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FOREWORD

This report, dated August 1, 1966 prepared by The Bendix 1
Corporation, Research Laboratories Division, Southfield, Michigan is v
the final report defining the results of a design study for a flight-
worthy low pressure pneumoc-mechanical servomechanism for actua-
tion of flight control surfaces. This work was accomplished during
the period of November 1, 1965 to August 1966, under Air Force
Contract AF 33(615)-3309 Task Number 822604 sponsored by the Air
For- . 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
project was directed by Mr. K. W. Verge, Assistant Department Head,

Flight Controls Department, with Mr. R. G. Read, Senior Engineer
assigned as Project Supervisor.

Publication of this technical report does not constitute Air Force
approval of the findings or conclusions stated in the report. It is
published only for the exchange and stimulation of ideas. P

Foreign announcement and dissemination of this report by DDC
not authorized. U.S. Government agencies may obtain copies of this
report direct from DDC. Other qualified users shall request through
Bendix Research Laboratories, Southfield, Michigan 48076.
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ABSTRACT

This is a final report defining the results of a design study for a
flightworthy low pressure pneumo-mechanical servomechanism for

actuation of flight control surfaces.
*

The*gelign concept nresented is the unique DYNAVECTOR
Actuator, Model PH-370-Bl, designed for installation into a F101B
test vehicle in parallel with the existing hydraulic rudder control sys-
tem. The DYNAVECTOR Actuator is an integrated motor-epicyclic
transmission servomechanism capable of meeting all specified perfor-
mance requirements when operating on 50 psig compressor bleed air.

The analyses conducted during this study have established the
characteristics and/or requirements of the following:

® Duty cycle and power supply characteristics

e Servo systern characteristics

e Reliability and failure mode characteristics

e Bleed air consumption requirements

e Qualification test requirements

e Assembly and comporents design requirements

The conclusions of this study confirm the feasibility of a low pres-
sure DYNAVECTOR Rudder Actuator.

:;’I‘radcmurk of The Bendix Corporation
The Bendix Corporation has a patent application pending on this device.
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NOMEN

A ® 8pool end area, hz l‘. = Gear soparating force, Id

Ac = Control port throat area, lnz !“ = Tangential force, 1d

A‘ = Valve feedback orifice noza. hz r“ s Tension spring force, iv

A. ® Vortex valve exit area, in 2 { = Frequency, cps

A‘ = Valve feedback port .;on. in 0. s Servovalve transfer l\uctlon‘ "
A. * Commutation nnzu. in g ° Volumetric flow constant, in /sec-1bd

A‘ = Leakage nu.;a K = SFC consiant, HP-HR/lb-in
Am s Stress area, in ’ K‘ * Automatic valve amplifier ‘lh.’pll/’ll
A. = Nomsle ramp annular area, in > K‘ = Gas density constant, Ib-min/in -sec
A' s Cylinder platon effective area, in . K‘ s Automatic valve feedback gain, pei/rad
A, * Asnular arva between spool and bore, in K, = Servovalve gain, in/pet

Av ®» Valve supply ares, hz Kv = Vortex gain factor

a = Automatic valve feedback output, peid k = Gas specific heat ratio

b = Gear face width, In, 1 = Length of displacement chamber, in,

. 8 Output gear face width, in. l‘ s Input linkage length between manual valve
b * Reaction gear face width, in, Nk gt Suges e i

C = Thermodymamic coefficient, deg'/2/sec . " ::“::":'.:::t‘: :.'&'.TJT.“’ vabve

C, ® Discharge coefficient = Spool mass, lb-uc".‘h

(-3

24
¢ = Number of dieplacement chambers M, = Mach number - tangential, outer wall
D = gdpring mean diameter, ;n N = Number of teeth
D- = Motor displacement, in" /rev N' = Transemiseion ratio
DP = Gear diametral pitch N, = Load speed, rpm
D' s Gear pitch diameter, in, N‘ s Zero load epeed, rpm
d = Pleton diameter, in. P = Automatic valve amplifier output, peid
dl s Diameter on which clutch gear force acte, in. Pc = Control pressure, pela

"= Motor displacement, 1.3Iru

,h
L)
°
.

Ambient pressure, psia

d' s Wire diameter, in. p‘ s Feedback pressure, pola

e = Eccentricity, in, P, = Pressure at inside of vortex exit, pela

F = Hydraulic cylinder output force, Ib ,o = Pressure st outer wall of vortex, peia

1“ s Friction forcs, Ib p. = Supply pressurs, psia
¥, = Clutch kickoff spring foree, Ib P, = Upstream motor pressure at valve port, peia
r‘-bhr-uﬁom.b pz-m.mmwnmumwplﬁ
r' = Clutch piston force, 1b P, = Upstream pressure inside motor, psia
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NOMENCLATURE
){°3 P'z » Downstream pressure inside motor, peia w = Wave washer width, in.
* Autopilot input pressure signal, peid X = Pllot input linkage displacement,

b . S Gear tooth circular pitch xo = Quiescent nossle clearancy, In.

Q = Volumaetric {low rate, h’luc x = Cear tooth geometry factor, in,
rction R = Gas constant, ln-lb‘/lbm‘l LA Avtamatic valve position, in.
nt, h‘/..c-l,b”z lb = Gear base circle radiue, ia, Ym s Manual valve position, in,
1b-in l’ = Gear pitch radius, in. y = Lewis form factor
ler gain, pei/pet 7 = Rudder horn torque arm, in, Y, = Spool poeition, in,
b-mtn/ln’.uc .c = Compressive stress, pel Z = Manual valve body poeition, in.
ick gain, psi/rad SFC = Specific fuul consumption, 1b/HP-HR Z . Hydraulic pilston linsar velocity, |
| st = Radial stresas, psi . = Angular displacement, deg.

S = Shear strese, pei 0 = Angular velocity, deg/sec

Angular acceleration, “glucz

8 = Tangential stresse, pe!

{ chamber, in, s * Laplace operation or d/dt 'o = Amplitude, deg -~
iween manual valve T = Temperature, ‘R p = Fluid mase density, 1b-sec /in
. 'l“ s Antomatic actuator output torque, lb-in w = Frequency, rad/sec
:“:‘r‘;’l'n':“;“’ valve T. = Rudder load torque, lb-in AP = Pressure differential, peid
) T. = Power actuator output torque, lb-in / s Swirl factor
Nk outes well 'r‘ s Otall torque, Ib-in ¢ = Nosszls gain parameter, in
t = Time, sec ¢ = Ramp angle, rad

t’ = Gear tooth thickness at pitch line, in, n = Efficlency

t' s Wall thickness, in. ¢ = Gear tooth pressure angls, deg

V = Compression volume at spoo. end, in3 p * Coefficient of f7i~lon
N aniat, il W = Dieplacement flow, 1b/sec A *= Deflection, in.
. . = Stall leakage flow, 1b/sec @' = Rudder position, rad
. wb ® Zero load displacement flow, 1b/sec Of. = Initial rudder position, rad
o W_ = Control throat weight flow, 1b/eec 0' = Rudder velocity, rad/sec
sae: A, yollh w," Weight flow displaced by spool, 1b/sec p = Automatic actustor position, rad
P pemm——— vr‘ = Actuator exhauet flow, 1b/sec " " Compressibility time constant, s

v, " Control flow entering control port, A‘. 1b/eec " Amplifier time constant, sec
wre at valve port, peis w. " Supply flow entering feedback line, 1b/sec wt = Angular displacement of jorcing |
WSuPS ot valed i, Pils W, = Vortex valve exit wolight flow, 1b/sec @ = Harmonic motion ug;hr velocit
s b, P W, o Pressurisation weight flow, 1b/sec Y = Weight density, 1b/in

W _ = Supply flow, 1b/sec v = Poisson's ratio
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SECTION I
INTRODUCTION AND SUMMARY

This report summarizes the results of a nine-month study by which
the design criteria for the fabrication of a flightworthy low pressure
pneumo-mechanical servomechanism were established. The servomecha-
nism has been designed for controlling the rudder of an F101B aircraft
utilizing compressor bleed air from the Pratt and Whitney JT3 engines
as the power supply. The servomechanism technical approach is based
on a new concept in the field of servomechanisms, the Bendix DYNA-
VECTOR" Actuator.**

This design study was sponsored by the Systen:« Engineering Group,
Research and Technology Division, Air Force Systems “ommand, United
States Air Force, Wright-Patterson Air Force Base, Ol.iio. under Con-
tract Number AF 33(615)-3309, BPSN 6(618226-62405334), Project 8226,
Task Number 822604.

