
implemented using only the CF to close the bias-reversing loop around 

the rate sensor, as shown in Figure 12. Recause of signal bias level 

considerations, the basic network form of Figure 12 must be modified 

slightly as shown in Figure 34. 

As indicated in Figure 35, the bias input to rate sensor alternates 

between P, and Ps + APB. whereas the peak rate sensor output pres¬ 

sure is less than P8. So that the jet network output has the proper 

minimum (inactive) pressure level, the jet elements are vented to a 

pressure equal to the rate sensor P8. With such a jet element vent 

pressure level, the rate sensor peak output is inadequate to drive the 

complementing flip-flop, requiring elevation of the sensor output 

pressure. 

Since the rate sensor pulse has a larger peak-to-peak swing 

than is required to switch the CF component, it is possible to elevate 

the sensor output by a simple orifice-divider network. Such an approach 

is analogous to using a resistance-divider network to elevate dc voltage 

bias levels in an electronic dc amplifier. 
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Figure 34 - Rate Sensor Subeyetem Schematic 

JET NITWOtK 
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Figure 35 - Rate Sensor Subsystem - Jet Network Signal and Bias 
Considerations 
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Since the rate sensor as a component operates best with a slight 
amount of external flow into the probe, the orifice-divider approach is 
particularly suitable in that the connection from a higher pressure to the 
probe through an orifice normally exists and introduction of the orifice- 
divider network does not in any way alter or degrade the basic rate 
sensor operation. Care must of course be taken to hold the effective 
volume at the center of the orifice divider to a very low value to mini¬ 
mize degradation of the output pulse waveform due to orifice-volume 

filtering action. 

The monostable amplifier stage shown in Figure 34 was added to 
provide a suitable excess (reserve) of signal level at the CF input to 
maximize network reliability under varying operating conditions. 

Venting of the CF to the same pressure level as the rate sensor 
supply ensures that flow from the inactive bias port will be nominally 
zero, eliminating the inactive input as a potential noise source. In 
addition, the higher vent pressure minimizes the supply pressure 
requirements of the CF and monostable flip-flop (Ml ' elements. 

C. FILTFR COMPENSATION NETWORK 

A pulse-train comprised of rectangular pulses (Figure 36) has 
a theoretical average value which depends upon the ratio of the on" 
time (Tj) to the total pulse period (T0). For the train of Figure 36, 

the ideal average value is 

where T 
1 i 

k =- = modulation fraction 
T 

o 

Given a pneumatic pressure pulse-train of the form of Figure 36, 
it is desired to process the pulse train to derive the average value in 
the form of a constant pressure. The approach used for investigation 
utilizes a simple orifice-volume combination for first-order filtering 
of the pulse-train to remove high frequency components, leaving the 

direct component. 
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Figure 36 - Rectangular Pulse Train 

Experimental Tests 

To verify the equation for the ideal average pressure, the 
investigation encompassed the following objectives: 

(1) To develop a flueric test network which derives the 
average value of a time-duration modulated pulse-train. 

(2) To determine the comparison between the ideal 
and actual values of the average output pressure. 

(3) To develop a mathematical model and compare the 
actual and theoretical performance. 

(4) To determine the effect of variation of significant 
parameters. 

(5) To investigate methods of improving performance. 

(6) To consider alternate flueric networks. 

The test schematic is shown in Figure 37. The test pulse-train 
t 

was produced by rotating a perforated disc (siren) containing eight 
slots sized to give a pulse-duration equal to 75 percent of ti e period. 
The modulation fraction was varied by masking portions of the slots. 
Constant pulse-duration was obtained by adjusting the wheel speed at 
each modulation fraction for a 3 millisecond pulse-duration. The 
pulse-duration and modulation fractions were appropriately combined 
for test pulse rates from 50 to 250 pps. 
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-LOAD-frj 

Figure 37 - Teet Configuration 

Supply pressures to the disc input of 10 psig and to the driver 
amplifier source of 25 psig were found to give most satisfactory input 
wave forms. 

The input wave form was monitored by connecting a Kistler 
pressure transducer (Type 60 1A) to the NOT side of the driver ampli¬ 
fier and displaying the wave form on an oscilloscope. The output wave 
form was monitored at a tap at the center of the volume with a Kistler 
transducer. A 0-15psi pressure gage was used to measure the average 
output pressure, also measured at the center of the volume. Wave 
forms were recorded on Polaroid film. 

Test runs were as listed in Table 3. 

Table 3 - Filter Network Test Conditions 

Run Number 

1 2 3 4 5 

Filter iij,let orifice 
area (in ) 

0.000300 0.000300 0.000300 0 0 

Load orifice (in^) 0.000300 0.000158 0 0.000300 0.000158 
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For each run, the following values oi k were used: 

k = 0.15, 0.30, 0.45, 0.60, 0.75. 

At each value of k, P0 was recorded at the following pulse ratio: 

50, 100, 150, 200, 250 pulses per second. 

Step inputs were used to determine the variation of filter time 
constants with input amplitude. The step inputs were provided by 
manually turning the slotted wheel. The output from the slotted wheel 
was coupled directly to the filter input orifice with the drive amplifier 
omitted. Several values of input pressure were used, since the time 
constant varies with the pressure level and magnitude of pressure change. 

The average output pressure test data and the ido?al and theoretical 
curves are shown in Figures 38 and 39. The relationship between aver¬ 
age output pressure and modulation fraction was nonlinear. There was, 
however, an intermediate range of k, in which the curves were reasonably 
linear. 

The output pressure was considerably greater when there was no 
orifice between the driver amplifier and the volume; but the ripple was 

also much greater. 

The variation of PQ with pulse rate is shown in Figure 40 for the 
0.0003 in^ discharge orifice and in Figure 41 for the 0.000158 in^ orifice. 
The inlet orifice area was 0.0003 in^ for Figures 40 and 41. There was 
no noticeable variation in P0 with pulse rate when the input orifices was 

omitted. 

Figure 42 shows the effect of input pressure level variation. The 
linear zone was shorter for the lower pressure level. 

The input pulse-train is shown in Figure 43 for several values of 
k with speed adjusted to give a pulse duration of 3 milliseconds in each 
case. There was some distortion of the wave form at higher frequencies. 
Examination of the wave form, however, indicated that the actual time- 
unbalance corresponded very closely to the desired modulation fraction. 

Figure 44 shows the ripple amplitude at two pulse rates. The 
amplitude was 0.2 psi at 150 pps and 0.09 psi at 250 pps. 

The response to step inputs with various input pressure is shown 
in Figure 45. The time constants were measured from these pictures 
and were taken as the time required to reach 63 percent of the final value. 
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Figure 38 ~ Average Output Figure 39 - Average Output 
Pressure Versus Modulation Fraction Pressure Versus Modulation 

Fraction with No Filter Input 
Orifice 

The filter time constant was shown to vary from 0.13 second 
with 20 psig input pressure to 0.03 second at 2 psig input with the input 
and discharge areas equal to 0.0003 in2. Assuming a first-order linear 
network model, the filter break frequency was calculated to be 1.2 cps 
at 20 psig input pressure to 5.3 cps at 2 psig input pressure for the 

two cases. 

Refer to schematic in Figure 46. The theoretical average output 
pressure is determined by steady-state analysis in which the inlet and 
discharge flows are equated, with the effect of compressibility omitted. 

The volume is being charged through the inlet orifice for a frac¬ 
tion of time, k, and discharged through the inlet orifice for a fraction 
of time, 1 - k. The filter is discharging through the outlet orifice all 
of the time, Equating the inlet and discharge flow gives 
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Figure 44 - Ripple at Filter Output
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Squaring both sides and solving for P^,

’ V “‘a - ”l'‘ ‘ "

This equation gives the theoretical average filter output pressure.

The time constant for charging and discharging a volume between 
two orifices at low subsonic flow is

V AP
" r>— “Q P

o O

where the parameters are defined as follows: 

k' = specific heat ratio

AP = difference between the (psi) initial and final values 
of the filter pressure

P * ■ P + 0.7 P (psia)



V = filter volume (in ) 

<< # 
P is the effective value of P . P is a constant while P is varying 

o O Q V o 
during the step response. The relationship between P^ and PQ could 

is the effective value of P . 

be determined by the use of nonlinear techniques; however, it is much 

simpler to derive an empirical relationship. During the step response, 

P varies from Pa to PQ + AP; therefore, P^ must be within these 
O ^ >5e ^ 

limits. The expression for P is shown to give the correct time 

constant for the three cases presented. Qq is the flow rate that would 

exist if the filter pressure were held constant at ’ • 

The correlation between this expression lor the time constant and 

responses shown in Figure 45 are shown below. 

Figure 45(a) 

P = 20 psig( given for reference only) 
w 

AP = 7.1 psi 

T 0.13 sec (observed) 

P P + 0.7 AP = 14.7 + 5.0 = 19.7 psia 
o a 

Q 0.45 X 0.0003 X 640 x 23 x 0.89 
o 3 

1.76 in /sec 

1 
Figure 46 - Model for Analysis 
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10 peig 

2.8 psi 

0.08 sec (observed) 

14. 7 + 2.0 - 16.7 psia 
0.67 

1.75 X 

1.4 X 1.32 

19.7 
= 0,13 sec (theoretical) 

= 1.32 in /sec 

2 8 
rr-z = 0.08 sec (theoretical) 

0.4 
1.4 X 0.56 15.0 

= 0.03 sec (theoretical) 

Thus, the correlation between the theoretical and actual values 
of time constant is good. 

The ripple at two speeds is shown in Figure 44. The theoretical 
ripple amplitude at 150 pps is now determined and compared with the 
actual value. 
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At 150 pps the on and off times are approximately equal. The 

input amplitude is 6 psi. The amplitude of the fundamental component 

of a square wave is 4/tt times the square wave amplitude. Thus, the 

amplitude of the fundamental component of the input is 

The average flow through the filter is 

,■ ■ I 1 C.Q 

= 0.45 X 0.45 X 0.0003 x 640^530 f 
1 2 0 • 7 

Q = kC A, R Vt* f 
o 1 ' 

3 
= 0.77 in /sec 

The time constant is 

V AP 0.92 1-2 
x TT-” = 0.064 sec 

ID«/ 
T 

k' Q P 1.4 x 0.77 
o o 

The output should then be 

7.65 7.65 
= 0.13 psi 

1 + j WT 1 + j 2 TT X 150 X 0.064 

The ripple wave form is triangular with an amplitude of 0.20 psi. The 

amplitude of the fundamental component is then 

8 
— 2 x 0.20 psi = 0.16 psi 

Thus, the actual and theoretical values of the ripple amplitude agree 
very closely. 

D. SUMMING AMPLIFIER 

The summing amplifier shown in Figure 47 serves as the summation 

point for all the servo signals and provides the error signal. The error 

signal represents a servo position error and causes the servo to accel¬ 

erate and move to the correct position in order to nullify the error. 

The error signal is actually zero when the amplifier outputs are equal 
(no differential pressure). 

53 



Figure 47 - Vortex Summing 
Amplifier

Figure 48 - Summing Amplifier 
Schematic

A schematic of the summing amplifier is shown in Figure 48.
The amplifier operates on a constant supply pressure of 30 psig and 
accepts input signals from 30 to 60 psig. Its output can vary from 
approximately Z8 psig to 5 psig and normally operates at approximately 
15 psig. The absolute pressure gain of each input port is about one.
Four of the input ports have a negative sign; that is, the output pressure 
decreases for an increase in input pressure. The fifth port has a positive 
sign.

The primary requirement of the servo amplifier is to provide a 
sum.mation point for the various signals. First, the rate signal must 
be subtracted from its "lagged" signal to provide the washout function. 
Secondly, the demand signal, or compensated rate input, must be com­
pared to the servo position feedback and a position error signal must 
be formed. A device uniquely suited for these functions is the vortex 
amplifier shown schematically in Figure 49. A regulated supply pres­
sure is supplied to the "Pg" port and a signal is obtained from the 
"P " port. The output signal or pressure is controlled by the "P^", or 
control port, which is the tangential input to the vortex chamber. It is 
possible to have many separate tangential input holes around the vortex 
chamber periphery, each one being completely isolated from the others.. 
Therefore, each port becomes an input to a summing junction which is 
the vortex chamber. The output of the vortex amplifier then becomes the 
summation of all the inputs. Subtraction and/or addition can be accom­
plished by the tangential direction of the input ports. If two ports oppose 
each other as they enter the chamber, they will subtract their



respective pressures. If both are equal they may be any value without 
any output signal. On the other hand, if two ports aid each other or 
enter the chamber in the same direction they will add their respective 

signals to give an output equal to their sum. 

Another consideration is that push-pull operation is required in 
the servo amplifier; two amplifiers are necessary as shown in Figure 50. 

An addition sign change can be introduced by this circuit. If 
the push-pull signal is connected to Pc i and Pc;> the output sign can 
be reversed by simply interchanging Pc ^ with Pc2- Also, if a signal 
is to be fed back to the summing amplifier, its sign can easily be 
changed by changing the side to which it is to be fed back. 

Considering the many possible combinations of input signs pos¬ 
sible, as described above, the final configuration was chosen as shown 
in Figure 48. All inputs except one are of the same sign and all add 
to the amplifier's null state. That is, the swirl direction corresponds to 

the P input's direction. 
c 
One of the Pc inputs (PCg) is used as a subtraction input to com¬ 

plete the rate signal washout function. This allows the compensated rate 
signals to be at any level without affecting the amplifier bias. This is 
very advantageous, as it allows a gain change to be accomplished outside 

of the servo loop without affecting the servo loop gain. 

E. VENJET AMPLIFIER 

The venjet amplifiers take the summation amplifier output or 
error signal and perform two operations upon it. First, the venjet 
amplifiers provide a pressure signal amplification required by the 
servo loop. To provide sufficient gain, two of the amplifiers are cas¬ 
caded together so that the output of the first one drives the input of the 
second. Secondly, the signal level is raised from the 15 psig input to 
the first stage to about 200 psig of the second-stage output. This function 
is necessary to provide the proper quiescent pressure to the servovalve 

pilot stage. 