The major activities accomplished during this program are shown
on the program schedule of milestones, Figure 1. The analyses and
design efforts conducted were divided into two primary categories:
application analysis, and actuator analysis and design.

The purpose of this study has been accomplished with the design of
a pneumatic DYNAVECTOR rudder actuator, Model PH-370-Bl, capable
of being installed in an F101B aircraft in parallel with the existing hy-
draulic rudder actuation system and capable of meeting all specified
performance requirements.

1. DESIGN DESCRIPTION

The DYNAVECTOR rudder actuator, Model PH-370-Bl, is designed
to mount concentric to the F101B rudder axis in parallel with the hydrau-
lic integrated power actuator as shown in Figures 2 through 5. The
DYNAVECTOR actuaator, clutch and linkage assembly envelope is designed
'so that it does not interfere with oporating space requirements of the
integrated power actuator and iower damper cylinder packages. The
DYNAVECTOR actuator system is capable of being declutched from the

*Trademark of The Bendix Corporation
. **The Bendix Corporation has a patent application pending on
this device.
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Figure 2 - DYNAVECTOR Installation
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Figure 4 - Pneumatic DYNAVECTOR Rudder Actuator Installation
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rudder so that the rudder may be actuated in any of the following oper-
ative modes:

Hydraulic system operative: pneumatic system s.:ut down.

Hydraulic system operative: pneumatic system operative,
but declutched from rudder for monitor condition only.

Hydraulic system inoperative: pneumatic system operative,
and clutch engaged to rudder.

The layout of the DYNAVECTOR rudder actuation system is shown
in Figure 6. The major components of the assembly consist of:

Load limit mechanism

Manual valve lever

Manual valve

Power actuator

Single point engagement pneumaiic clutch
Rudder horn adapter

Actuator-rudder interlock valve
Actuator-manual valve latch

Automatic valve

Automatic v;lve amplifier

Automatic actuator

Fluidic position transducer

Clutch, power supply, and latch switches

Miscellaneous monitoring instrumentation

The functional relationships of these major components are shown
schematically in Figures 7 through 10.

Figure 7 shows the manual power mode of operation.

Figure 8 shows the maiuual power mode of operation with stability
sugmentation operative.

Figure 9 shows the manual power mode of operation with stability
augmentation in monitor condition only.
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Figure 10 shows autopilot operation.

These operative modes are discussed in detail in Section III.

2. DESIGN REQUIREMENTS AND PERFORMANCE CHARACTERISTICS

The design requirements for the pneumatic rudder actuator servo-
mechanism defined in the Statement of Work under Contract AF 33(615)-
3309 at the start of this design study program are presented in para-
graph A below. During the course of the program, refinements and
modifications to the Statement of Work requirements were generated
and these are summarized in paragraph B. The final flightworthy design
requirements are presented in DS-747 (raference Appendix B). A sum-
mary of the performance characteristics of the fligh worthy design are
presented in paragraph C.

A. Statement of Work Pneumo-Mechanical Servoine :hanism
Requirements

The followirg requirements are as stipulated in the subject
Contract Statement of Work dated 5 May 1965.

(1) Scope.:
(a) This exhibit defines the requirements for a design

study leading to a pneumo-mechanical servomecha-
nism capable of controlling an aircraft control surface.

(b) Pneumo-mechanical servomechanisms may be classi-
fied as linear or rotary depending upon the type of
motion delivered to the control surface. It is desired
that a linear output of the actuator be the design ob-
jective. Power to operate the unit shall be derived
from bleed air of the compressor section of a turbo-
jet engine.

(2) Objective:

(a) The objective of this study shall be the establishment
of design criteria for fabricating a flightworthy pneu-
matic scrvomechanism.

(b) The study shall lead to a design which shall operate
in concept . with the existing aircraft hydraulic servo -
actuator subsystem.




(3) Applicable Doriments:

(a) The foliowing Government documents shall be .used as
a guide during the design study: :

MIL-E-5272, Environmental Testing; Aeronautical
and Associated Equipment

MIL-P-5f14B, Packings; Installation and Gland Design
of Aircraft Hydraulic and Pneumatic

MIL-A-8629 (AER), Airplane Strength and Rigidity

(b) Other documents which have not been covered by
Iitem (3a) above and which have been generated by the
contractor may be applied to this program.

(4) Requirements:

(2) General: The servomechanism design shall be of mini-
mum size and weight consistent with the following
requirements. Simplicity of cperation and attaining
the performance requirement of the specific function
shall be the primary requirement.

) (b) Weight: The unit shall not exceed twenty (20) pounds.
This requirement may be relaxed provided the weight
restriction penalizes the servomechanism's performance.

(c) Operating Conditions: The servo unit shail be designed
to operate under the following conditions.

e Temperatures: Gas temperature 100°F to 600°F.
Ambient temperature of -65°F to 270°F.

e Supply Pressure: Supply pressure shall vary from
50 psi to 200 psi. If it is necessary to operate at
a fixed pressure level, consideration shall be given
to implementing an accumnulator and conventional
pressure regulation subsystem.

e Altitude: Sea level to 50,000 feet.

e Flight Inertia Lcads: The unit shall be structurally
able to withstand without failure a 17.0g ultimate
acceleration in any direction and shall operate satis-

5 factorily without malfunction under a 12.0g accel-
eration in any direction.




(d) Dimensinons: Figure 11 shall be used as a guide to
establish the package design for the servomechanism
assembly.

(e) Automatic Servovalve: The automatic servovalve shall
operate with the following characteristics:

e A pneumatic input pressure differential signal of 5
psid full scale.

e Hysteresis limit of 1 percent.
e Natural frequency - 30 cps.
e Resolution - 1 percent full scale.

o A breakout force level of £0.25 psid shall be a de-
sign requirement.

(f) The servomechanism in automatic mode shall provide
an output which will deflect a control surface by %5
degrees with £0.25 degree positional accuracy.

(g) Manual Servovalve: The unit shall accept a comnand
: input by direct mechanical linknge to the pilot and a
pneumatic signal from the automatic valve. It shall
operate with the fc lowing characteristics:

e Static: The force applied by the pilot or automatic
valve to the manual valve as seen by the manual to
obtain 1.0 in/sec output velocity shall not exceed
0.5 of a pound.

® The manual valve shall be cascaded with the auto-
matic valve so that the mechanical linkage to the
pitot will track the operation of the automatic valve.

e The manual valve shall be the controlling valve of
the servoraotor/actuator assembly and shall be
considered the primary valve.