The first-stage venjets are supplied through a fixed pressure 
reducing orifice with their inputs at approximately 70 psig. Since the 
venjets represent a fixed sonic orifice to the supply line, the input 
pressure remains constant. The second stage is supplied with another 
fixed orifice and its input pressure is approximately 300 psig. Both 



Figure 49 - Vortex Amplifier Figure 50 - Push-Pull Vortex 
Schematic Amplifier Operation 

fixed orifices are utililized to drop the 600 psig supply pressure from 
the high pressure supply port and must be sized to provide proper 
supply pressures. 

The venjets are especially designed to accept a control signal 
from the summing amplifier or another venjet. This input pressure 
supplies flow to a chamber formed around the upstream portion of the 
jet. A wall, with a hole about two diameters larger than the jet, forms 
the downstream part of this chamber. The output pressure is recovered 
from the jet with a conventional pickoff and varies from 40 percent to 
80 percent of the supply pressure as a function of the control pressure. 
The control pressure is set by the geometry of the chamber and the 
pickoff position. Control pressure is 20 percent of the supply pressure. 

The output signal of the summing amplifier is the servo position 
error which must be amplified to provide the proper servo loop gain. 
An amplification of about 20 to 40 psi per pal is required before enter¬ 
ing the servovalve. 

The output signal quiescent pressure at null is about 15 psig; 
whereas, the valve input quiescent level is at about 200 psig, thus a 
level amplification is needed. An element that gives both pressure 
gain and level amplification is the "venjet" shown schematically in 
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Figure 51. Supply pressure enters a concentric hole or nozzle to form 
a concentric jet. The jet is recovered by a receiver similar to a vortex 
amplifier receiver and becomes the output port. The cavity around the 
jet is closed off and connected to a vent port. The vent pressure in this 
cavity determines the recovery pressure of the receiver, or the output 
pressure. By controlling this vent pressure, which is about one-fourth 
the supply pressure, the output pressure of the device can be controlled 
from 50 to 90 percent of the supply pressure. Gains between 1 and 25 
are realizable between change in vent pressure and change in output 
pressure. Therefore, the device serves both as a pressure amplifier 

and a level amplifier. 

The conventional method of controlling the vent pressure is to 
place a throttling element in the vent line. This would require a vortex 
valve or equivalent throttling flueric element. On the other hand, it 
is possible to fix the vent orifice at a desired minimum output point 
and introduce a flow to the vent cavity to raise its pressure. The main 
problem with this method is one of inefficiency, since a considerable 
control flow is required. Several designs were investigated to improve 
the efficiency, because this would eliminate the use of a vortex valve 
in the circuit which represents an additional element. A design shown 
in Figure 52 was tested and found to be as efficient as a vortex valve 
controlled venjet. The control flow is equivalent to that required by a 

vortex valve in the vent line. 

A typical output curve of the amplifier is shown in Figure 53. 
The gain is approximately 5 psi per psi. By changing the receiver design, 
the gain can be increased to 25 psi per psi as shown in Figure 54. Output 
impedance curves were obtained and are exactly equivalent to those of 
a similar sized vortex amplifier receiver and can thus be considered equal. 

Figure 51 - Venjet Amplifier Schematic 
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This allows the units to be designed in the same manner as vortex 

amplifiers with respect to output impedance. 

The final manifold assembly, containing both venjet amplification 
stages is shown in Figure 26. The high pressure supply port supplies 
all four venjets through individual orifices which are sized to provide 
the proper supply pressures. The outputs of the first stage are inter¬ 
nally connected to the inputs of the second stage. The four venjets were 
individually adjusted to the proper operating levels and welded together. 
This ensures a trouble-free assembly tolerant to the temperature extremes 
associated with the environment. The manifold block also provides the 

internal connection required by the servo amplifier. 

F. SERVOVALVE 

The servovalve (shown in Figures 55 and 56) is a pneumatic tour¬ 
way spool valve actuated by a t 50 psid pressure signal applied to a 
fluid state input. A + 40 psid signal displaces the 0.625-diameter 
spool +0.015 inch in a direction dependent on the differentia) pressure 

in the system. The maximum spool supply area is 0.0186 square inch; 
the maximum exhaust area is 0.0294 square inch. The valve is designed 
to operate within a temperature range of 70"F to lOOO’F. The valve 

spool and body are made of Stellite 6B. 

The schematic diagram (Figure 57) shows the internal mechanism 

of the servovalve. The basic concept for stroking thr spool using 
vortex flow in the ram chambers was chosen for simplicity. The end 
lands of the spool become the buttons of vortex valves. The annular 
clearance between ’he spool and body provides the supply flow from the 
supply pressure land. Control flows are injected tangentially into this 
clearance area while flow exits from the center of the end caps. 

Because the valve is a flow control valve, spool position must be 
a function of the input signal. This requirement was met by a spool 
position feedback signal which is summed with the input signal at the 
vortex valves. A tapered ramp on the spool varies a nozzle area which 
provides a pressure signal that is a function of spool position for the 

feedback signal. 

The vortex flow also provides the necessary damping of spool 
motion, eliminating the need for conventional damping tanks. 
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Lubrication is provided by a black oxide film applied to the 
spool and bore by preheating the parts in an oxidizing atmosphere.
The end caps and manifolds are fabricated from 440C stainless steel, 
since they serve only as static components, not requiring lubricant.

The four-way flueric input valve was selected because its charac­
teristics are low fuel consumption 
and minimum flow of less than 20 
percent of the maximum rated flow.
Of the many ♦ypes of valves considered, 
a spool valve wa°. decided upon be­
cause it has virtually no unbalanced 
loading condition or highly stressed 
part.

During the development, it was 
of fundamental importance to find 
a differential ram'pressure signal.

Figure 55 - Fluidic Pilot 
Operated Servovalve

Figure 56 - Vortex Servovalve Assembly
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Figure 57 - Servovalve Schematic 

Vortex flow in the ram chamber of the valve was selected for the 
simplicity of the total valve concept and ease of introducing various 
pressure inputs into the valve. This type of flow was also introduced 
because it eliminated the need for damping volumes. The mathematical 
analysis used for development of the servovalve appears in Appendix IL 

* study was made of the pilot stage configurations shown in 
Figures 58, 59 and 60 to determine the best design. The configuration 
in Figure 58 was undesirable because the ran pressure gain for stroking 
a sticky spool was too low for reasonable Huiescent pressure levels. 
The configuration in Figure 59 was not feasible because it was considered 
too complex for system requirements. Analysis indicated that the ram 
pressure gain of the configuration in Figure 60 could be brought up to 
the required limit. Experimental tests verified this. The final design 

is shown in the schematic in Figure 57, 

The power stage of the servovalve is a 0.625-inch diameter spool, 

with a supply metering area of 0.0186 square inch and an exhaust area 

of 0.0294 square inch, at a rated spool stroke of -0.015 inch. 

The exhaust area was made larger than the supply area to minimize 
the exhaust back pressure on the motor This was accomplished with 
a single diameter spool/by utilizing the full circumference for the exhaust 
area and only a portion cf the circumference for the supply area. The 
supply area consists of three equally-spread 76 degree angular openings. 

Should it be desirable to increase the supply area, the angular 
openings can be increased from the present 228 degrees to the full 

360 degrees, thus utilizing the full circumference. 
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The material selected for the valve spool and body was Stellite bB. 
Lubrication was provided by a black oxide film which was applied to the 
spool and bore by preheating the parts in an oxidizing atmosphere. The 
end caps and manifolds were fabricated from 440 C stainless steel, since 
they serve only as static components, not necessitating the need for 

lubricant. 

A temperature stabilization technique was applied to the body 
and spool. The stabilization consisted of cycling the valve parts before 
final fitting several times through a temperature range greater than 
the expected operational temperature range. This technique minimizes 

subsequent valve distortion due to temperature extremes. 

Figure 58 - Vortex Ram Chambers with Bleed Position Feedback 

Figure 59 - Cascode Pilot Stage Figure 60 - Feedback Line 
Configuration Schematic 
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Figure 61 - Reversible Vane Motor - Schematic 

The valve seals used were commercial metallic static seal¿ 
fabricated from Inconel "X". They are silver plated, with special 
care being taken to lap the sealing surfaces to a fine finish. 

G. VANE MOTOR 

The vane motor is composed of four basic parts - the rotor, 
the housing or cam surface, the vanes and the end caps. 

The rotor is the output member and also serves to retain the 
vanes in proper geometric position. The housing (or cam) surface 
serves to guide the vanes in their inward or outward motion. The vanes 
(in this case there are six) divide the motor into variable volumes, and 
the end caps are used to contain the gas in the chambers formed by the 
vanes. 

Gas under high pressure is metered from the inlet port to a 
chamber formed by two vanes, the rotor, the housing and the end caps. 
The pressure gradient across the vanes then causes a force unbalance 
with rotation resulting. As each vane chamber rotates into position, 
it is filled with high pressure gas flow at essentially supply conditions. 
This charging process continues until the trailing vane of that chamber 
acts off the inlet port. 
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development areas of this program was provision for a reliable combi¬ 

nation of optimum vane tip properties with structural integrity. The 

result was a rod-shaped vane tip insert with hard, brittle characteristics 

held rigidly in the vane in all but the axial direction. This provided for 

relative axial motion between vane and insert, due to differences in 

thermal expansion coefficients as well as differential heating rates. 

A secondary problem was that of vane tip fracture due to an 

unstable heating phenomenon. The tips, in continuous rubbing contact 

with the cam surface, developed intense heat. Leakage past the ends of 

the vanes cooled them leaving the center tip areas hot and expanded. As 

thermal gradients increased, the friction heat generated became increas¬ 

ingly concentrated in the center of the tips, resulting in severe thermal 

growth of the vane center tip area which caused subsequent tip failure 

from either bending or impacting port edges. The primary solution of 

this problem was to provide small leakage paths across the vanes (located 

immediately under tip inserts for convective inser* cooling) and to 

reduce heat generated in the center tip area by reducing the period of 

vane tip surface contact. Crossport leakage was not increased by the 

leakage paths because the paths were sealed off .n the vane slots as 

they passed the pressure ports. Period of vane tip contact was reduced 

by relieving the housing for approximately 60 degrees of arc away from 

the inlet ports in the direction of expansion in the center area only. As 

a result, no heat was generated in the center of each vane tip during 

one-third of each revolution. During this period, tips were cooled by 

leakage over them. 

Keeping the vanes in close proximity to the cam surface has been 

of vital concern in all efforts to design pneumatic vane motors. The 

vanes tried to stick in the slots at lower speeds as the result of differ¬ 

ential pressure across the vane and friction between the vane and rotor. 

When sticking occurs on the expansion side, a leak path will open over 

the vane tip, reducing the differential pressure and, subsequently, the 

slot friction. The vane returns to the cam surface, and the cycle begins 

anew. This process results in excessive leakage and considerable 

power loss. 

By separating opposite vanes by rods, the vanes remain close to 

the cam surface during all operating conditions. These rods which push 
the vanes against the surface on the expansion stroke, necessitated other 

changes; however, the cam surface could not be a circle because the 

» 
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dimension over opposite vane tips must be constant while the rotor 
is placed eccentrically to the center of the cam surface. 

Possible differences in temperature of the motor parts could 
cause interference of the vane stockup in the cam contour. The effects 
of this situation were reduced by addition of Bellville spring stacks in 
series with the push rods to limit the compressive loads on the vanes 

and push rods. 

As a result of this program, starting reliability was improved and 
high temperature deadband decreased. Essentially, four factors 

accounted for this. 

The first was the increase of low speed torque derived by cooling 
leakage paths. This made the motor operate much like a non-expansion 
motor at low speeds. The second was reduction of recompression work 
at low speeds (also due to cooling leakage paths). Thirdly, vane tip 
materials were utilized that did not gall. Finally, the cam surface was 
able t.» be kept cooler because of reduction of vane tip chatter. 

Previous experience and testing indicates Hi-T-Lube, General 
Magnaplate Corporation, to have a superior product for extreme temp¬ 
eratures. During development effort, however, this process can often 
be time consuming and costly; thus, a substitute was sought. Worthwhile 
results were obtained from a gold flash followed by approximately 
0.00015 silver plating on sliding parts subsequently run in with molyb¬ 
denum disulfide powder suspended in mineral oil. The molybdenum 
disulfide would permeate the oil and remain after the oil was driven 

off. 

The specified motor performance characteristics are that the 
motor shall develop five horsepower output power and through the 
transmission provide a hinge moment of 50,000 in-lb and a maximum 
angular velocity of 1 rad/sec. The required motor output torque to 
provide the maximum hinge moment is: 

max hinge moment 
m N_ X R 

T 



where 

Nt = the transmission efficiency (assume 80%) 

R = the transmission ratio (assume 640/1) 

50,000 in-lb 
= 97.5 in-lb 

m 0.80 X 640 

The required maximum motor speed with only the friction load is: 

N 
s 

60 rad/min 
2 TT 

X 640 = 6,100 rpm 

However, the torque-speed curve for pneumatic motors approxi¬ 
mates a straight line and, therefore, it can be shown by taking the half 
speed point that the motor would not provide 5 horsepower: 

HP = 
T N 

63,000 
48.75 X 3,050 

63,000 
2.36 HP 

To meet the 5 horsepower specification, it is necessary to 
increase the maximum torque and thus raise the entire torque-speed 
curve. 

2 HP X 63,000 __ ,, 
T =-r-TTT- = 207 in-lb 

m 3,050 

The relationship between the displacement of the motor and 
torque is as follows: 

T =|°^E N 
m • \ Z it I m 

or, 
2 it T 

D = 
m 

Ap X N 
m 
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Based upon previous experience with pneumatic vane motors and 
servovalves for extreme environment applications, a differential pres¬ 
sure of approximately 66 percent of the supply pressure to the valve can 
be expected at the motor. The overall motor torque efficiency is approx¬ 
imately 50 percent. 

Thus; 

The displacement of an expansion vane motor having six vanes 
is approximately 

in 
R Rev 

where 

= the cross-sectional area of the housing 

= the cross-sectional area of the rotor 
R 

1^ = the length of the rotor. 

If we assume that the rotor will be approximately square, that is that 
ratio of diameter to length is approximately one, 

D D 
R 

l[ + 4 D„ + 4 e2 = D 2 
R Re R R 

1.8 X it 

4 

From a practical view as to design, the maximum e is in the range 
of Dr/16. 



Therefore: 

D = 2.6 in. 
R 

After laying out the motor, the various design parameters were 
adjusted slightly, due to other design considerations. The final design 

has the following design parameters: 

Rotor Diameter 

Rotor Length 

Eccentricity 

Dimension over opposite vanes 

Displacement 

2.640 in. 

2.174 in. 

0.180 in. 

3.000 in. 
3 

6.40 in /rev 

mm 

H. POSITION TRANSDUCER 

A position transducer was r.eeded which would perform reliably 
without drift or permanent changes when exposed to high temperatures. 
A rotary position transducer is required to convert the angular posi¬ 

tion to a flueric signal. 

Figure 62 is an assembly drawing of the transducer. It is a 
differential output rotary transducer with a 140-degree stroke. Two 
ducts shown in Figure 63 illustrating view of the transducer with the 
cover off. The ducts are used to provide the differential output. Flow 
enters through a supply port and flows around and behind a rotor. This 
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Figure 63 - View of the Trans­
ducer Showing the Rotor Ducts

Figure 64 - Assembled View of 
the Position Transducer

'"ll
Figure 65 - Disassembled View of Position Transducer

To determine the required duct area distribution, the continuity 
equation for a perfect gas flowing adiabati.ally and reversibly was used.

W V
A =------ -

X u

Where W is the flow rate through the duct (a constant along the duct),
V is the specific volume of the gas at section x, u is the velocity of the 
gas at section x and A is the area at section x.
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Figure 66 - Linear Position Transducer Schematic 

(STATIONARY) < 

Figure 67 - Rotary Position Transducer Schematic 

For a convergent duct, it was convenient to normalize the speci¬ 
fic volume and velocity equations as functions of the specific volume and 
velocity at the exit area of the duct. It was also convenient to specify 
the equations in terms of the desired pressure at position "x" as a 
ratio of the supply pressure. This could be utilized, however, only if the 
entrance velocity was negligible. From standard texts on compressible 
flow, these equations were found to be 
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Figure 68 - Velocity, Specific Voiume. Area, Versus Functions of 
Throa* Conditions 

where P is the critical supply gas pressure, and u and v are the throat 
velocity and specific volume. 

The velocity, specific volume and cross-sectional area are plotted 
in Figure 68 as functions of throat velocity, specific volume and cross- 
section area for a linear pressure drop along the duct. The area increases 
to infinity at the inlet for truly zero inlet velocity. However, an area of 
ten times the throat velocity presents an almost zero velocity condition. 

« 
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SECTION V 

CRITICAL TESTS AND EVALUATION 

Thi» section presents the results of critical testing relating to 
design optimization and/or performance evaluation of major components 

and subsystems and of the combined system. 

A. RATE SENSING AND SIGNAL PROCESSING SUBSYSTEMS 

1. Rate Sensor 

The detailed performance of the pulsating rate sensor depends 
upon phenomena too complex for mathematical predicticn, and a varia jle- 
gecmetry test model sensor was therefore built to determine the effects 
of the various dimensions and shapes on sensitivity! range* noise and 

frequency response. 

The outer diameter of the rate sensor was held fixed at 
1-12 inches while the exit hole diameter, probe shape, diameter, and 
spacing, and chamber length were varied. Figure 69 shows the general 
test model configuration. A schematic of the test setup is shown in 

Figure 70. 

Initial tests showed that the probe diameter had to be about 

25 percent less than the outlet hole diameter to be able to modulate 
the probe frequency with varying swirl. The spacing between the probe 
and the exit hole was also found to be crucial for good modulation sensi¬ 
tivity. When the spacing was two exit-hole diameters, the probe pulsed 
regularly and exhibited some rate sensitivity. When the spacing was 
1-1/2 diameters, the pulsing shifted to a higher frequency and the rate 
sensitivity was twice what it had been at the two-diameter position. 

The shape of the probe tip is important for minimizing noise 
in that it influences the stability of the triggering pressure level for 
each new pulse. A straight-sided conical shape allows the jet to attach 
to the tip, making it harder for the probe to discharge and tending to 
counteract the spreading of the jet when the flow is swirling. A blunted 
cone shape was tried and proved successful for exit holes and probe tips 
larger than 0.035 diameter, but the flat area produced by blunting the 
cone appeared to reduce attachment excessively with smaller probe sizes. 
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Figure 69 - Rate Sensor Test Model - Section Diagram 
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The design finally selected has an ogive shape similar to the 
tip of a bullet, with a sharp edge around the hole in the tip. The hole at 
the probe tip is 0.020 inches in diameter and opens to 0.050 inches at a 
depth of 0.080 inches in order to reduce friction losses in the tip. 

Exit hole sizes from 0.027 inch to 0.050 inch diameter were 
tested. The range was narrowed to between 0.027 and 0.030 inch 
diameter because the larger sizes resulted in reduced modulation 

sensitivity. 

Figure 71 shows curves of frequency versus control pressure 
minus supply pressure for the 0.027 inch exit hole with a 0.020 inch 
probe. The sensitivity to control pressure, which is analogous to rate 
sensitivity, is greatly increased by bleeding flow, Q¿, from the internal 
pickoff (chamber bleed port of Figure 69). The curve for a bleed of 
5 showed good linearity and a rate sensitivity of 30 pps for 100 deg/sec. 
When the bleed was increased to 14.5 the gain increased but the linear 
range virtually disappeared. A compromise bleed setting of 7 was 
selected, giving a rate sensitivity of 50 pps for 100 degrees per second 

and an adequate linear range. 

The chamber length was then cut from 0.050 to 0.025 inches in 
order to improve the chamber switching response by decreasing the 
filling time and to improve the linearity of the output. Figure 72 shows 
the resulting frequency-versus-rate curve with a nominal sensitivity 
of 50 pps for 100 deg/sec rotation. Performance with the reduced 
chamber length thus was satisfactory, and the basic geometry of that 
model was selected for the final sensor configuration. 

Figure 73 shows the effect of control bias on the sensor 
frequency-versus-rate characteristics. As indicated, quiescent (zero 
rate) frequency and rate range-about-quiescent can be modified by 
varying the amount of bias swirl in the chamber. 

Early tests on frequency-versus-rate with and without pneu¬ 
matic bias indicated that the bias injector can be a significant noise 
source if bias flow is not introduced uniformly around the diameter of 
the chamber. In the course of developing the final sensor, two bias 
injector configurations were fabricated and used in sensor testing. The 
importance of injection uniformity was first noted with a bias injector 

having only four parallel injection ports. Unfiltered noise (experienced 
as output frequency "jitter") was equivalent to approximately 20 
degree/second of rate. With a new bias injector having twice the flow 

76 



r»
o»

i 
PM

ou
EH

CT
 m

 c
m

 

Figure 71 Rate Sensor Sensitivity to Bias Pressure 
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Figure 72 Frequency Versus Rate for Final Test 
Model Basic Geometry 
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C« RATI INRUT IN DCCRCCS PER SECOND - NO HAS SWIRL 

Figure 73 - Rate Sensitivity with Varying Bias Swirl 

area of the old one distributed over six times as many holes, the unfil¬ 
tered noise was reduced to 2-1/2 degrees per second. With first-order 
filtering of the processed output, the noise measured 1 deg/sec with a 
5 cps filter and 0.5 deg/sec with a 0.5 cps filter, the latter being 
representative of required system bandwidth. The second bias injector 
was incorporated in the final design. 

The final configuration rate sensor was fabricated entirely 
from Type-416 stainless steel. All of the seals except for the seals on 
the bias injector inlet are Hydrodine metal bellows. The bias injector 
seals are specially-made serrated copper rings which were required by 
space restrictions. 

Some of the detailed changes in the final rate sensor configu¬ 
ration increased the chamber gain to the point where it became sensitive 
to pulses reflected from the pulsating probe back int< the vortex -hamber 
which resonated at certain frequencies. At the resonant points the supply 
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flow and pressure fluctuated enough to run the output frequency up and 
down the gain curve, resulting in disallowed regions on the frequency 
versus Pc-Pa curve as shown in Figure 74. The fluctuations were 
diminished by adding damping in the form of a chpked orifice in the 
supply line, constraining the variation of supply flow to the chamber. 
Figure 75 shows the improved turndown curve. 

Further minor adjustments in probe spacing and supply pres¬ 
sure were required to optimize range and rate sensitivity before the 
rate sensor was sealed up. Data on the final configuration shows a rea¬ 
sonable linear range in (Figure 76) and a rate sensitivity of approximately 
40 pps for 100 degrees per second as indicated in the response to a 

sinusoidal rate input of Figure 77. 

The most significant dimensions for the final configurations 

are summarized in Table 4. 

2. Signal Processing Networks 

A schematic of the signal processing network is shown in 
Figure 78 and the actual amplifier profile as etched in stainless steel 
is shown in Figure 79. The jet elements are arranged to integrate 
with the top of the rate sensor to minimize the path lengths betweeh 
the 10CF-14 and the bias injector and between the probe and the inlet 

to the 10MF1. 

To test the feasibility of this circuit prior to fabrication, the 
feedback loop consisting of a 10MF1 and a 10CF14 was breadboarded 
and tested. The divider tee was formed in a small brass block with 
adjustable orifices to set the pressure in the tee and the flow to the rate 
sensor probe. A schematic of this arrangement is sho rn in Figure 80. 

Figure 81 shows the signal waveforms at various points in 
the circuit. In Figure 81(a) the pressure inside the divider tee is shown 
compared to the rate sensor pulse, with the tee pressure scale being 
1 psi/cm and the probe pressure scale being 5 psi/cm. The attenuation 
of the signal is about 1/5, and the upper peak is rounded off, but other¬ 
wise the shape of the wave going into the 10MF1 is identical with the 
probe pulse. In Figure 81(b) the output of the 10MF1 is compared with 
the probe signal showing that the 10MF1 lags the rate sensor by 2 ms. 
In Figure 81(c) the output of the 10CF14 and the 10MF1 are shown. The 
sensor has a continuous rate input to illustrate the appearance of a time 
unbalance signal, i.e., the "on" time is shorter than the "off" time. 
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Figure 74 - Rate Sensor Sensitivity to Reflected Probe Pulses 

Figure 75 - Rate Sensor Turndown with Choked Orifice in Supply Line 



Table 4 - Summary of Final Rate 
Sensor Dimensions

Vortex Chnbcr: DlanetcT 1 1/2 inch
Exit 0.027 inch
Length 0.025 inch
Bleed 5B00 cc/aln

Blaa Injectar: Number of Holes 2 seta of 24
Hole Sl*e 0.005 X 0.005 Inch

Probe: Spacing 0.039 Inch
Tip Dlaaetcr 0.020 Inch
Internal Voluae 0.02M Inch*

Coupling Eleaant: Stalnlcsa Steel 
Wire Heah *00 « *00 vlre/lnch

Supply Praaaure - 26 palg

Figure 76 - Frequency Versus Bias 
for Final Rate Sensor Configuration

Figure 77 - Rate Response of Final Rate Sensor Configuration



Figure 78 - Rate Sensor and Signal Processing Network - 
Combined Schematic

Figure 79 - Signal Processing Network and Cover Plate



rn PRESSlWe TRAHiOUCtRi /|\

Figure 80 - Breadboard Rate Sensor Subsystem Schematic

Figure 81 - Signal Waveforms in the Alternating Bias Amplifier



Figure 81(d) shows the probe signal and the feedback signal 
from the 10CF14, which lags the probe pulse by 4 milliseconds. The 
combined lag through the alternating bias amplifier and the rate sensor 
limited the maximum frequency for the breadboard to #*0 cps. If the 
rate sensor probe pulsed faster, the feedback signal could not switch 
the bias before the probe emitted another pulse, resulting in abnormal 

operation. 

The feedback loop of the integrated amplifier assembly of 
Figure 78 was designed on the basis of the breadboard testing; the pulse 
amplifier chain was designed using test data on bistable amplifiers 
in a 25 psig atmosphere. Data on a 10BF5 used in the design of the 
pulse amplifier chain are summarized in Figures 82, 83 and 84 showing 
the critical switching pressure and recovery as functions of supply 
pressure. The critical switching pressure is the minimum pressure 
necessary to switch the supply flow for a given supply pressure. In 
Fipses 83 and 84 the performance at 25 psig vent pressure is compared 
with performance at 0 psig vent pressure, illustrating the increase in 

range obtained by increasing the vent pressure. 

The curve in Figure 82 is important in the design of the 

variable gain pulse amplifier chain because it defines the required input 
to the last amplifier in the chain which has a supply pressure varying 
from 35 to 200 psig as the gain is changed over a range of 1:10. The 
output of the preceding amplifier must be at least 6 psi above the vent 
in order to switch the last stage over the stated supply pressure range. 

The number of elements in the pulse amplifier chain was 
determined by starting with the 10CF14 output pressure, which is the 
bias pressure to the rate sensor of nominal 0.19 psi above vent, and 
computing the pressure increase through each element until an output 
pressure of 6 psi is reached. Examination of curves of available ampli¬ 
fiers resulted in the selection of the 10BF2 profile and the design of a 
three-stage pulse amplifying chain. The Comparison curves of Figures 83 
and 84 were used to get the estimated characteristics of the 10BF2 at 

25 psig vent as in Figures 85 and 86. 

The initial slope of the critical switching curve in Figure 85 
is 16-iwhile the initial slope of the recovery curve in Figure 86 is 0.385 
giving a gain of 16 x 0.385 = 6. With a gain of 4, a 50 percent safety 
margin is obtained and a chain of 3 stages gives 12 psi at the output. 
Since this is more switching pressure than necessary, the 10BF2 supply 
pressures were lowered to those shown in Figure 78 to give 6.5 psi output. 