(h) Output static force level of the servomotor shall be
3000 = 50 pouands at the desired regulated input supply
pressure.
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Figure 11 - Servomechanism Envelope
(i) The output motion of the servomotor/actuator assembly
shall either be linear or rotary consistent with the
g following requirements:
e Linear manual operation output: Stroke *1.65 inches
. with £0.03 inch accuracy. Linear velocity 3.9 in/sec.
e Rotary manual operation output: *20 degrees with
+ ] degree accuracy. Angular velocity 60 deg/sec.
e Linear automatic operation output: *0.42 inch with
+0.01 inch positional accuracy. Linear velocity
3.9 in/sec.
e Rotary automatic operation output: *5 degrees with
*0.25 degree positional accuracy. Angular velocity
60 deg/sec.
e - Maximum surface deflection velocity shall be 60
deg/sec for both manual and automatic operation.
e Maximum surface deflection acceleration shall be
150 deg/sec? for both manual and automatic operation.
(j) Dynamic Respouse: The unit under maxirnum loading
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conditions shall operate within the limits specified by
Figure 12.
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(k) Servo Actuator: The servo actuator shall deliver an
output force of 2700 * 150 pounds. It is desirable but
not necessary that the output be in a linear form.

(1) Chatter and Instability: The unit shall operate smoothly
without sustained chatter or instability under all oper-
ating conditions.

(m) Instrumentation: During the design of the servomecha-
nism, provision shall be made to monitor the following
parameters.

e Automatic servovalve input signal.
e Automatic servovalve position and velocity.
e Manual servovalve position and velocity.

e Manual servovalve input signal.

22
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e Servomotor position and velocity.
e Sorvo actuator position and velocity.

(n) The pneumatic servomechanism shall be operated in
parallal with the existing hydraulic servomechanism.

e Provisions for disengagement ¢f the pneumatic
servomechanism package shall be made when oper-
ation in the hydraulic mode is commanded.

e Additionally, a provision shall be mads for dis-
engagement when a hard-over signal in the auto-
matic mode {s experienced by the pneumatic servo
package.

e A mechanical position follower shall be included
in the design to prevent transients from occurring
when switching modes of operation, e.g., pneumatic
to hydraulic and hydraulic to pneumatic, and allow
the passive servo package to follow the active servo
package.

B. Modifications and Refinements of Requirements

During the course of this program, modifications and refine-
ments to the original Statement of Work design requirements were re-
quired. These changes were either a result of a redefinition of the
interface characteristics by Wright-Patterson Air Force Base or analy-
ses conducted by Bendix and consist of the following:

(1)

(2)

(3)

(4)

(5)

MIL-A-8629(AER), Airplane Strength and Rigidity, super-
seded by MIL-A-§500 through 8870.

Gas teznperature range of 100°F to 600°F revised to 100°F
to 450°F.

Dimensions: Figure 11 modified to allow concentric
mounting of rotary actuator to rudder axis.

Automatic servovalve input pressure differential signal
of £5 psid revised to £2 psid.

Pilot tracking of automatic valve. Automatic valve track-
ing will be provided by monitoring of electrical potenti-
ometer signal rather than mechanical linkage to pilot
rudder pedals.




(6) Maximum allowable fuel consumption requirement estub-
lished as 0.018 Ib/asec at 450°F gas temperature.

(7) Design life of 3000 hours established with duty cycle as
defined per DS-742 (see Appendix A).

(8) Instrumentation requirements of manual and automatic
valve to monitor valves' velocity and position modified
to system providing direct read-out of position of valves.
Velocity of valves will be obtained by differentiating valve
displacement-time data from flight recorder.

C. Flightworthy Design Requirements

The flightworthy pneumatic DYNAVECTOR rudder actuator
design requirements are defined in DS-747 (shown in Appendix B). A
summary of these design requirements and the performance character-
istics of this system are presented in Table I.

3. INTERFACE REQUIREMENTS

The interface requirements for the parallel installation of the pneu-
matic DYNAVECTOR rudder actuator may be categorized as electrical
command, mechanical command, structural, hydraulic system modifi-
cations, pneumatic, and instrumentation.

A. Electrical Command fequirements

The electrical command interface requirements necessary to
nllow the pilot to activate the pneumatic rudder actuator system are:

e Clutch solenocid switch
e Manual valve power supply switch
® Actuator-manual valve latch switch

e Stability augmentation switch

The yaw damper switch and stability augmentation switch ray

be a single switch. However, in the event that the pilot chooses to
monitor yaw rate sensor signals vefore monitoring ‘he stability augmentation

output of the automatic actuator, separate switching tunctions must be
provided.




Table I - Summary of Flightworthy Pneumatic DYNAVECTOR Rudder

Actuator Design and Performance Characteristics

DYNAVECTOR Model

Transmission Ratio

Stall Torque

No-Load Speed

Maximum Horsepower

Weight

Design Life

Maximum Fuel Consumption @ 450°F
Supply Pressure

Gas Temperature

Manual Input

Automatic Input

Automatic Output
(Relative to Manual Position)

Power Actuator Response to
Manual Inputs (-3db point)

Power Actuator Response to Stability
Augmentation (-3db point)

Automatic Valve Response (-2db point)

PH-370-Bl
370:1

10,200 1b-in
60 deg/sec
0.405 hp

14 1bse

3000 hours
0.018 1b/sec
50 psig

100°F to 450°F

1.65 in (£25 deg
rudder motion)

+2 psid @ 15 psig
£5 deg
25 cps

6.2 cps
44 cps

B. Mechanical Command Requirements

The only form of mechanical command input required for the
pilot to operate the pneumatic rudder actuator is rudder pedal move-
‘ment via the existing feel cvlind :r and bellcrank-linkage system, The
linkage input to the DYNAVECTOR actuator manual valve is provided
by a yoke mounting of the DYNAVECTOR actuator linkage to the inte-
grated power cylinder linkage input point.
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C. Structural Interface Requirements

The structural interface requirements consist of the attachment
of the rudder horn adapter to the rudder horn and the attachment of the
DYNAVECTOR actuator mounting structure to the aircraft bulkheads at .
fuselage sections 832.36 and 814.90.

D. Hydraulic System Modifications

There are three modifications required on the existing hydraulic
system, two of which are required because of physical interference of
hydraulic lines, while the third was necessitated from operational
considerations.

The two interference modifications are considered minor as
they merely require a rerouting of hydraulic lines.

The hydraulic supply and return lines to the integrated power
cylinder interfere with the DYNAVECTOR actuator as shown in Figure 2.
Interference may be eliminated by routing these lines outside of the
DYNAVECTOR actuator package diameter. The location of the attach- .
ment points for these lines need not change.

The hydraulic line from the fuel vent solenoid valve to the fuel
vent valve actuator interferes with the DYNAVECTOR envelope at the
location where the hydraulic line mounts to the vent valve actuator.

This interference may be eliminated by providing a vent valve actuator
manifold block with the hydraulic line intake located off of the longitudinal
centerline of the aircraft.

The third modification of the hydraulic system is required to
allow shut-off of hydraulic rudder control and subsequent control by the
pneumatic actuation system. The hydraulic supply pressure must be
shut-off from the integrated power cylinder to allow pneumatic system
operation. Such a shutdown is equivalent to a utility hydraulic system
failure, and the integrated power cylinder would normally respond so
as to allow the pilot to manually drive -the ruddei'. T'he cylinder bypass

alve would open, thereby preventing the cylmder from becoming hydrau-
lically locked, and the manual linkage, input point would become epring- -
loaded into a detent position, thue allowing the pilot to move the cylmdzr
and rudder ac a solid link directly by foot pedal displacements. Detent,
engagement can be prevented upon intentional hydraulic pressure shut-
down by pilot activation of a pneumatic cylinder package mounted to the
integrated cylinder detent lever as shown in Figure 13. The switching
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function would be integrated with the clutch solenoid switch so that

hydraulic linkage detent would be prevented only when the DYNAVECTOR .
actuation system was clutched to the rudder. The detent control cylinder
as shown in Figure 13 would be normally spring-loaded out of engage-
ment, and only upon chamber pressurization would the piston be actuated
to hold the hydraulic linkage out of detent.

E.

F.

Pneumatic Interface Requirements

An extensive analysis of the anticipated power supply require-
ments of the DYNAVECTOR actuator was conducted during this program
and is detailed in Section III, paragraph 6, of this report. The results
of this power consumption study, combined with a review of the charac-
teristics of the available power supply afforded by the JT3 compressor
bleed air, indicate that the flight-qualified pneumatic DYNAVECTOR
actuator system would require a maximum consumption of 0.018 1b/sec
at a 450°F supply temperature. This consumption requirement is less
than 2 percent of the mass flow available when compressor bleed
pressures are at the minimum required operating level of 50 psig.

The temperature of the pneumatic supply, as monitored during
flight tests, was found to range between 100°F and 600°F. Precooling

of this bleed air will be required so as to limit the gas temperature to “}
450°F maximum before porting to the rudder actuator interface.

Instrumentation Interface Requirements

The instrumentation requirements necessary for monitoring
the operation of the pneumatic actuation system consist of both electric
and pneumatic read-out signals. The installation of these monitoring
devices is shown in Figure 6. The signals to be generated are:

(1)

(2)

(3)

(4)

Power actuator position relative to airframe (electrical
dual ganged potentiometer).

Automatic actuator position relative to power actuator
(pneumatic pressure differential signal).

Automatic actuator position relative to power actuator
(electrical)

Manual valve body and input linkage pivot relative to
power actuator (electrical) position.
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(5)

(6)

(7)

(8)

(9)
(10)

Input linkage position relative to power actuator (electrical
dual ganged potentiometer).

Automatic valve spool position relative to automatic valve
body (electrical).

The signals of items (1) and (5) may be summed to provide
a signal of input linkage position relative to airframe.

Since the input linkage and manual valve spool are an inte-
gral assembly, the signals of items (4) and (5) may be
summed to provide a signal of manual valve spool posi-
tion relative to valve body. This summed signal and

item (6) may both be differentiated with respect to time

to obtain valve spool velocities.

Power actuator velocity relative to airframe.

Input linkage limit switch to signal mechanical input to
pneumatic system is in phase with hydraulic system.
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SECTION II
GUIDELINES AND ASSUMPTIONS

1. TORQUE-SPEED REQUIREMENTS

A. Summarz

The torque-speed requirements for the pneumatic rotary
DYNAVECTOR actuator must be developed to permit proper sizing of
the actuator.

The Statement of Work requirements, as summarized in
Section I,require a linear actuator output force of 2700 £150 1b, mmaxi-
mum velocity capability of 60 deg/sec, and maximum acceleration
limit of 150 deg/sec2. The performance characteristics of the hydraulic
cylinder presently installed are used as a basis for establishing the
DYNAVECTOR requirements and are developed from information pre-
sented in the McDonnell Aircraft Corporation Specification Control
Drawing for Integrated Power Control Cylinder (Rudder) #20-91023.
The stall torque requirement is found to be 10,200 1b-in at full rudder
deflection using the maximum output force specified in the above docu-
ment at a differential pressure of 3,000 psi. The force-speed charac-
teristic of the hydraulic cylinder, developed from the flow information
and the abcve output force information, approximates a straight line
eimilar to the DYNAVECTOR actuator steady-state torque-speed
characteristic with a torque-speed characteristic with a stall torque
of 10,200 1b-in and a no-load speed of 60 deg/sec. The DYNAVECTOR
actuator must be able to drive a spring type load in oscillatory motion
for the following most critical conditions:

1 - Oscillations of +20-degree amplitude about zero
(or null).

2 - Oscillations of £5-degree amplitude at a maxi-
mum acceleration of 150 deg/secz about a bias
displacement of 20 degrees.

The actuator is found capable of meeting the above requirements when
driving a torsional spring load having a linear spring rate of 270 lb-in/
deg. The torque-speed characteristics of the system and the actuator
are summarized in Figure 21.
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B. Nomenclature

A - Effective piston area of the hydraulic cylinder (in2)
C, - Orifice discharge coefficient .
F - Hydraulic cylinder output force (1b)
P - Supply pressure (psia)
Q - Valve flow or flow through hydraulic cylinder (in3/sec)
r - Torque arm (in)
t - Time (sec)
T. - Torque (lb-in)
Z - Piston velocity (in/sec)

AP - Pressure differential across hydraulic cylinder
piston (psi)

© - Angular displacement (degree.) .

0 - Angular vclocity (deg/sec)

e - Angular acceleration (deg/sec?) .
90 - Amplitude of displacement (degrees)

p - Fluid mass density (lbs-sec2/in%)

w - Frequency of oscillation (rad/sec)

C. Analysis

The present hydraulic rudder control actuator is capable of
producing a force of 2,700 % 150 pounds at a differential pressure of
3,000 psi. This is assumed to be the stall torque requirement for the
DYNAVECTOR actuator. The stall torque is assumed to occur at full
rudder deflection where the aerodynamic loading and the resultant
hinge moment are normally maximum. The torque output of the hy-
draulic cylinder versus rudder displacement with a differential pressure
of 3,000 psi across the piston is plotted in Figure 14. The ‘torque capa- 1
bility drops off with rudder position because of the reduction in effective i
torque arm as the hydraulic cylinder rotates with respect to the airplane
axis. -For sizing the pneumatic rudder control actuator, the torque at
the maximum displacement is selected and a linear variation of load
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torque from zero at null to 10,200 lb~in at 20 degrees deflection is
assumed. A plot of this load torque is presenter: in Figure 15.

The torque-speed characteristic c¢f the hydraulic rudder con-
trol actuator is obtained as a guide for establish’ he performance 8
requirements for the pneurmatic DYNAVECTOR actuator. For a hydraulic
cylinder, the output force is expressed as

F = AP A (1)
P
anc the linear velocity o1 the piston as

> _ Q
Z-K- (2)
P

To convert the output force and linear velocity to torque and angular
velocity, respectively, the relationships below are used: |

. 2
e = — (3)
r
T, = Fr (4) )
A constant torque arm is assumed, although this is not the case in actual .

operation. However, the variation is deemed not large enough to affect ’ E
the torque-speed curve. The flow through the cylinder is the same as
the flow through the servovalve. The following assumptions are made
in determining the flow:

e Constant pressure source

e Series circuit in the valve

® Zero or positive lap in the valve

o The valve ports are rectangular and identical so
that the valve is symmetrical.

The flew is determined from the following equation:

.

2 ;
2Q (5) '

AP = P -

where




At stall, the flow is zero and, therefore, the supply pressure is equal

to the differential pressure in the cylinder, or 3,000 psig. The maxi-
mum flow for a differential pressure of 900 psi is 1.125 gpm or

4.33 in3/sec. (Ref: McDonnell Specification Control Drawing #20-91023,
Sheet 25). To obtain the value for g, substitute the above numbers in
equation (5).

2
2 2(4.33) _
~ 3,000 - 900 00479
or
g = 0.1338 .

The effective piston area is obtained from equation (1) using the median
value for output force.

_F _ 2,700 _ 2
Ap b AP = 3’000 < 009 ln

The output torque is obtained by multiplying the output force by the torque
arm of 3.9 inches.