Figure 83 - Switching Pressure Versus Supply Pressure for Two Back 
Pressure Levels 
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Figure 84 - Preeaure Recovery oí 10BF5 with Two Vent Preaaures 
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Figure 85 • Switching Characteriatica oí 10BF2 
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Figure 86 - Output Pressure Versus Supply Pressure for 10BFZ 
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Figure 87 - Test Schematic for Integrated Rate Sensor and Signal 
Processing Network 

87 

Ji"1'1»™ 



Two models of the signal processing network were etched in 
stainless steel. Both models were tested with aero vent pressure using 
a rectangular wave from a 10BF5 activated by a Bendix Pneumatic Signal 
Generator as shown in the schematic of Figure 87. The supply pressure 
to each stage was scaled down from the previously calculated pressures 
by a factor of 14.7/(25 + 14.7). Figure 88 shows the input and output 

w*ve^orm** The decision of which model to use was based on the per¬ 

formance of the 10CF14 which must perform with high precision and 
reliability on a very small supply pressure. One model showed a 
slightly different recovery between the two output legs of the 10CF14 
which would result in different bias levels in the rate sensor and a time 
unbalance signal for zero rate input, making that model unacceptable. 

I 

The selected signal processing network was bonded to the 
vent plenum, an annular shaped chamber that covers all the amplifier 
vents and supplies the 25 psig vent pressure. The signal processing 
network was again tested using a test signal input following assembly 
to the vent, and adequate behavior was achieved. 

3. Subsystem Integration 

To facilitate orifice sizing and general integration testing, a 
test plate was used having provisions for needle valves to set the supply 
pressures to the various elements, test points for mounting transducers 
to observe the signals at each amplifier, and special holes for inserting 
interchangeable test orifices into the divider tee while retaining the 
minimum tee volume. Specially made silastic seals were used to 
eliminate leaks in the test configuration. 

Orifice Divider Tee 

The divider tee is the critical interface between the rate 

sensor and the »igna) processing network. It is connected between the 
rate sensor probe, the common supply, and the control port of the 10MF1 
as shown by Figure 89. The probe pulse repetition rate is dependent 
on the flow rate and volume at the back of the probe as well as the input 
rate of rotation and bias pressure. Therefore, the probe orifice, A , 
is uniquely determined by the probe geometry and the divider tee pressure, 
Pj. Tests of the rate sensor alone were performed with a needle valve 
for Ap, and this valve was then flow checked and determined to be equi¬ 
valent to a 0.020 inch diameter orifice. 
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The probe frequency varies generally as the reciprocal of 
the product of probe volume and flow. The total probe volume in the 
integrated configuration is about 33 percent larger than the volume used 
for the rate sensor alone,; so in order to preserve the desired sensor 
frequency, the probe flow rate was reduced by accordingly reducing Ap. 
As an approximation, Ap was reduced by 33 percent by reducing the 
diameter to 0.0172 inch. Final further adjustments of the integrated 
sensor frequency were made by attaching various lengths of tubing to 
the side of the probe to adjust its volume until the desired frequency 
was obtained. 

The assumptions used in calculating an approximate value 
for the upstream or divider orifice, A^, were: 

(1) There is no net flow from the tee to the 10MF1. 

(2) The flow through the orifices is determined by the 
average pressure in the tee and in the probe, i.e., 
24 psig in the tee and 15 psig in the probe. 

(3) The upstream pressure would be regulated at 63 psig 
which is sufficient to provide choked flow for the rate 
sensor supply. 

Based on those assumptions, the divider orifice diameter was 
calculated as 0.0112 inch. When this was tried, the 10MF1 would not 
detach from the attachment wall until the rate sensor supply pressure 
was increased, thereby increasing the average probe pressure and 
decreasing the probe flow. This indicated that the divider orifice was 
too small. Increasing the Orifice'diámeter to 0.0122 inch resulted in 
proper operation as shown by the scope traces of Figure 90. 

Jec Amplifying Network 

The supply pressures to the jet elements in the test configu¬ 
ration were set by small needle valves fed from the 63 psig common 
supply. The supply pressures were measured by a differential pressure 
gauge with one side connected to the vent plenum and were set to the 
values shown in Figure 78. 

Figure 91(a) shows the 10MF1 output waveforms when the 
10BF5 is shut off. Notice that the waves are rectangular and that the 
10CFI4 off and on times are essentially equal. The pulse from the 
10MF1 has a squiggle on its trailing edge due to the gradual slope of 
the trailing edge of the probe pulse which causes the control pressure 
of the 10MF1 to decrease slowly, preventing the 10MF1 jet from returning 
quickly to the attachment wall. 
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When the supply to the 10BF5 was increased to about 100, the 
10CF14 and 10BF15 signals became time-unbalanced and otherwise dis¬ 
torted (Figure 91), apparently due to interaction between the high-pressure 

and low-pressure stages through the vent plenum. One way for the 
10BF5 to influence the vent pressure in this manner is to have unequal 
loads on its two output legs. If one leg is restricted more than the other 
it will cause an unbalanced flow to be dumped into the vent plenum, causing 
periodic fluctuations in net vent flow and a resultant vent pressure 
modulation. The loading orifices of the 10BF5 stage were removed, 
flow checked and reset to 0.030 inch diameter. The operation improved, 
but a slight time unbalance remained due to residual asymmetry in the 

10BF5 configuration. 

Rate Sensitivity of the Test Configuration 

A first order electronic filter with a 0.5 cps break frequency 
was connected to the transducer on the 10BF5 to simulate the averaging 
of the signal by the filter-compensation network. Figure 92 shows data 
obtained and indicates the general test procedure. The output signal 
was first recorded unfiltered to get the peak to peak value, which is 7 
psi in this case. The filter was then connected to derive the average 
value of the signal, which is 3.8 psi above vent pressure. The rate 
table was then given a sinusoidal rate input and the average value of 
the output signal follows this. For the test shown,the output is saturating 
at îibout +80 degree/second, and the sensitivity is 1.43 psi for 100 degree/ 

second. 

Sizing of Orifice Plugs 

The settings of the needle valves were used to size the orifice 
plugs to be pressed into the common supply plenum of the final integrated 
configuration. The needle valves were removed from the test plate and 
their positions noted. An upstream pressure of 60 psig was applied 
to each one and the flow was measured by a Fisher-Porter rotameter 
type flowmeter exhausting to atmosphere. The measurements indicated 

that the following sizes were needed: 

10 MF-1 0.0115 inch 

10CF-14 0.094 inch 

10 BF-2, first stage 0.0088 inch 
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Final Configuration 
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10 BF-2, second stage 

10 BF-2, third stage 

0.0131 inch 

0.0157 inch 

Final Assembly Integration 

The subsystem did not function properly when first assembled 
with the orifice plugs and the metal seals. Leaky seals were suspected, 
and the sealing surfaces were reground and lapped to an 8 microinch 
finish. No leaks were found after this was done, but the subsystem 

still would not function. 

All orifices were then checked and found to be flowing within 
4 percent of the prescribed values except for the two which formed the 
divider tee network. To get the required accuracy, new orifices were 
drilled undersize and lapped to match the previously measured flow 
rates. When this was done the subsystem began to operate but frequently 

skipped pulses. 

It was then decided to return briefly to the test configuration 
using the test plate to check the operation of the alternating bias ampli¬ 
fier. Tests showed that the 10MF-1 was not functioning properly. This 
was remedied by ultrasonically cleaning the jet network in a freon bath, 
apparently removing an impurity picked up in the assembly process. 

The final configuration was then reassembled and functioned 
adequately. The operating point was off the optimum point of the rate 
sensitivity curve apparently because of slight oversize of the supply 
orifice for the 10CF14. However, the combined performance was 
judged adequate for system integration. The final rate sensitivity traces 
obtained before integration into the complete system are shown in 
Figure 93. The rate sensitivity is 1.22 psi for 100 degrees per second. 
The unfiltered signal is 7 psi so that the modulation for the trace shown 
is 34 percent. The irregularity at the extreme upper peaks of the fil¬ 
tered output curves is due to the rate sensor being driven to an abnormally 
low frequency and missing pulses as a result of being slightly off the 

optimum bias point. 

4. Filter-Compensation Network 

The filter-compensation network shown schematically in 

Figure 94 and mounted on the servo package in Figure 153(b) consists 
of two 50 cubic inch volumes, two 5 cubic inch volumes and four 0.020 inch 
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diameter input orifices. The unit was tested in conjunction with the 
servo subsystem package because the summing amplifiers at the servo 
input are necessary for the low-frequency shaping function of the circuit. 
Figure 95 shows the test schematic used. 

The first test consisted of providing a step input signal to 
the network and recording the servo output position as a function of 
time. The results of this test are shown in Figure 96. As indicated, 
the required washout function is properly achieved. 

The next test consisted of obtaining a frequency response of 
the network to determine its break points. A sinusoidal signal was 
introduced into the filter-compensation network inputs and the combined 
network and servo response were recorded. The results are presented 
in the response plot of Figure 97. The measured breakpoints are approxi¬ 
mately 0.065 cps and 0.65 cps. The washout at very low frequencies 
deviates slightly from the desired values due to inaccurate subtraction 
in the summation amplifiers. The overall results are quite adequate, 
however. 

B. SERVO SUBSYSTEM 

1. Servo Amplifier 

Summation Amplifier 

To determine the required amplifier parameters, a breadboard 
model was developed. The critical parameters, such as exit hole size, 
receiver size, chamber dimensions, and receiver position, were flexible 
and an optimization study was made on the proper combinations. 

Figure 98 is a set of curves for different external receiver 
positions showing the effect on output range and pressure. Although 
this dimension is not extremely critical, an optimum position does 
exist beyond which recovery begins to deteriorate. In this test and in 
the following studies, the control port area remained constant at 0.0003 
square inches. Figure 99 indicates the effect of different exit hole sizes 
for the same receiver size. As indicated this parameter primarily 
affects amplifier gain, since gain is proportional to control to exit area 
ratio. 

Another area of optimization was output impedance. It is 
desirable to obtain as much flow as possible from the output without 
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gain loss. Figure 100 shows a set of output impedance curves for the 
external and internal receiver combinations. It was determined that these 
two receivers could be completely interconnected without any significant 
change in input-output characteristic as shown by Figure 101. The 
complete output impedance curve is shown in Figure 102. The summing 
amplifier as designed for high-temperature use is shown in Figure 103. 
The assembly is a diffusion bonded assembly without internal joints and 
seals. The amplifier has two external input ports for the position feed¬ 
back signal and a bias signal. The remaining inputs as well as the supply 
and vent ports are located in the flanges base and connected to the servo 
amplifier manifold. The characteristic curves of the amplifier are 
shown in Figures 104 through 107. 

Venjet Amplifiers 

Two stages of venjet amplifiers are required to raise the 
summing amplifier output pressure of 10 to 20 psig to the servovalve 
input pressure of 175 to 225 psig. and to provide the necessary pressure 
gain. These two push-pull stages are built into a manifold block as 
shown in Figure 108. The manifold also serves as the manifold for the 
vortex summing amplifiers and interconnects them with the venjets. 

The input-output pressure characteristic of the low pressure 
venjet stage is shown in Figure 109 and the high pressure stage is shown 
in Figure 110. The input impedance curves are shown in Figures 111 
and 112. and the output impedance curves are presented in Figures 113 
and 114. 

Figure 115 is the input-output pressure characteristic of 
two combined stages where the input is the low pressure amplifier inp it 
and the output is the high pressure amplifier output. The venjet manifold 
combined with the summing amplifiers form the servo amplifier as 
shown in the diagram of Figure 116. The unit was tested using the test 
schematic of Figure 116 and the results for various summing amplifier 
supply pressures are shown in Figure 117. The pressure gain with no 
positive feedback was 8 and, with various amounts of positive feedback, 
could be increased up to 30 psi per psi. The amplifier's input impedance 
is that of the summing amplifiers shown in Figure 118. Its output 
impedance is that of the 2nd stage venjet which was presented in 
Figure 114. 
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Figure 100 - Vortex Amplifier Output Impedance - Internal and 
External Receiver Combinations 
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Figure 101 - Effect of Interconnecting Internal and External Pickoffs 
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Figure 117 • Servo Amplifier Input-Output Characteristics 
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2. Servovalve 

The test schematic of the valve is shown in Figure 119. 
Frequency response and spool position sensitivity were measured only 
at room temperature« while motor port characteristics were measured 
at both room temperature and 1000#F. 

The valve performance specifications obtained from the tests 
are listed in Table 5. 

Power Stage 

Valve static performance was evaluated by placing load 
orifices in the valve motor ports, applying a command signal and 
observing motor port pressure fluctuations. Proper orifice size selec¬ 
tion enables a good approximation of servo valve vane motor performance. 

The block motor port sensitivity is shown in Figures 120 and 
121. The data in Figure 120 was taken before the spool was stabilized 
by inserting a guide pin to prevent rotation or spinning of the spool. 
The improvement is easily seen in Figure 121. 

The loaded port pressure sensitivity is shown in Figures 122 
and 123. The load orifices approximate the flow requirements of the 
motor. Figure 124 indicates the corresponding flow sensitivity. The 
quiescent flow used by the vortex pilot stage is about 20 percent of the 
total null quiescent leakage. The remaining leakage is past the supply 
land to exhaust. 

Pilot Stage 

A breadboard model of a 5/8 inch diameter servovalve was 
fabricated for testing the design. The stroke was limited to ± 0.015 
inches from null, and the spool was of standard configuration. 

The test schematic is shown in Figure 125. A small pin 
screwed into the spool extends through one of the motor ports. A Bentley 
proximity transducer senses spool position from the pin. A conventional 
electropneumatic flapper valve is used to provide the differential 
control pressure, a transducer used to monitor this signal. The model 
had all external manifolding, thus the feedback supply flow was easily 
changed by varying supply pressure. 
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Vortex characteristics were determined and are shown in 
Figure 126. Losses seemed to be at a minimum, indicating that operation 
would agree with the assumed analytical model. On closing the position 
loop, the valve was unstable or erratic at times, making control of the 
spool position almost impossible. The problem was traced to excessive 
ram chamber volume due to instrumentation. The erratic or unstable 
behavior was caused by a large damping factor due to a 1/16 inch line 
connecting a static pressure tap on the ram chamber wall to a Bourdon 
tube pressure gage. A plot of spool position as a function of differential 
control pressure is shown in Figure 127. The slight deviation from 
linearity was caused by a damaged nozzle. 

Valve frequency response was found to be approximately 
30 cps. This was considerably lower than the natural frequency which 
indicated an a of over 3. An increase in pressure ratio at the tangential 
control ports should reduce a. This was attempted experimentally by 
reducing the area of the port width with no apparent change of response. 

A possible cause for the low response was found to be a large 
lag found in the position feedback loop. Volumes and line lengths were 
studied. An analytical analysis of the volume in the feedback line 
(originally neglected) indicating that the lag was proportional to the 
pressure ratio across the tangential feedback port. This ratio was de¬ 
creased by enlarging the feedback port area with a 30 cps increase in 
response resulting. 

Further reduction of this volume was not feasible because of 
the necessary line length needed on the breadboard to connect the nozzle 
with the control port. The final valve pilot stage was fabricated and the 
line and volume lengths were kept to a minimum. Figure 128 is a plot 
of the valve frequency response measured at room temperature. The 
input signal was 10 percent of the *ated input pressure. A typical trace 
of spool position response is shov/n in Figure 129. The frequency of the 
signal is 60 cps and as can be seen, the noise level is very low. 

3. Vane Motor 

Motor Acceptance Test 

The test schematic for the motor is shown in Figure 130. The 
motor was tested completely at room temperature and,with the exception 
of the maximum speed attained, all performance specifications were met. 
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Figure 128 - Servovalve Spool Position Frequency Response 
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Performance teste on the motor were conducted at 750*F 
where the molybdenum disulfide provided some dry film lubrication. 
Although performance at 750*F is not specified» the motor does meet 

predicted levels. 

Tests at lOOO’F indicated a high level of internal friction due 
to inadequate lubrication. At lOOO'F the metal oxides form too slowly 
to provide lubrication effects and the temperature is beyond the range 

of available wet or dry film lubricants. 

Graphs depicting the motor performance at lOOO’F at supply 
pressures of 100, 200, 300 and 400 psi are shown in Figures 131 

through 134. 

Figure 134 - Motor Performance at 400 Psig Supply 
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Development Tests 

The major development area was with the synthetic sapphire 

vane tip inserts. After a short duration of running, the inserts would 
fail by cracking near the center of the vane and then subsequently 
fretting or chipping until total failure occurred. Consideration of this 
problem led to the belief that the vanes were heating unevenly. Friction 
at the vane tips would generate heat in the vane. As the supply gas leaked 
past the ends of the vanes cooling them, the center portion would remain 
relatively expanded, resulting in more concentrated loading near the 
centers of the vane tips. This condition, being unstable, worsened 
until failure occurred due to fracture of the tips. The problem was 
remedied by first porting some gas beneath the tips for cooling and by 
relieving the center portion of the cam surface for approximately sixty 
degrees of arc beyond the inlet ports. This reduced the total heat 
generated in the center of the tips and air-cooled them when they did 

not contact the cam surface. 

Although the vane distortion was virtually eliminated, the 
synthetic sapphire vane tip inserts proved unsatisfactory due to impact 
resistance. Tungsten carbide rods were substituted and proved to be 

much more durable. 

The leakage over the vanes,in addition to cooling them, resulted 
in a significant improvement in the performance characteristics of the 
motor. At low speeds, the supply gas can charge the preceding vane 
chamber through the relief in the cam surface, increasing the effective 

motor displacement. 

At high speeds, the housing relief does not provide the total 
dioplacement flow into the preceding chamber. Thus, expansion takes 

place and the advantage of the expansion motors is retained. 

4. Position Transducer 

In order to investigate the effect of removing flow through 
the static pressure tap and verify the predicted operation of the trans¬ 
ducer, an experimental model was constructed to obtain test data. 

Figure 135 is a test schematic used with the test model. The 
supply pressure was regulated at 50 psig. The output flow was varied 
from zero to the maximum amount with a pair of hand valves. 

1 
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Figure 135 - Position Transducer 
Test Schematic 

Figure 136 - Position Transducer Input- 
Output Characteristic - Loaded and 

Unloaded 

Figure 136 shows the no-load output curve for the transducer. 

The nonlinearity at -2()-was caused by machining errors in the duct. 
A slight high spot exists and a crude attempt was made to reduce it. 
A considerable**improvement was noticed; it was concluded that a nearly 
linear curve was possible using ordinary machine tolerances as 1 . g 
as an attempt was made to keep the duct walls continuous. A series 
radii, instead of the point to point machining used, should improve the 

linearity without increased fabrication costs. 

The load orifices were fully opened and the recovered How 
measured. This maximum flow corresponded exactly to the maxim urn 
orif.ce flow rate through the static tap diameter. The loaded curve o 
Figure 136 indicates that the linearity remains adequate under this 
maximum load condition. The maximum flow from one side at this 
condition wa. 40 parent of the .apply flow at the high pre.are .nd of 
the duct and 20 percent of the .apply flow at the low prepare end. Th.e 
corresponded to the static tap area-to-duct exit area ratio. 

5. Servo Subsystem Performance 

Servovalve-Motor Integration 

The servovalve was first integrated with the servomotor and 

tested at both room temperature and 1000 F. 

120 



Figure 137 shows stall torque as a function of valve input 
signal. Figure 138 shows the motor torque-speed characteristic when 
coupled with the servovalve, and Figures 139 and 140 show additional 

stall characteristics. 

The valve-motor frequency response with a full inertta load 
is shown in Figure 141 for room temperature and 1000®F. As indicated, 
the frequency response if essentially independent of temperature. 

Servoamplifier-Servovalve Integration - The servovalve was 
next integrated with the servoamplifier. This was accomplished as 
shown in the test schematic of Figure 142. Test results are shown in 

Figure 143. 

Closed Loop Servo Subsystem - The position transducer was 
added to the servomotor and the feedback loop was closed. The input 
circuit is shown in Figure 144. The quiescent pressures were adjusted 
to bias each amplifier stage at its null point and appropriate biases 
were added to the summing amplifiers to null the servo. The following 

tests were performed. 

Hysteresis - Figure 145 shows the input-output hysteresis 
loop. The approximate one degree of hysteresis shown is essentially 
all traceable to the transmission backlash indicating that the fluid 
state part of the subsystem contributes negligible hysteresis, as expected. 

Resolution - Figure 146 shows resolution trace indicating a 

resolution envelope of 1.0 degrees. 

Threshold - Figure 147 is a threshold trace indicating a 

threshold of 1 psid. 

t 

Repeatability - A repeatability trace is shown in Figure 150. 
The repeatability is within the noise of the measurement. 

Linearity - The linearity achieved is illustrated in Figure 151. 

Step Response - Figure 148 is a step response trace for a 

4 degree step input. 

Frequency Response - The closed loop frequency response is 

plotted in Figure 149. 
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Figure 141 - Servovalve - Servomotor Frequency Response 
(70*F and 1000T) 
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Figure 143 - Integrated Servoamphfier - Servovalve - Input-Output Data 
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Figure 147 - Servo Subsystem Threshold 
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Figure 148 - Servo Subsystem Step Response 

Figure 149 - Servo Subsystem Frequency Response 
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C. System Integration and Test

1. System Test Configuration

The final component hardware was designed to integrate 
into a compact unit as shown in Figure 152. All components were 
fabricated from materials suitable for lOOO'F operation. The two 
major subsystem groupings, the Rate Sensor and Signal Processing 
Subsystem and the Servo Subsystem with Compensation Network Volumes 
are shown in Figure 153 (a) and (b).

The Rate Sensor and Signal Processing Subsystem consists 
of the rate sensor, alternating bias amplifier, and variable-gain pulse

1

l£

L."
Figure 152 - Fluidic Flight Control System 

Integrated Final Configuration
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amplifier in an integrated asaembly. The subsystem is interconnected 

solely with internal manifolding and has as its output the pulsating 
time-unbalanced signals to the compensation network volumes. All 
supply and vent lines are terminated in readily accessible fittings for 

external hookup. 

The Servo Subsystem consists of the rotary actuator, the 

servovalve, the servoamplifier (with 4 venjet and 2 vortex amplifying 
elements), the position transducer, and a manifold plate. For packaging 
convenience, the volumes used in the system filter-compensation 
network were attached to the Servo Subsystem package as shown in 

Figure 153(b). 

The servovalve mounts directly to a pad located on the 

motor. The manifold is attached to the motor flange and secures the 
compensation network volumes and the servoamplifier, consisting of 
the venjets and vortex amplifiers. The servoamplifier output is con¬ 
nected to the servovalve by two small lines as shown in Figure 153(b). 

The integrated combination of the two (2) subsystems is 
shown in Figure 152. The rate sensing and signal processing components 
are shown attached to the filter compensation volumes. The only sys¬ 
tem component not shown is the position transducer, which mounts to 
the motor output shaft through a small instrument transmission and 
closes the position loop with the requisite gain. The position transducer 
push-pull outputs are fed back to the vortex summing amplifiers with 

two small pneumatic lines. 

2, . Test Setup 

The complete system was mounted on an oscillating rate 

table especially built for the system tests. The rate table supported 
the system at the motor flange and rotated it about the rate sensor- 
motor shaft axes. Pneumatic power was fed into the rate table through 
a pneumatic slip ring and electrical instrumentation signals were 
returned through an electrical slip ring. This allowed continuous rota¬ 
tion of the rate table at any frequency or rate without angular displace¬ 

ment limitations. 

Figure 154 is a schematic of the test setup. Supply pressure 

of 600 psig was brought directly through the slip ring to the servovalve 
supply port and th; venjet manifold assembly high pressure port as 
shown. This pressure was also supplied to a bank of pressure regulators 



Figure 154 - Servo Subsystem Test Schematic 

set to provide the required subsystem supply pressures. The following 

pressures were provided to the listed supply ports. 

Servovalve Supply 600 PsiS 

Servoamplifier High Pressure 600 psig 

Servoamplifier Low Pressure 24 psig 

Summing Amplifier Bias Valves 60 psid 

Pneumatic Position Transducer 49 psig 

Gain Change Valve 200 P818 

Rate Sensor Supply Port 75 Psi8 

Plenum Port 24 PS18 
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The system outputs (servo position and velocity) were 
measured by a potentiome ter and tachometer, respectively. These 
signals were carried from the table through the electrical slip ring 
to the recording equipment. The following items were recorded: 

(1) Servo Position 

(2) Servo Velocity 

(3) Rate Input (Rate Table Rate) 

(4) Motor Temperature 

(5) Compensation Volumes Temperature 

(6) Rate Sensor Temperature 

Pressure gages were provided to observe all supply pressures. 

A radiant oven was installed around the system to establish 
and control the requisite ambient temperature. Pneumatic supply lines 
were coiled around the system to provide gas heating area for the 
radiant oven. The ambient and gas temperatures were maintained 
essentially equal at all times by this method. The table platform was 
thermally isolated from the rest of the rate table by a heat shield and 
a low conduction path, minimizing undesirable temperature gradients. 

A Sanborn strip chart recorder was used to record and 
monitor the items listed above during all tests. The rate table was 
driven by a pneumatic high performance servo and had a 0.01 deg/sec 
to 200 deg/sec capability from continuous rate to sinusoidal frequencies 

of 5 cps. 

3. Test Description 

System frequency and transient responses were obtained 

to evaluate and demonstrate functionality. Sinusoidal peak-to-peak 
rates of 50 deg/sec and 100 deg/sec were introduced at the following 
frequencies: 0.01. 0.02. 0.03, 0.05, 0.07, 0.10, 0.20, 0.30, 0.50, 0.70, 
1.0, 2.0, and 3.0 cps. Step changes in steady-state rates of 10 deg/sec, 
20 deg/sec, 40 deg/sec and 100 deg/sec were introduced using square 
wave rate at a frequency of 0.01 cps to observe transient response. The 
ambient temperature was increased using the radiant oven and servo 

response to rate changes was observed and recorded. 
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4. Test Results and Comment« 

The system frequency response with 70*F gas and ambient 
is shown in Figure 155. Step response traces similar to those of Fig' 
ure 95 with a rate input to the system also verified the functionality of 

the integrated system. 

Testing of performance at elevated temperature was conducted 

by gradually increasing temperature while continuously applying a sinu¬ 
soidal rate of 100 degrees/second peak at a frequency of 0.2 cycles per 

second. 

Servo performance was essentially unchanged as temperature 
was increased from 70*F to 1000‘F, as also indicated by previous sub¬ 
system high temperature testing. Operation of the overall system was 
limited to below 200T because of changes in rate sensing and signal pro¬ 
cessing performance. In particular, degradation of performance with 
temperature was attributed by subsequent subsystem testing to resultant 
changes in certain bias pressure levels within the jet processing network. 

The rate sensor exhibited normal basic pulsation action except 

for changes in quiescent frequency from room temperature to approxi¬ 
mately 500*F. Sensor quiescent (zero rate input) frequency was constant 
within + 8 percent in the range from 70#F to 275°F, and then increased 
rapidly”as the temperature was elevated to 475*F. Such behavior of the 



sensor frequency is consistent with a continuously decreasing sensor bias 

pressure level in conjunction with cessation of the alternating bias func¬ 

tion. Only a minor change in frequency is predicted due to changes in 

gas temperature alone, with otherwise invariant geometry and pressure 

conditions. 
In addition, the breakdown of the alternating bias function as 

temperature was increased is explainable by a slight but critical bias 

change at the divider-tee, where the sensor probe output triggers a mono¬ 

stable jet amplifier to drive the network bias alternating flip-flop. 