T, = Fr = APA_r = (0.9)(3.9) AP = 3.51 AP (6]

and the speed is obtained from
. . 360 . 360 [0 (o 360
¢ = 2nr z = 2nr (Ap) - ((0.9)(3.9)’ 2w L6:5Q (7)

Substituting the numerical values 3000 and 0.1338 for P, and g,
respectively, in equation (5) yields

Q = 0.0946 /3,000 - AP (8)

and therefore, combining equations (7) and (8)

6 = 1.54 /3,000 - AP . (9)

Various values of AP are sirLstituted into equations (6) and (9), and the
resultant torque-speed curve is plotted in Figure 16.

The operational mode of the DYNAVECTOR actuator must be.
considered in establishing performance characteristics. Actuator out-
put is limited to oscillations of £20 degrees for manual mode with an
additional £5 degrees on antomatic mode. Therefore, a steady-state
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Figure 16 - Torque-Speed Characteristic - Hydraulic Actuator

analysis is not applicable and the system performance will be established
for oscillatory motion only, assuming a harmonic input. For angular
harmonic motion, the following equations are applicable:

6 = 60 cos wt (10)
o = -w8_sinwt (11)
0 = -wl 60 cosw t. (12)

The maximum control surface deflection velocity of 60 deg/sec is assumed
to occur at the null position (6 = 0) and the maximum acceleration of

150 dt.eg/mc2 is assumed to occur at the full deflection position of 20
degrees. ’

To obtain the load torque-speed characteristic ior the DYNA-
VECTOR actuator with angular harmonic motion, it is necessary to
obtain the velocity-displacement profile and then combine this with the

i w i ;.'i'lf-lh-tml" ) i l._‘ dialive =
'y . O o

il 2
" *"".-.:,ﬁ_‘.'. i .
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load torque-displacement profile. The system is assumed to be velocity-

limited at 60 deg/sec and, by combining equations (10) and (11), the

velocity-displacement profile for a number of frequencies is established

" and plotted in Figure 17. The load torque-speed characteristics plotted
in Figure 18 are the result of combining the load torque-displacement
and velocity-displacement profiles of Figures 15 and 17. The maximum
accelerations are computed for various frequencies by combining equa-
tions (11) and (12) and all are found to be in excess of 150 deg/secz. and
are plotted in Figure 19. Combining these curves with the load torque-
displacement of Figure 15 produces the load torque-speed characteris-
tics of Figure 29.

In addition to oscillation about the rudder zero position, the
actuator in automatic mode must be capable of oscillations of 5 degrees
amplitude about any manual setting. up to and incinding 20 degrees. The
maximum power is required for automatic operation of maximum amgli-
tude at 20-degree rudder position, and curve F of Figure 20 represents
the load torque-speed characteristi- for this operational raode. Curve A
of Figure 20 is shown only to indicate the frequency and amplitude that
would be necessary to obtain a maximum velocity of 60 deg/sec; this
amplitude is 24 degrees, which is greater than that stipulated for manual

- operation.

The curves shown in Figure 20, with the exception of curve A,
must fall under the curve defining the steady-state torque-speed charac-
teristic of the DYNAVECTOR actuator, which is assurned to be a straight
line with a no-load speed of 60 deg/sec. If it is desirable that the system
operate at maximum acceleration at all times, the minimum actuator
steady-state torque-speed curve must be tangent to curve B; however,
this results in an actuator with a stall torque capability of 25,200 in-lbs,
far greater than the present hydraulic cylinder and the stipulated stall
torque requirement. If the performance is reduced slightly at 20 degrees
amplitude, the system performance in automatic mode and at a bias of
20 degrees is the limiting parameter. For this operational capability,
the actuator torque-speed curve must be tangent to curve F in Figure 20,
resulting in a stall-torque capability of 19,400 in-lbs, again almost
double the output of the present actuator. The load torque requirement
must therefore be lowered so that the actuator is not overdesigned.

An actuator steady-state torque-speed curve having a stall
torque of 10,200 in-lbs and a no-load speed of 60 deg/sec (curve C of
. Figure 21), which approaches the torque-speed characteristic of the
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present hydraulic actuator shown in Figure 16 is chosen as the torque-
speed design characteristic for the pneumatic actuator. To determine
the load torsional spring rate and the maximum load torque to obtain
the desired automatic mode performance of £5 degrees at a bias of

20 degrees and a maximum acceleration of 150 deg/secz. a number of
load torsional spring rates are selected and the resultant torque-speed
characteristics plotted until a curve tangent to the steady-state torque-
speed curve results. A torsional load spring rate of 270 lb-in/deg
results in a torque-speed curve tangent to the steady-state performance,
and this curve is plotted in Figure 21 as curve A. The load torque-
displacement curve for the spring rate of 270 in-1bs/deg is plotted in
Figure 22. The load torque at 20 degrees output deflection for this load
is 5,40C lb-in.

To determine the perfo~»pance criteria for harmonic motion
with an amplitude of 20 degrees and a maximum load torque of 5,400
lb-in, performance curves at several frequencies are calculated until
one is found that is completely within the steady-state torque-speed
requirements of the motor. The frequency for which this occurs is
0.40 cps, which results in a maximum acceleration of 126.5 deg/secz.

The torque-speed curve is shown as curve B of Figure 21.

2. DUTY CYCLE DEFINITION

An assumed duty cycle has been derived for the DYNAVECTCR
rudder actuator application. This duty cycle has been established to
provide actuator design information, to assist in the reliability and
failure mode analyses, and to establish the basis by which the estimated
power consumption requirements of the DYNAVECTOR may be com-
pared to alternative pneumatic actuation systems.

A. Flight Mission Definition L’C

A four-hour flight mission has been assumed and consists of
the four operative conditions and times shown in Table II. The total
design life of the actuator has been assumed as 3,000 hours, made up
of such four-hour flight missions. '




Table II - Flight Mission Definition

Operative Condition Time

Take-off and acceleration at constant SE—
altitudes less than 20,000 feet

Climb, cruise and descent at altitudes 2 hours and
greater than 20,000 feet 30 minutes
Miscellaneous cruise, loiter, etc., 1 hour and

at altitudes greater than 20,000 feet 18 minutes
Landing apprcach to touchdown 7 minutes

Total 4.0 hours g

The rudder actuator may be in one of three operative modes
during the four-hour flight time.

1 - Stall output torque with the rudder held at a
command position from zero to £20 degrees.

2 - Automatic mode rudder oscillations and yaw
damper command signals at up to £5 degrees
about any rudder position from zero to £20
degrees.

. 3 - Manual mode input commands. for rudder dis-
placements up to 20 degrees.

B. Rudder Stall Mode Conditions

It has been assumed that stall rudder conditions will ~«cur for
the entire take-off and acceleration, duration of 5.0 minutes, _ud for
the landing approach to touchdown, duration of 7.0 minutes, and for 20
percent of the remaining flight time. Therefore, the duration of rudder
stall conditions for a four-hour flight is 58 minutes. The remainder
of the flight time, 3 hours and 2 minutes, will comprise automatic or
manual command oscillatory inputs.

Based on a rudder spring rate load characteristic of 270 1b-in
per degree and the percentage of time at manual mode amplitudes
from %5 to 20 degrees defined in DS-742 (reference Appendix A),




- Table III - Stall Torque During Four-Hour Flight
) Stall Torque Amplitude Duration
(in-1bs) » Lasd (degrees) (minutes)
5,400 100 20 4
4,860 90 20 4
2,430 90 10 10
1,620 60 10 10
810 60 5 30
Total Time 58 minutes

P-3905

which was derived from the hydraulic actuator specification, McDonnell
Aircraft drawing 20-91023, ""Cylinder-Integrated Power Control (Rudder)",
the stall torque durations shown in Table III have been derived.

C. Rudder Oscillatory Conditions

‘ During the four-hour flight time when the rudder is not in a

stall mode condition (3 hours, 2 minutes) it is assumed that the rudder
is subjected to either automatic or manual oscillatory commands. The
duration of time for the qualification test defined in DS-742 (reference

Appendix A) is 210 hours, of which 54 percent is in automatic mode.

Assuming this percentage distribution applies to the flight time oscil-
latory conditions of 3 hours, 2 minutes, Table IV defines the duration

of oscillatory modes for the mission duty cycle.

3. POWER SUPPLY CHARACTERISTICS

The characteristics of the pneumatic power supply available for
the DYNAVECTOR ruddar actuator are defined in DS-743 (reference
Appendix A). The pneumatic power is derived from bleed air of the
compressor section of the Pratt and Whitney JT3 turbojet engines.

This bleed air is also the power supply for the cockpit pressurization

and air conditioning systems. The power supply information defined

in DS-743 and summarized below was derived from studies conducted
by Honeywell, Inc., Aeronautical Division, under Contract AF 33(615)-2533,

"Fluid State Yaw Damper System'!, for the period of March to June, 1965.
The information presented herein is unclassified.

»




Table IV - Oscillatory Conditions During Four-Hour Flight

Mode Amplitude Frequency Torque Variation Time
(xdegrees) (cps) (1b-in) (minutes)
Autcmatic 5 0.871 0 to 810 35
Automatic 0.8 2.18 0 63
Total Time in Automatic Mode 98 minutes
Manual 20 0.435 0 to 4,860 84 minutes

A. OSupply Pressure

The availability of supply pressures between 50 and 200 psig
is limited to normal engine operation at aircraft altitudes less than
35,000 feet. With the engine in an idle ccadition, the aircraft may
operate at altitudes up to 20,000 feet and still provide 50 psig com-
pressor bleed pressures, providing the aircraft flight speed is main-
tained. Figure 23 shows the normal and idle operational regimes for
the pneumatic DYNAVECTOR actuator. The region under the normal
and idle lines represent flight altitude and Mach number conditions
under which the compressor bleed air is at least 50 psig. If the air-
craft is required to operate in the region above the limit lines, actuator
supply pressures will be less than 50 psig and degraded actuator per-
formance must be anticipated.

B. Supply Temperature

Compressor bleed air temperatures, as monitored during flight
tests and summarized in DS-743, vary from 100°F to 600°F. Wright-
Patterson Air Force Base has stipulated that, for the F101B flight test
vehicle, the maximum temperature for pneumatic flight.surface control
shall be 450°F. Consequently, precooling will be reruired before thz
bleed air is conducted aft to the DYNAVECTOR actuator interface.

C. Supply Flow

The maximum available supply flow as monitored during flight
tests of an F101B by Honeywell is summarized in DS-743. The flow
was found to vary from a minimum of 0.5 lb/sec in the descent mode
at an altitude of 30,000 feet to 3.5 lb/sec for sea level take-off.

44
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Figure 24 summarizes the bleed pressure and concurrent supply
flow values for five operative modes: take-off, climb, level, descent,
and landing approach. The altitude and Mach number conditions for the
flow and pressure values plotted in Figure 24 are defined in DS-743.

Figure 24 indicates that, for the fligzht operational conditions
during the monitoring tests, the available mass flow exceeds 1.0 pound
per second for supply pressures above 50 psig, the specified design
supply pressure for the pneumatic DYNAVECTOR actuator.
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SECTION III
DESIGN AND PERFORMANCE ANALYSIS

1. SERVOMECHANISM ASSEMBLY DESIGN

A. DYNAVECTOR Operation

The DYNAVECTOR actuator is an integral high speed motor
and transmission without high velocity mechanical elements. The major
component: of the DYNAVECTOR actuator assembly consist of a series
of displacement chambers, a unique integral epicyclic transmission, and
commutation porting. The transmission and motor use elements common
to both, resulting in a much simpler and more reliable de¢sign.

In a low ratio DYNAVECTOR actuator the power element is a
positive displacement, very low inertia, non-rotating vane motor. Its
output is a radial force vector that rotates at high speed and in either
direction of rotation. The displacement chambers formed by the vanes
and the housing expand and collapse at the same speed as the force vector,
but do not rotate. The motor is self-commutating but doer not contain
a rotating porting plate or spindle. The absence of high velocity members
in the motor significantly reduces the inertia, resulting in high acceiera-
tion capability.

The unique epicyclic transmission converts the rotating force
vector directiy into low speed, high torque rotary motion without the
use of high speed mechanical input stages. The transmission also has
zero backlash without u.ing preloaded members.

The integration of the power element and epicyclic transmission
into an integral actuator design results in ar ideal servo actuator with
a high torque-to-inertia ratio and high constant efficiencies for both

small and rated loads.

The operation of a low ratio CYNAVECTOK actuator is illustrated
by Figure 25. The basic components are the ring gear, the ground gear
and housing, the center output gear, and the vanes. The displacement
chambers are formed between the ground gear and the ring gear mesh
by the vanes. This gear mesh provides displacement motion without
rotation because both gears have exactly the same number of teeth. It
may be considered as a loose spline but is a true inv Jlute gear mesh.

The internal portion of the ring gear forms the transmission between the
motor and the output shaft and represents the epicyclic transmission.
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Figure 25 - Basic Operation and Design of Low Ratio DYNAVECTOR Actuator

A force vector is generated by pressurizing three adjacent
displacement chambers and venting the remaining three. The vector is
made to rotate by pressurizing a vented chamber adjacent to the original
three pressurized chambers while simultaneously venting the diametri-
cally opposite one. It the force vector on the ring gear is located at
approxirmately 90 degrees to the ring and output gear contact point, the
ring gear will move, causing the output gear to turn and the contact
point to move, If the force vector is also rotated and remains 90 degrees
to the contact point, the motion will be continuous and the output shaft
will turn continuously but at a much lower speed than the force vector,
The ratio will be determined by the difference in number of teeth between
the ring gear and the output gear. The gears in Figure 25 have 30 and
32 teeth; thus, the reduction ratio is 15:1,
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The available differentizl pressure in the form of two motor
port pressures P| and P, must be commutated to the proper displacement
chambers to produce a rotating force vector in phase with the ring gear
motion. To ensure that this phase relationship always hold true, the
motion or position of the ring gear is used to provide this commutation
through a series of ports. Each displacement chamber has a pair of
supply ports or a P) and P, port associated with it. The P) ports are
all interconnected in the housing and brough out to a single inlet port,
as are all the P, ports. These ports are in the housing and, therefore,
stationary with respect to the displacement chambers, They are also
locziced under the ring gear face, as shown in Figure 25 and a port con-
necting the displacement chamber to the ring gear face is located op-
posite them.

By locating these P &nd P, ports as shovn in Figure 25, the
ring gear ports will open P| ports to half the displacement chambere
and P ports to the remaining half. The resulting pressure force on the
ring gear from the displacement chambers connected to P is 180 degrees
opposite P, and 90 degrees from the output gear contact point, Therefore,
pressurizing P, and venting P, produces rotation in one direction, while
interchanging pressure and return reverses the motor. This also satis-
fies the desired relationship between force vector and ring gear position.
Because this commutation is created by the displacement member or
ring gear itself, it will always rotate in phase with the motor, producing
maximum efficiency.

One of the primary advantages of the DYNAVECTOR actuator
is the potential efficiency, especially outstanding at high ratios. The
unique ring gear transmite the load reaction forces at close to one-
to-one correspondence to ground and, therefore, is actually an output
or high torque member. On the other hand, it is also the dynamic member
of the motor, which is the low torque component of the system.