It should be noted that minor changes in sensor quiescent fre¬ 

quency do not in themselves result in changes (e.g., offset) at the system 

output. As explained in Section Hi A, reversing the sensor bias direction 

after each pulse converts the sensor output signal form from frequency 

to time-unbalance modulation in a manner thai. eliminates the quiescent 

frequency. The significance of a gross change in frequency as noted as 

temperature approaches 500*F is that it implies a significant change in 

the sensor bias point, which, in general, will be accompanied by an undes’red 

reduction in sensor rate sensitivity and possible disruption of processing 

network biasing. 

Observations of general sensing and processing network behavior 

during the hot tests suggest that the system would function at 1000#F with 

the existing configuration if slight adjustments of pressure levels were 

made; that is, if the network were trimmed to the high-temperature con¬ 

dition. The integrated nature of the design and constraints of testing and 

adjusting with a hot oven did not permit such trimming without disassembly, 

making trimming to the higher temperature condition impractica.1 during 

the current effort. 

5. Conclusions and Recommendations 

A complete functional system was designed, developed, inte¬ 

grated, and tested utilizing a pulsating vortex rate sensor, jet digital 

processing elements, an orifice-volume analog frequency shaping net¬ 

work, and a complete integrated rotary position servo. The position servo 

consists of analog vortex and venjet amplifiers, a vortex servovalve, 

a fluidic position transducer, and a rotary actuator. 

The complete system was successfully integrated and tested 

at room temperature. Performance of the integrated position servo sub¬ 

system was excellent. Functionality of the combined rate sensor and jet 

signal processing network was demonstrated, but improvements are 



required in rate sensitivity and noise level in the pulsating vortex rate 
sensor. Performance of the jet networks (for alternating bias and vari¬ 
able gain pulse amplification) is generally satisfactory except for a 
requirement for better decoupling of the low-level and high-level jet 
stage vents in the combined vent manifold. 

Evaluation of system performance at elevated temperatures 
indicated that: 

(1) the integrated position servo functions well with negligible 
temperature effect throughout the complete range from 70*F 
through lOOO'F, as tested, and , 

(2) the integrated rate sensor and jet signal processing networks 
experience variations with temperature of critical bias levels, 
resulting in changes of sensor operating point and eventual 
malfunction (through a mismatch of interstage bias) of the 
alternating bias amplifier. 

In addition to improving the general performance of the rate 
sensor (in particular, rate sensitivity and noise), subsequent investigation 
and development effort should identify the specific sources of temperature 
sensitivity and strive to eliminate them. The temperature sensitivity of 
the bias levels appears to be mainly due to geometric variations rather 
than to changes in fluid characteristics, so that the problem is related 
to the detailed physical design rather than to the fundamental approach. 
With the general functional design available, it is probable that significant 
improvements in temperature resistance can be achieved with minor 
revisions in the network design. 

As indicated in Figures 152 and 153, a significant portion of 
the hardware envelope is chargrable to the volumes used in the frequency 
shaping network. In the interest of expedition, the sizes shown were 
selected and committed to hardware before the signal processing network 
design was finalized. The design of the filter-compensation network, 
including source and load amplifiers, and final required break frequencies, 
should be reviewed in subsequent investigation with a view to reducing 
the filter volumes for a lighter, more-compact system configuration. 
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Table A-l - Nomenclature 

Units 

, 2 
A • Orifice .. >n 

C • Flow equetlon constant. (R) /sec 

Cp » Orifice los» coefficient 

Cy ' Velocity of .ipprosrh coefficient 

C to C » An ilytical constants 
1 n 

D s Orifice diameter. . . . in. 

f « Frequency. (*cc) 

f » Flow equation function 
1 .1 

r » Differentiated flow equation function. (sec) 

C > Pressure gain of the vortex summing 
amplifier 

g s Gravitational constant. in/sec 

h » Enthalpy... Dtu/lb 

J - Mechanical equivalent of heat. in-lb/lttii 

k « Specific heat ratio 

K * Analytical constant 

P ' A designated pressure. psig 

p(t) » Dynamic portion of designated pressure, P . psi 

P * Steady-state portion of designated. psig 
pressure, P 

R * Gas constant. in/*R 

T » Temperature. *R 

t s Time. sec 

u » Internal energy. Rtu/Ib 

V s Velocity. in/sec 

V * Volume. in 

w » Wright flow rate. lb/sec 

a s A height above an arbitrarily. in. 
designated datum 

A » A finite differential 

p s Weight density. Ib/in 

T * Time constant. sec 

Subscripts 

A » Upper circuit loop 

It » Lower circuit loop 

o s Output 

I • Input 

u * Upstream 

d = Downstream 
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APPENDIX I 

MATHEMATICAL ANALYSIS OF FILTER-SHAPING NETWORK 
» 

A. PRELIMINARY ANALYTICAL PROCEDURES 

Consider the open system in Figure A-1 where energy, E, enters 
and leaves the system at stations (i) and (k), respectively. The transfer 
of energy takes place adiabatic ally, and no work is done by or on the 

system. 

From the conservation of energy 

system (A- 1) 

where in general 

and 

• • p y z 
E = w (u +—- +-r—~ + 7 + » etc.) 

pj ZgJ J 

u = internal energy per pound of flowing fluid 

(A-2) 

pj 
2 

V 

2gJ 

= flow energy per pound of flowing fluid 

kinetic energy per pound of flowing fluid 

— = potential energy per pound of flowing fluid 
J 

Carrying only the predominate energy terms, equation (A-l) 

becomes 

V2 
w. (h. + -r—r 

i i 2gJ 
) - w (h + = -j- (wu) 

k k 2gJ dt system (A-3) 



NET WORK DONE 
ON THE SYSTEM = 0 

NET HEAT 
TRANSFERRED 

ACROSS THE 
BOUNDARY « 0 

P ?6B8 OPEN SYSTEM A 

Figure A-l - A Typical Open System 

Assuming the flowing media is a perfect gas, equation (A-3) is 

expressed as 

w IT. + —— 
i \ i 2gJc 

- w. X + -£_ 
k 2gjc 

T. dT 
A dw + jw_A 

k dt k dt (A-4) 

For adiabatic, workless, flow of a perfect gas through a system, 

the stagnation enthalpy is constant or 

H = c T = c IT. +•, 
o p o P \ i 2gJc. 

= c T.+ 
p\ k 2gJc (A- 5) 

If the open system velocity, V^, is assumed zero, then = H^, and 

t'f 



Equation (A-4) now simplifies to 

• • I i dw 

Wi ‘ Wk ' k I dt 
system (A-7) 

Substituting the equation of state into (A-7) and noting that\»<A 

and Ta are constant 

w - w = 
i k kRT 

A J 

dP 

dt 
(A-8) 

The isentropic flow of a perfect gas across an orifice ( with 

i coefficient, 

the general equation 

a flow coefficient, Cjy to compensate for losses) is expressed by 

PAC ,-. 
u , I d w - f, \T 

■y T \ u 
* u 

(A-9) 

where 

C = 
cvca/T? 

k+ 1 

2(k - l) 

(A-10) 

and 

critical 

u = station upstream of the orifice 

d = station downstream of the orifice. 

(A- 11) 
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Let equation (A-9) describe the flow across the orifices at 
stations (i) and (k). Also let A. = Ay and = Az- Equation (A-8) 

now becomes 

ViS 
1 kRT 

dP 
A 

dt 
(A- 12) 

Consider the situation where Pi and P^ vary with time, but 
Pk does not. By writing the differential (implicitly) of equation (A-12), 
allowing, for example, dPA to be approximately APA for small changes 

in P A 
C 

1 

yr“ 

M-pf) ^ -A. ^ M^J ^+ A> AP 

A2 APA- A2P^fl (pII-A kRT îdt I 
A t » 

(A-13) 

The final term may be rewritten as 
V 

-kRf I £(APa> • 
(A-14) 

AP (t) and APA (t) are the new time dependent variables operating 

about some steady-state value Pj and PA. 

Equation (A-13) is now in linear form. Let the time dependent 

variables 

AP (t) = p, (A-15) 
i i 

and 

iPA <" = PA • 

Also let the steady-state values 

and 

p = p 
i oi 

PA = P A A oA 

(A-16) 

(A-17) 

(A- 18) 

B3 



PA " kRC 
^ Az “Pa) 

(A. 19) 

Note that equation (A-19) represents only the linearised dynamic 
portion of nonlinear equation (A-12). 

B. ALTERNATE ANALYTICAL METHOD 

From the energy balance equation (A-8) 

Wi * Wk = 
VA !!a| 

kRTA 
dt ] 

system 

where 

The flow across the orifices (See Figure A-l) at stations(i) and 
(k) can be expressed by the combination of the continuity and Bernoulli 

equation or 

“ = cvc*AI (A-20) 

P = pressure upstream of the orifice 
u 

P = pressure downstream of the orifice 
d 

P = average pressure between P^ and P^. 

For flowing gases, where (P^ - P^) / P is less than 10 percent, 
equation (A-20) closely approximates the compressible flow expression 

(see equation A-9). 

For simplicity assume that 

P = 
P + P,, 

u d 
(A-21) 
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Combining equations (A-20) and (A-21) 

» = CVCDA'V^?VPu ' Pd 

The flows across orifices (i) and (k) are respectively 

Wi = (CVCD)i Al"VRT VPi ' PA (A-23) 

and 

»k=lCVCD>kA2 ,PI - Pk 

Assuming that 

(A-2 4) 

(A-25) 

Equation (A-7) may be rewritten as 

tl 
A. 

li fl. i-- O "T" 

rVpi-pA-VpA-pk = 

IdP 

CVCDA2k gRTÄl dt 
(A-26) 

Consider the case where Pi and PA vary with time, but Pk does 
not. By writing the differential (implicitly) of equation (A-26), allowing, 
for example, dPA to be approximately APA for small changes in PA 

A, PiAPi A1 PAiPA PAAPA _ 

A idPA| 

(A-27) 

The final term may be rewritten as 
V . 

cwcdaNV cA 
It <Apa) (A-28) 
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(A-2 9) 

AP^ (t) and AP^ (t) are the new time dependent variables operating 
about some steady-state values Pj and P^. 

Equation (A-27) is now in linear form. Let the time dependent 
variables 

AP (t) = p. 
i i 

APA ,l) = PA 

Also let the steady-state values 

and 

P = P 
i oi 

P = P 
A oA 

(A- 30) 

(A- 31) 

(A-32) 

(A- 33) 

Combining the above expression into equation (A-27), and writing 
in Laplace operator form 

(A-34) 

Note that equation (A-34( represents only the linearized dynamic portion 
of nonlinear equation (A-26). 



c. ANALYSIS OF FILTER AND COMPENSATION NETWORK 

Let the fluid-state filter under consideration be approximated by 
the lumped parameter network shown schematically in Figure A-2. 
The steady-state flow impedance of the upper and lower loops is 
assumed to be identical. If the fixed orifice areas and A^ are equal, 
then so also are the variable orifice areas Aj and A3. 

The energy expression relating (t) and P^ (t) in the upper 
loop is derived as 

where 

and 

(A- 35) 

(A-36) 

Similarly for the lower loop 

(A-37) 

(A- 38) 

Equations (A-35) "and (A-38) may be linearized when the time 
varying signals Pj (t), PA (t) and Pß (t) are small. For such cases 



MMMMNmNM H IHM ilHHl 1 ! II llilll ■MHWMiiMiMMMMMiM 

>„ IS CONSTANT AND EQUAL TO THE SUPPLY PRESSURE 8 

OF THE SUMMING AMPLIFIER ^ 

Figure A-2 - Equivalent Lumped Parameter Circuit 

P (t) may be divided into a dynamic term, p (t), and a steady-state or 
quiescent term, P0, or 

P (t) = P + p (t) 
o (A-39) 

Referring to the linearization technique shown in subsection A 
(note the alternate technique in subsection B) equation (A-39) becomes 

- A 
2 P 

oA 
IIP 

oA, 
PA kRT 

(A- 40) 
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Collecting coefficients of the dynamic variables and p^, let 

c --if (P°A1 li f ' 
C1 ' A, 1 Ip . ” A P . 1 

2 \ oil 2 oi 
P 

oi 

(A-41) 

Ip \ p / p \ a, 
[ k 1 , f k 1 1' 

c2 = fi Ip“ I * F“ fi Ip“7 "Ã7 fi 
\ oA/ oA \ oA/ 2 

oAl 

OÍ ; 

C, = 
VA 

3 C A2 kR _ 

(A-42) 

(A- 43) 

The area ratio, A^/Az, may be expressed in terms of steady- 
state pressure ratios by noting that the flow through orifices Aj and 

A¿ is identical or 

w = P . C A, f, 
oi • 1 1 

= P . C A f 
oA 2 1 IP 

(A-44) 

or 

A, P A 1 \P A 1 _ oA t oA 
A = P . 

2 oi 

Equation (A-40) now simplifies to 

C, p. = PA (C, + C s) = C, pA (1 
1 i A 2 3 

I 

t. 

1 

I 

11. 
I 





oB 
1 IP 

(A-54) 

B 
C6 = C A kR 

(A-55) 

Also 

(A-56) 

As illustrated in Figure A-2, the individual loop signals and 
Pg are summed (subtracted) in the vortex summing amplifier. Assuming 
that the summing amplifier has a pure gain, G, the circuit transfei 
function is 

(s) = G 

Pi 

PB PB 

(A-57) 

Note, however, when the steady-state flow is equally divided 
between the upper and lower circuit loop, as is the case when Aj 

= Ay and A2 = A4, then 

P = P 
oA oB 

C1 C4 

C2=C5 

ka = kb = k 

(A-58) 

(A-59) 

(A-60) 

(A-61) 

Finally, by substituting equations (A-47), A-50), and (A-61) into 
(A-57) results in the bandpass filter network transfer function 

I5i 



""I. i 

o, ' GK<TB-TA)S 
p. 8 (1 + Ta8) (1 + TbS) . 