Two other factors present in conventional rotary motor plus
transmission systems are significantly reduced by the DYNAVECTOR
actuator design and operation. The relative velocities between dynamic
and static members are very small, because of the small amplitude
epicyclic motion. In a DYNAVECTOR actuator, the relative velocity
between the ring gear and the housing is only a function of the eccentricity,
which is usually less than one-tenth of an inch, times the angular velocity,
Whereas, in a conventional motor, there are usually components with a
radius more than an inch rotating at the same angular velocity. This




also holds true for the transmisesion which does not have the conventional

input gear running at high pitch line velocities. The relative velocities ,
between the meshing teeth correspond to those found in the last stage of

a conventional transmission.

The absence of high relative velocities results in:

®» Friction losses at high motor input speeds are significantly
reduced,

e . Because of low friction losses, high mechanical efficiencies
can be obtained.

o Wear is greatly reduced, resulting in longer life of the
acwuator.

The other factor significantly reduced is the actuator or motor
inertia. In conventional high speed motors, the motor inertia resulting
from significant mass rotating at high angular velocity hags always
limited the motor acceleration or response capabilities. The small
volumes under compression have generally made up for lack of response
due to inertia and have placed rotary servos on equal terms with piston- .
cylinder servos having very little inertia. However, the spring rate of
the transmission has in some cases presented unwanted dec oupling
between the load inertia and the motor inertia, resulting in load re-
sonance. The problem is usually solved by stiffening the transmission
at the expense of added weight, as it is usually the load-carrying output
members that are too weak,

The DYNAVECTOR actuator has no inass rotating at input or
force vector speed and only a small reflected inertia, due to the small
eccentric rotation of the ring gear, and the low speed output shaft. There-
fore, it has an inertia equal to a similar capacity piston-cylinder actu-
ator and a volume under compression equivalent to a conventional similar
capacity rotary servo. This combination results in 2 servo with a response
potential many times that obtained by present day systems.

DYNAVECTOR actuacors can be designed utilizing any high ratio
in the epicyclic transmission by substituting a ratio other than one to
one in the reaction mesh., In compound epicyclic transmissions of thisg
type the ratio is computed from the following expression:

N —.é-i-- i (13)
- o N N | )
o |, 14 A
NN,




The nomenclature is given in Figure 26, Unbalanced High Ratio
DYNAVECTOR actuator. In this device the basic description and operation
is the same as in the low ratio actvators. However, the ring gear will
have an angular rotation which is a function of the gear pitch diameters

D, -D
and is equal to i Gi. Slightly increased motor friction will be

Ds

noted from vane tip sliding, although this will be offset through more
efficient coaversion of the force vector to output torque.

Porting commutation is providsd from the motion of the ring
gear as in the low ratio design. Due to the rotation of the ring gear,
the P, andé P, ports in the end plates are not holes or slots but con-
centric rings. These rings will commutate Pl and PZ te opposite sides
of the ring gear by uncovering porting slots in the ring gear at its
extreme inward and outward radial positions.

RING \ .
GEAR OUTPUT

EPICYCLIC
MEMBER - S R A
o N e 2
%

-

N NN YANE (STATIONARY)

P-2784
Figure 26 - Unbalanced High Ratio DYNAVECTOR
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Figure 28 - External Mesh Balance Configuration
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The number of vanes or displacement chambers only deter-
mines the <=ry low speed torque ripple present. The number of chambers
need not be odd or even since the starting torque is only a function of
the force vector angle which varies through an angle equal to the angle
included by one displacement chamber.

In many applications involving high output speeds ano power,
the unbalanced ring gear inertia force will be significant, and cause
vibration. This rotating inertia force vector can be eliminated by
designing the actuator with an equal unbalanced force vector located 180°
out of phase with the ring gear. This can be accomplished by splitting
the ring gear and taking half of the torsion on diametrically opposite
sides of the motor as in Figure 27. This design will provide complete
force balance as well as mass balance.

Another design which provides mass balance but not complete
force balance is shown in Figure 28. In this design the inertia effect of

the ring gear are canceled by counterweights having mass and epicyclic
motion equivalent to the ring gear but vectorially opposed. These counter-

weights are gear driven from the output and reaction members of the
actuator.

B. Servoms:chanism Assembly Design and Operation

The pneumatic rudder actuator servomechanism, DYNAVECTOR
actuator model PH-370-B1 is shown in Figure 29. The major componen’s
of this asseimbly are summarized in Sectionl and the functional inter-
relationships are shown schematically in Figure 7 through 10, The
functioning of these components for the four modes of operation; manual
power, manual power with stability augmentation in monitor and operating,
and autopilot, will be described in detail beiow.

(1) Load Limit Mechanism

The load limt mechanism shown in Figure 2, Section 1,
couples the pilot rudder pedal hydraulic control linkage to the pneumatic
actuator. The load limit mechanism is designed to allow hydraulic
control linkage movement wuen the pneumatic system is not operative.

The mechanism consistt of two negator springs and acts as a rigid link
when transmitting loads up to 0.5 pounds. When the pneumatic system

is not operative, and the pilot displaces the hydraulic control linkage,

the pneumatic input linkage lever is displaced until the manual valve

spool is bottomed out in the valve body. The linkage microswitch assures
proper phasing of the pneumatic servomechanism with the hydraulic system.
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Since the pneumatic manual valve body cannot track the
linkage, further hydraulic linkage motion could not occur. The load limit
mechanisin allows further hydraulic linkage travel by deflection of the
negator springs until the desired rudder position is attained.

(2) Power Actuator Design

Upon energization of the pneumatic power supply solenoid
by the pilot, pneumatic supply pressure is ported to the manual valve
supply ports. Displacement of the input linkage lever shifts the valve
spool in the valve body thereby producing a pressure differential in the
DYNAVECTOR power actuator eight vane chambers. The vanes are
spring loaded radially outward, and the pneumatic force vector created
by the vane chambers pressure differential drives the ring gears assembly.
The epicyclic motion produced by the ring gear about an eccentric axis
offset from the rudder axis drives the power actuator output shaft through
an internal gear mesh concentric to the rudder axis. Mounted to the
power actuator output ghaft is the output spline which engages the pneu-
matic clutch piston and face gear assembly. Both the clutch piston and
piston cylinder rotate integrally with the power actuator output shaft.

Upon energization of the clutch solenoid switch, pneumatic
pressure would engaged the p.ston face gear with the rudder horn adapter
face gear provided proncr inteilock valve position.

.3) Actuator - Rudder Interlock Valve

Prior to actual engagement of the pneumatic rudder actuator
to the F101B rudder during flight tests, monitoring tests of the pneumatic
actuation syste.n will be conducted to assure proper pneumatic system
functioning. Engagement of the pneumatic system to the rudder and shut-
down of the hydraulic rudder actuation system is a controlled fail-safe
procedure such that if a failure of the pneumatic supply occurs or the
pneumatic actuator is not positionally phased properly with the hydraulic
system command position, reversion to hydraulic maode will occur im-
mediately. Proper positional phasing is accomplished by a redundant
fail-safe design of the pneumatic clutch used for engagement of the
pneumatic power actuator to the rudder horn. The clutch teeth are of a
single point engagement design such that they cannot become engaged un-
less the ruder and power actuator output shaft positions arec identical.
The actuator-rudder interlock valve also assures proper actuator posi-
tioning before engagement can occur. Clutch piston pressurization for
engagement by 50 psig compressor bleed air cannot occur until the inter-
lock valve ports are properly aligned.
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(4) Actuator-Manual Valve Latch

Upon displacement of the input linkage lever and manual
valve spool and subsequ=nt power actuator output shaft rotation, the
manual valve body tracks the power actuator rotation through the actuator-
manual valve latch. The latch consists of two spring loaded piston and
cylinder assemblies denoted in Figure 29 as latch ""A'' and latch '""B'". In
manual power mode where the automatic actuator is not operative, the
latches are de-energized. The spring loading cf theae latches locks up
the manual valve body to the power actuator output. Thus, as the power
actuator output attains the commanded rudder angular displacement
position, the manual valve body is driven with the power actuator until
the manual valve body displacement nulls out the commanded displacement
of the lfnkage and valve spool.