(A-62) 

A Summary of the Equations 

The bandpass filter network equation is 

P G K (t - T A) s 
(8) __2_â_ 

p. ' ' (1 +tas) (1 + tbs) 
(A-63) 

where 

G = pressure gain of the vortex summing amplifier 

K = 

Ai P A 1 oA 
A, P . 

2 oi 

oA] 

oi, 

PK f' 

fP \ 
k 's I 

<
 

1 fP oA| 

\PoaJ PoA * 

<
 o 

ft 

A2 1 
P • oi / (A-64) 

VA 
T . - 

A O A KR 
2 v7: 

oA , 

A! . 

A2£l 

oA 
P . 

oi 

(A-65) 

- v B 
TB ” C A. kR 

V^B 
oB i 

A 

Ã" 

3 t 
f. 

oB 

oi 

(A-66) 

and 

f 
A, P A l\P A . . ... 1 oA \ oA 

equation (A-45) = -p— 
2 oi 

1 
oA 

oi 
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A. NOMENCLATURE 

The complete analysis used for the dynamic model of the valve, 
including the position feedback, follows. The nomenclature used is 

listed in Table B>1. 

Table B-l - Nomenclature 

Area of end of spool - in 
5 2 

Control port throat area - in 
. 2 

Exit hole area - in 
, 2 

Feedback port throat area - in 
, , 2 

Norxle ramp annular area - in 
2 

Annular area between spool and bore - in 

Discharge coefficient 

Ratio of specific heat of gas 

Vortex gam factor 
2 

Spool mass - lb-sec /in 

Mach number of control flow entering vortex 

chamber 

Mach number of feedback flow entering vortex 

chamber 

Tangential velocity of fluid at outer wall of 

chamber - Mach number 

Control pressure - psia 

Ambient pressure - psia 

Feedback pressure - psia 



PresBure at intide ptriphery o£ exit hole - psia 

Pressure at outer wall of vortex chamber - psia 

Supply pressure - psia 

Gas constant - in/lbf/Ibm’R 

Laplace operation or d/dt 

W M 
Swirl factor = —^  - nondimensional 

WN 

Gas Temperature - *R 

Volume under compression at spool end - in 

Control flow entering control port, , lb/sec 

Weight flow displaced by spool - lb/sec 

Exit flow leaving exit hole - lb/sec 

Weight flow leaving nozzle-ramp area - lb/sec 

Pressurization weight flow - lb/sec 

Supply flow entering annular chamber A^, - lb/sec 

Supply flow entering feedback line through area 

Quiescent normal clearance between nozzle and 

ramp surface - in. 

Spool position - in. 

9 . -1 
Nozzle gain parameter = — m 

Ramp angle - radians 

The presence of a subscript zero or additional 
subscript zero implies the quiescent value of the 
variable. When subscript zeros appear in equations 
the variable without subscript zeros are changes 

about the quiescent values. 
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= Ratio subsonic to sonic gas flow for pressure 

ratio P /P 
o c 

= Ratio subsonic to sonic gas flow for pressure 
ratio P /P multiplied by pressure ratio P./P 

e i i « 

= Ratio of subsonic control momentum to sonic 

control momentum at pressure ratio p0/pc 

Control port back pressure sensitivity 

coefficient 

Supply annulus back pressure sensitivity 

coefficient 

Control momentum back pressure 
sensitivity coefficient 

K 
i 

P 
eo 

P 
10 

K 
i 

Exit hole gain parameter 

= I if exit hole is flowed sonically. 
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B. ANALYSIS 

Refer-ing to Figure B-I, the vortex chamber is considered to 
be a volume, V, at a chamber pressure, PQ. The exit hole is considered 
to be a fixed orifice with an upstream pressure, tangential Mach number. 
For normalization, the following defined quantity will be used. 

CAP 
w_e g- (B-l) 

N" 

The flow equations for the vortex chamber are: 

Supply Flow; 

W 
s 

A P 
s s 

A P 
e e 

(B-2) 

Control Flow; 

*, 

W 
c 

A P 
c c 

A P 
e e 

( B-3) 

INPUT 
SIGNAL 

Figure B-l - Final Valve Configuration 
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i 

Feedback Control Flow: 

W. 

w. 
N 

Displacement Flow; 

W. 

W. 
N 

Vj_ 
A P 

e e 

A s y P 
o 

lÂrw 

(B-4) 

(B- 5) 

Pressurization Flow; 

W 

W 
N 

WNkRT 
s P (B-6) 

Exit Flow; 

W 

= Vz kj 
W W W, w_ 
_s _c _f_ _p 

WN + WN + WN ' % 

w. 

WKt d 2 P. I w W W W W 
N iJ N N N N N 

(B-7) 

The flow equations for the feedback flow line, assuming negligible 

volume under compression, are: 

Supply Flow; 

W 

W 
N 

Nozzle Flow; 

W 

W 
N 

A , P 
S1 8 

A P 
e e 

A P. 
n f 

A P 
e e 

P 
. s. 

( B-8) 

1 
LPf J 

(B-9) 

The relationship of the exit orifice upstream pressure, P^, to 
chamber pressure, P0, and tangential Mach number, Mto, is given by, 

„ „ K (M )2 
to 

IbO 

(B-10) 



where for perfect mixing of supply and control flows, 

ßf 
M 

to 

ßf 

www, 
s c f_ 

W~ + "w"~ + W 
N N N 

W M W M, 
c c + f f 

(B-11 ) 

W 
N 

W 
N 

The nozzle flow area is given by 

where 

A = A (1 + 6 y) 
n no 

e 

(B-12) 

(B-13) 

U 
for small ramp angles. 

Substitution of equations (B-3) and (B-4) into equation (B-12) gives 

A P 

A P 
e e 

P 
_ c 

Afpf , 
+ A P f3 

e e 

(B-14) 

Linearizing the above equations with P and P constant yields, 
S 6 

w 
i 

w~ 
N 

but 

W 
so 

W 
N 

A P 
e so 

A P 1 
e e 

A P 
s so 

A P 
e eo 

oo 

P 
L s°J 

oo 

so 

so 

( B-1 5) 

W 

W 
so 

oo 

p 
L so 

oo 

so 

so 



(B-l 7) 

W A P 
c c 

W. 
N 

A P 
e e 

oo 

. CO. 

A P 
C CO 

A P 
e e 

oo 

coj 

p p 
oo c 

CO 
CO 

but 

W 
CO 

A P 
C CO oo 

W 
N 

A P 
e eo 

1 P 
co 

W W 
CO 

W. 
N 

W. 
N co 

W V 
CO 

W. 
N 

oo 

co. 

oo 

CO 

oo 

CO CO coj 

w 
w 

CO 

1 + K 
oo 

c P 
coj 

- K 
CO 

c P 
CO 

where 

K 

oo 

CO 

oo 

CO 

(B-18) 
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Similarly 

W 

W ' 
so 

K 
• ' P 

where K , 
8 

fo 

io 

80' 
fo 

so 

( B-23) 

From equations (B-9) and (B-13) 

W 
n 

WN 

where 

W 
r 

w" 

A ( 1 + 6 y) 
no 

N 

A P, 
no fo 

A P 
e eo 

6 y + 

A P. 
no f 

A P 
e e 

W 

W 
no 

W 
no 

W 
N 

A Pf 
no fo 

A P 
e eo 

but f. = 1 

= 6 y 
fo 

(B-24) 

P = 
io 

but 

,P .KMtoo) 
IO K(M ) w 

+ 2 K M P. « too M 
too io to 

K(M ) 
p « too 

io 
(B-25) 

oo 

M 
to 

oo 

J 
W W W 

so CO fo 
W ^ W w 
WN N N 

+ 2 K M (M ) 
too to 

(B-26) 

io 

i/, 

W w wf 

LWN WN WN J 

W W W 
SO CO fo 

W + W + W 
WN N N, 







w = , -- a P 
P k RT o 

W 
= - K 

W 8 P 
80 80 

Ms y 
2 A 

w = w + w 
oo co 80 

( B-42) 

( B-43) 

(B-44) 

(B-45) 

Solving for y/Pc: 

W K. —= W 
OO 1 P. 80 

lO 

+ W 
CO 

L + K 

1 + K 

L c 

oo 

8 P 
- W K 

80 80 
80 S P 

+ . 

80 

OO - W K — 
P CO c P 

+ . . 

P A 8 y 
oo_ 

RT 

CO J CO 

kVt • Po 

CO 

(B-46) 

/ I W + W a 21 s c 
** - 2 K M 

oo io of O 
too \ W + w 

SO CO i 

( B-47) 

oo 

Pi 2 J 
—î— + 2 K M =j— 
P- to° „ io xs o 

2 K M W KP 
_tOO 80 8 O 

(W + W ) P 
80 CO 80 
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1 

2 K M W 
_too co 
W + W 

80 CO 

r . p°o 
1 tKc — 

L co CO J co 

2 K W K P 
too CO C O 

(W + W ) P ■O co co 

(B-48) 

ûf 

ûf O [ = 1 + K 
oo 

m P 
- K 

coJ co 
m P 

co 

M 
2A 

2 
® y 

(B-49) 

(B-50) 

oo 

— + 2 K M 2 
> too 
io 

r „ p»° 
1 +Km — 

L co 

2 K M ¿ W K P 
too so s o 

(W + W ) P 
80 CO 80 

2 K M 2 W KP 
too co c o 

CO 

2 K M 

» , K P 
-Í- - 2 K M 2 -^-2 +. 

too 
co 

2 W 
too co 

(W + W ) 
80 CO 

h-H, 
L coJ co 

co 

P 

(W + W ) P 
80 CO CO 

M 
2 A 

2 
s y 

(B- 51 ) 

(B-52) 

io 

W K P 
80 8 O 

W KP 
OO 1 80 

W K P 
coco 

W K P 
OO l co 

w r p 
w^tHc-p22 

OO 1L co co 

P A s y 
oo_ 

RT W K. 
OO l 

W k RT K. 
OO 1 

8 P 

(B- 53) 
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oo 

W K P 
80 8 O 

W K. P 
OO 1 80 

P A s y 
oo_ 

RT W K. 
OO l 

W 
CO 

W K. P 
OO 1 CO 

1 + K 
oo 

c P 
CO. 

W K P 
CO C O 

W K. P 
OO 1 CO 

W 
oo 

V 2 
—- + . . . 2 K M 
k RT K too 

1 + K 
oo 

m P 
CO CO 

2 K M KP 
too m o 

co 

2 K M 2 W 
_too co 

(W + W ) 
80 CO 

2 K M w K P 
_ too 80 8 O 
(W + W ) P 

80 CO 80 

r poo 
i+kc — 

L co 

+ . . 

CO J co 

2 K NI W K P 
too coco 

(W + W ) P_ 
80 CO CO 

1 + K 
oo 

co 

2 K M 
too 

co 

. . + 

2 K M " W 
_too co ï + k _00 
7w Tw jp^* I c P 
' 80 CO CO 

OO 

W K 
_80 S 

W K. P 
OO 1 80 

2 K M w K 
_too 80 8 

(W + W ) P 
' 80 CO 80 

2 K M 2 W K 
too CO c 

(W + W ) P 
80 CO CO 

W k RT K. 
oo i 

W K 
co c 

W K. P 
oo t co 

P A 8 y 
oo_ 

RW K. T 
OO 1 

r „ p°° 
1 + Km~ 

L co 

(B-54) 

2 K M K 
too m 

co 

(B- 55) 

NOTE: Using (B-55) for y = O, V s = 0 (static case), Wßo = 0, 

2 
w = W + W , 2 K M = 1 

oo CO 80 too 

CO oo 

Therefore there is not pressure gain, 
thus Pc must swing slightly more than 

the required PQ swing. 
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Let coefficient of Pc = 

Let coefficient of PQ = C2 (all terms except s term). 

C, P 
1 c 

c2m 

2A 

2 
2 M V s 

8 y + 2A W kRT K. 
oo i 

+ 

P A s y 
oo_ 

RT W K. 
OO l 

( B- 56) 

To verify the analy.i. experimentally, a epring-reetramed vortex- 
operated epool waa teeted. It'e dynamic rasponee to a step input was 

obtained for comparison with the predicted response. 

The equations are modified to cover a spring-restrained case. 

In addition, only one side of the spool was pressurized. Appropriate 

changes are made. 

From Figure B-2 

A P + F = 
o 

Ms y + ( B - 57) 

A true step input in Pc could not be obtained; hence, 
used by forcing the spool over and releasing it. 

a step in F was 

Pç P-399T 

Figure B-2 - Spring Restrained Vortex Spool 



\ 
\ 

The transfer function for y/F with Pc = 0 from equations (B-56) 

and ( B - 57 ) is 

X- = 
A AW kRT K. 

oo i 

MV 
3 C2M 2 

s +—:— s +1 

W K 
1 P A 

oo 

A W kRTK ” A 1A W K RTk RT W K 
A oo** i ' oo i oo i' 

C2K‘ WBo6 
s + —--+ 

W K. 
OO 1 

( B - 58 ) 

It will be shown later that the lead term in the numerator can 
be neglected because its time constant is very very small. Proceeding 

without this term and letting Wg0 be zero. 
2 2 

where 

OJ. 

. A P k 1 2 
• _ oo K _ ¿ 

'Ns = MV + M ” WN 

w 
1 + 

M 
N 

, A P k 
2 oo 

GJ, 
N MV 

( B- 59) 

(B-60) 

and 

a w. 
Ns 

r W kRT K. 
2 oo i (B-61) 

C2K 

ß W Ns P A 
oo 

RT W K. 
OO 1 

1 + 
V K 

A2 k P 
oo 

ß W Ns 
“N 

GJ 
S S 

“N 

•ï i w 

2,1 +-^ 
GJ. 

N 

( B-62) 
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2 

(B-63) 

Figure B- 3 ahows the vortex operated spool and a beam spring 
on the opposite end. Steps were introduced by deflecting the beam and 

quickly releasing it. 

The vortex dimensions are 
2 

A = 0.00140 in 
c 2 

A = 0.00784 in 
e 2 

A = 0.784 in 
-4 2,. 

M = 4.56 X 10 lb-sec /in 
-4 2/. 

m = mass of beam spring = 2.44 x 10 lb-sec /in 

V = 0.101 in3 (preset by chamber length of 0.100 in.) 

K1 = 1670 lb/in. 

The effective mass of a beam spring is 1/2 the total mass so the system 

mass is 

2 44 2 
4,56 + = 5.78 lb-sec /in. 

2 

tangential control ports 

SPOOL 

$ 
ci 

BEAM SPRING 

DISPLACEMENT PICKUP 

Figure B-3 - Spring-Restrained Vertex-Operate 1 Spool Test Fixture 
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2 
(B-64) P 

o 
P. 

le 

KM 
too 

In order to determine the constant K a curve of Poo, the steady-state 
chamber pressure versus the supply pressure for constant control 
pressure, was obtained. This curve is presented in Figure B-4 at the 

expected operating control pressure. 

From the reference 

W 
co 

W. 
N 

A P 
C CO 

~Ã~ p 
e eo 

oo 
(B-65) 

co, 

W 
so 

N 

A P 
s so 

A P 
e eo 

oo 

so 
(B-66) 

Figure B-4 - One Inch Vortex Servovalve Pressure Characteristics 
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W 
oo 

W W 
CO 80 

W w. 

Test data with P 

P 
80 

CO 

= 215 psia 

N N 

= 0 gives 

W 
N 

P = P = 150 psia 
oo io 

from equation (B-66) and (B-67) 

= A 

= C 
d P 

1 50 (1) 
s e 215(0.93) 

For the case of Figure B-4 where P = 265 psia 

i 

= 0.750 A 

(B-67) 

W 
co 0.0014 265 

W 0.00785 14.6 
N 

and 

W 
so 

W 
N 

oo 
= 3.24 f 

CO , 
(B-68) 

= 0.051 P f, 
so 1 

oo 
(B-69) 

soi 

Using equations (B-67).(B-68),and (B-69) with the data of Figure B-4, 

the normalized characteristic curve of 
W oo 
W 

versus 
oo 

can be 

N 

obtained. Figure B-5 is a plot of this curve. 

but f. 

w 
oo 

W 
oo io 

too W, W. 

eo 

io 

N N 

for sonic ratios is 1; 

eo 

eo 

P \ 
eo 

( B-70) 
io 
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Figure B 5 - Characteristic Curve for One inch Vortex 
Operated Servovalve 

thus this equation (B-64) becomes 

P W 
K 

oo oo 
W 

N 

W /WM oo N 

also 

W 
CO 

W 
= M 

OO 

p 
CO 

OO 
too 

oo 

CO 

(B-71) 



at the operating point 

2.92 (0.58) 
Mtoo = 11.14(0.90) 

= 0.1 TO' 

J = (0.170) (11.14) = 1.90 

By trial and error the characteristic curve's slope can be obtained by 
letting K = 11; however, an additional constant Kj is required in 
equation (B-71) to make its curve coincide with the experimental curve 

The final form of equation (B-65) becomes 

2 
p = K p g K (Mtoo) (B-72) 

oo . 1 io 

where K = 0.867 and K = 11. This curve is also shown in Figure B-7 

The constant Kj does not enter the linearized analysis and only applies 

to steady-state characteristics. 



4 

C. EXPERIMENTAL RESULTS 

An experimental step response was obtained for the following 
conditions / 

P = 265 psia 
c 

P = 215 psia 
s 

P = 185 psia 
o 

J .. 104 = 2.73 X 106 
N (0.101)(5.78) 

oj = 2370 rad/sec = 380 cps 
Ns 

a _ 2.91_1__ 
ß = 2.73 + 2.91 " 0.516 

K 
m 

£3 

P 
oo 

p 
CO 

p 
oo 

p 
CO 

1.8 

0.71 
2.77 

K 
s 

2.1 
0.71 

2.96 



£' 

K 

uo 

col 

oo 

1 IP 
CO, 

0.80 
0.93 

= 0.086 

K. = 1 
i 

and from equations (B-67), (B-68) and (B-69) 

W 
c 

W 
CO 

W 
= 0.275 

so 

oo 
W 

= 0.722 
oo 

M = 0.275 krlr = °-193 too 10.93 

2KM 2 = 22(0.193)2 = 0.820 
too 

P C, = 1 + (0.722)(0.296)(0.862) + (0.820)(2.77)(0.698)-... 
oo 2 

... - (0.820)(0.722)(2.96)(0.862) + (0.275)(0.86)(0.698)-.,. 

(0.820)(0.275)(0.86)(0.698) 

P C = 2.90 
oo 2 

U), 
N 

(0.53)(0.00785)(14,6) 

r530 
0.0035 

W = 10.79 (0.0035) = 0.0380 Ib/sec 
oo 

_ 2.90(0.0380)(1,4)(53.3)(12)(530) 
^Ns * (0.101)(185) 

» 
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a 

P = 0,700 

Repeating the calculations for another case, where 

P = 400 psia 
c 

P = 315 psia 
s 

P = 275 psia 
o 

we obtain, 
a = 1.10 

p = 0.450 

3000 
2370 

1 

1.30 

0.000422 sec . 
CJ, 

Ns 

w = 2640 
Ns 

1 0.000380 sec . 

Checking the assumption that the lead term can be neglected, the time 

constant for Case I becomes 

1 + 
C W kRT K. 

2 oo i 

s = 1 + 
0.1 

2.8(0.054)(1.4)(53.3)(12)(530) 
s = |l + 0.0000014 s| 

Figure B-6 - Spring Restrained 
Vortex Spool Response Comparing 

Experimental Data with the 
Analysis 

Figure B-7 - Spring Restrained 
Vortex Spool Response Comparing 

Experimental Data with the 
Analysis 
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CONCLUSIONS 

Standard third-order dynamic response plots are shown in 
Figures B-6 and B-7 or the two cases above along with the experi¬ 
mental responses obtained from oscilliscope traces. The agreement 
as can be seen is excellent. The analysis can be assumed to cover 
the small signal range adequately. Having verified the analysis, we 
now proceed to obtain the closed loop value equations. 

From equations (B-17), (B-18), (B-19), (B-20), (B-32) and 
(B-33) 

io 

... + 

... + 

W K 
so s 

W K. P 
. OO X so 

W K 
CO c 

W K P 
OO 1 CO 

W, K, 
fo f 

W K. P, 
oo 1 fo J 

p +... 
o 

W 
CO 

W 
fo 

p \ p 
. OO I_c_ 

W K. \ c P P + W K 
OO 1 \ CO/ CO 

ir-*- 
OO 1 t fo / fo 

W 
OO 1 

V, PA 
1_ oo 

K. kRT S o " W K. RT 
s y (B-73) 

oo i 

also from equations (B-26) and (B-27) 

- 2KM 
io 

too 
oo y + 2KM 

, W + W + W, 
2 s e f 

too W 
oo 

(B-74) 
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substituting equations (B-17), (B-18), (B-19) and (B-73) into (B-74) 

W 
fo 

W K. 
OO 1 

P \ Pr W 
, „ OO1 f , CO 
1 + Kf P P W K. 

fo/ fo OO 1 

1 + K 
P \ P 

OO I c 

c P P 
CO CO 

W K W K Wf Kr 
so s CO c lo I 

+ ——rr-=— + 
W K P W K. P ' W K. Pr P 

OO 1 so OO 1 CO OO 1 fo OO. 
P + "rr—,, s P + ... 

o W K. kRT o 
oo i 

P A 
... + w °° s y - 2 K M 

W K. RT 7 too 
oo i 

•• 

1 P \ OO 1 1 J. V 1 
1 + f 

m 

m P I 
i c co/ 

1 
1+f 

K ^+tJL-Lk J- 
, mc PJ 1+f \ mfPfJPio 

l+f Km, P~ , 
f fo/J 

+ 2KM 
too 

W K 
«O 8 p 

W P o 
oo so 

W K 
oo c p _ 

W P o W P, o 
OO CO oo fo 

W, W, / P \ P W 
f° t p + 1 + K =22-1^ 

'c P IP W 
CO / CO oo 

... + 1 + K 

P \ P. 
oo 1 f 

W 
fo 

f I P, W 
fo/ fo OOJ 

(B-75) 

From a flow balance on the feedback line 

W = W ' - W 
f s n 

(B-76) 

and from equations (B-19), (B-23), and (B-24) 

fo 

oo fo 
W, 1 + K, —- + W + W ' K ' 

fo l f P, I no so s P 
fo / SOJ 

+ ... 

... + K Wf = W 6 y . 
f fo P, no 7 

fo 
(B-77) 

idl 



Collecting terms in equations (B-7 5) and (B-77) gives 

IP IP 
co L oo [ S C2 W£o Ki 

c„p. 4 fo 
Po+ W K. kRT 8 Po + 

OO 1 

... + 

C, W 
2 no 

6 y + 

P A 
oo 

W K. RT 
OO 1 

sy (B-78) 

The steady-state pressure gain is given by 

P C/P 
1 co 

C, C, W, K 
s s 3 2 fo i 

oo CAPt 4 fo 

(B-79) 

where y = 0 

where 
W 

_ _J 
1 ' W 

co 

oo 

,, 2 K M 
21 too 

2 K M I + 
too 

oo ' 
, , .1 + K 1 + f \ m P 

c coj 

(B-80) 

W / P\/ \2KM2/ P, 

oo 

(B-81 ) 

c3= 1 + 

W K P W K P W. K.P 
so s oo + co c oo + . to f oo 

W P 
oo so 

W P 
OO CO 

W P, 
oo fo 

IT ■ 2KMt 2 K. too 
_ i 

+ ... 

+ 2 KM 
too 

1 K 00 X { K °- 

1+f m P 1+f m P 
c co f fo, 

(B-82) 

Ca = Wi 4 fo 

P \ P. 
l + K-^ +W +W 'K' 

f P, I no so s P ' 
\ fo / so 

(B-83) 
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Substitution of equation (B-34) in equation (B-78) gives 

P 

'1 P 
CO 

VM 3 , 
(C C.W. K \ 

3 2 fo f 1 

2 W K. kRT A “ ’ 
OO 1 

P CaP< ^ oo 4 fo / 

w , P A C ,W 6 
M2 oo , 2 no 
— S + .- s + ———— 
2 A W K. RT C: 

oo i 4 

The third-order factors a, ß and w are given by 
Ns 

(B-84) 

2 A k P 
oo 

CJ, 

aw = I ■ 
Ns I 

Ns 

S 
P 

oo 

MV 

G, w, K 
2 fo f 
C P 

4 fo . 

W K. kRT 
oo i 

ß w, 
Ns 

C, W W K. RT 6 
2 no oo i_ 

C. P A 
4 oo 

(B-85) 

(B-86) 

E. DYNAMIC DESIGN FACTORS 

A 5/8-inch spool valve with a stroke of ±0.015 inch was designed 
using the equations developed in the last section. Initial fixed dimensions 
chosen were, 

Button area A 

Vortex exit hole area A 
e 

Vortex chamber volume 

Control and feedback port area 

Spool mass 

Supply area - 0.00118 sq in 

along with a ram chamber quiescent pressure of 215 psia. 

0.306 sq in 
\ 
0.00196 sq in 

0.03 cu in 

equal 

0.00043 lb-sec2/in 



The natural frequency of the valve becomes j 

OJ, 
Ns 

(2)(0.306)( 1.4)(21 5) 
(0.00043)(0.030) 

= 4,210,000 

= 2060 rad/sec = 328 cps . 

Maximum flow gain of the vortex pilot stage is desired and set by 
adjusting the constant 2KKiMtoo2 equal to one (1). Since the exit hole 
is sonic and Ki is equal to 1, Mtoo2 must be set at 0.1179. Assuming 
the supply orifices to be choked, the constants in equations (B-79) and 
(B-84) become, 

.7-7 |l + K -00 
1 + f \ m P 

c co 

f 
1 + f 

1 + K 
00 

mi PfO 

P p 
r = 1 + ^ ic 00 . ^ if 00 

w3 1 + f m P 1 + f m P 
c co f fo 

G = W. 11 + K —^ I + W 
4 fo l f Pfo I no 

Substitution of the known quantities into these and the remaining 
equations of the analysis section enables ont to obtain a and ß. For 
example, 

p. = lîOp.ia 

P .in W 
_i£ _ 130 - 0 0/ _ 00 

P ' 14.7 ' 8’86 ' IT 
eo N 
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Figure B-8 - a and ß a» a Functions of 
Figure B-9 - a and ß as a Function of 

Nozzle Position 

Figure B-8 is a plot oí how o and P vary with changes in the ratio 

of Pt to P for two different norrle sizes. Figure B-9 is a plot of a 
and p a, aCfunction of gain for a constant ratio of Pc/P( - 1; The above 
two curves are for a total control port area to exit area ratio of 1.5. 
Increasing the control port area will reduce the control pressure ratios, 
adding further damping, while decreasing the area results in less 

damping. 

A summary of the final design values is listed below: 

Exit hole dia. 

Control area 

Feedback area 

Feedback supply orifice 

- 0.050 in 

- 0.0002 sq in 

- 0.0002 sq in 

. 0.010 in 

Supply land clearance 

Chamber Length 

- 0.0006 in 

. 0.050 in 
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Static Design Factors 

From eqaation(B-79,) the static ram chamber gain is 

3,56 
263 

6.58 3.01(5) 
215 " 235(8.61) 

0.590 

From equation (B-84) 

ss 
W 6 

no 

3 56 
263 

(3.01)45 
2.70 

_1_ 

3720 

and for 

y = 0.015 in 

P = 0.015(3,720) = 56 psi. 
c 

Thus, the differential pressure across the spool will be 

2(56)(0 590) = 66 psid 

for a full stroke error. 

\ Chamber pressure (quiescent) 

Control pressure (quiescent) 

Feedback pressure (quiescent) 

Control pressure gain 

Rsm chamber pressure gain 
\ 

= 200 psig 

= 250 psig 

= 220 psig 

= 7.5 psid/0.001 in travel 

= 4.4 psid/0.001 in error . 
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