(5) Automatic Actuator Design

The automatic actuator is an unbalanced DYNAVECTOR
actuator capable of introducing stability augmentation or autopilot com-
mands to the power actuator.

The reaction gear for the automatic actuator is integral
with the power actuator output shaft. Thus, the null position for the
automatic actuator is always maintained at the rudder position existing
at any given time. The output of the automatic actuator is used only for
biasing the manual valve body relative to the spool. Therefore, when the
pilot wishes to stabilize rudder displacements commanded by input link-
age lever motion or maintain a heading under autopilot mode, the actuator-
manual valve latch switch must be energized thereby porting pneumatic
supply to latches "A'' and ''B'". Pressurization of the latches mechanically
links the output o1 the automatic actuator to the manual valve body.
Automatic actnator output rotation is physically limited to = 5 degrees
about the existing rudder position as the stroke of the latch pistons is
equivalent to 5 degrees rotation of the rudder. A plus (+) linkage dis-
placement as shown in Figure 29 would produce a cluckwise rudder
rotation when viewing up the rudder axis. The automatic actuator
direction of rotation required to produce such a clockwise rudder rotation
would be opposite, that is counterclockwise viewing up the rudder axis.
Such a rotation of the automatic actuator would displace the manual
valve body relative to the spool in an identical manner as if the linkage
lever were displaced in a plus (+) direction. Thus, the power actuator
output shaft would always rotate in such a direction as to limit automatic
actuator rotation; in. this case to 5 degrees rotation.
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(6) Instrumentation Design

The electrical potentiometer and tachometer installation
is as shown in Figure 29. The relative displacement and velocity functions
generated by these components is summ:rized in Table V.

2. SERVOMECHANISM COMPONENTS DESIGN

A. Power Actuator

(1) Description

The power actuator as proposed is designed as a balanced
DYNAVECTOR actuator with counterweights driven in an epicyclic motion.
The output power is transmitted through a single ring gear. In this design,
force couples will not be produced in the loaded members and there will
not be a tendency for the ring gear to skew. The epicyclic counterweights
will individually nroduce a skewing couple resisted by the ring gear
through thrust bearing ring surfaces made of Delrin AF material. The
couples produced by the two counterweights are small in magnitude and
opposite in direction and will not have a significant net effect upon the

ring gear.

The heavily loaded members are located near the outer
diameter of the package, providing maximum torque capacity. The virtual

Table V - Potentiometer and Tachometer Functions
(Reference Figure 29)

Potentiometer No. Function

1 Manual Valve Body to Power Actuator Output
Power Actuator to Airframe

Manual Valve Spcool to Manual Valve Body

w W N

Power Actuator to Automatic A-tuator

Tachometer No.

1 Power Ac;tua.tor to Automatic Actuator

2 Power Actuator to Airframe
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motor is located in the center of the actuator and <onsists of eight dis-
placement chambers formed by sliding carbon vanes. The motor is ported
from both ends thereby balancing the pressure forces acting on the ring

. gear.

(2) Design Analyses

(a) Gear Pitch Diameter Sizing

The power actuator is sized on the basis of transmission
torque capacity and motor displacement. Minimum size is of prime im-
portance due t- the available aircraft space and specified weight limita-
tions. The actuator is required to have a stall torque capatility of
10,200 in-1bs and produce a maximum angular output velocity of 60°/sec.

In sizing the transmiseion first on the basis of torque
capacity, the approximate gear sizes may be established from the
following relationshipe:

’ S yb

Ft z —_l;-l;_ (Lewis Equation for gear tooth stress) (14)

tangential load applied to the tooth

ny
L]

b = face width

S = tocth stress

DP = diametral pitch

v = tooth form factor 8-
I b
Dp = gear pitch diameter f
and,
b 4 To
et ND_ 552




where:
@

To = maximum torque

N = number of tecth sharing load

S yb 4T
s i} o (16)
DP ND *
p
DP (D )
N = — o (assumption to be verified with computer run) (17)
L S. yb _ 40 To
DP DP (D )2
P
140 To

Use of a high strength alloy steel such as A1S1 4340
will permit a gear design stress as high as 75,000 without exceeding the

i endurance limit, The tooth form factor "Y' for a stubbed tvoth gear will E
"1 be assumed to be 0.5 based upon previous experience, 1
r The relationship between the pitch diameier and gear
*.. face width for a torque capacity of 10,200 in-lbs becomes:

oo f 40 x 10,000 ' 3
: o ‘\/‘IS,OOOxO.be '

_,, i
#: ’ 1
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The tooth face width and pitch diameters can be selected
from the following chart:

: b D
S, - 13
1.50  2.71
1.25  2.96
1.00  3.31
0.75  3.82
0.50  4.70

(b) Transmission Ratio

The power actuator can be designed to operate with a
for e vector angular velocity of 420 radians/sec or 4,000 RPM. This
‘'velocity is established from the actuator commutation porting area and
the valve orifice area. Although this maximum force velocity might be
considered arbitrary, velocities in this range provide the most derirable
balance between motor displacement. porting avea, and bearing P-V values.

The actuator maximum output velocity must be 60°/sec
or 10 RPM. The transmission must therefore have an approximate re-
duction ratic of:

8
: i _ 4,000
N' = —eo To_ ©F 400/1

The motor displacement (D ) required for the power
actuator to prowdc an output torque of 10, 200 in-1bs, assuming an over-
all actuator mechanical efficiency ("t) of 80 percent is:

v 8

' 2nwT ‘4

D = — {20) :
: m N' (AP) nt N }.
10,200 x 2 w ' 200 A

Pm * %00x AP x 0.80 ~ AP | 4,

Assuming a recovery AP of 45 psig

; D = 4.45in>
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At this point, due to the restrictions on the power
actuator size for this application, preliminary layouis must be made to
establish a combination of gear sizes, transmission ratio, and motor dis-
placement providing specified motor performance within the smailest
package size.

The transmission ratic for this actuator configuration
is determined from equation (13)
. % P25
3; L D5 = Dy 2y

By adjusting the various design parameters and ob-
serving their effect upon the design trend, the following gear sizes were
selected:

Gear D DP N

e o s
Dl 4.17 24 100
D2 4,37 24 105
D3 4,42 24 106
D4 4,62 24 111

The exact transmission ratio is

- 105 x 106 . 11,130
105x 106 - 100 x '11 11,130 - 11,100

N'

N' = 371/1

(c) Gear Face Width

Using the gear addendum sizing computer program to |
eliminate tooth tip interferences through the arcs of approach and recession
in the reaction gear mesh, the gear pitch radii are R, = 2.1166, R, = 2,1786,
with 2 pressure angle of 20° and contact ratio of 1.496. Figure 30 de-
scribes the relation between teeth and the nomenclature.
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Y * 3 A= uy
Figure 30 - Tooth Form Factors

Based upon gear designs involving these gear addendums,
trochoids of the gear tooth motion can be computed giving the clearance
between teeth as they engage and disengage. By computing the total de-
flection between two teeth transmitting a force and comparing with the
clearance between other teeth, the total number of teeth capable of
sharing the load can be more accurately predicted.

According to Buckingham(1), the empirical equation L
for *he combined bending and comprezsive deformation of a mating pair
of gear teeth when the contact is at the middle of the gear tooth heights is:

.. (Ft) E Z +E,Z

(21)
b E':1 Zl Ez ZZ

1Buckingham, Earle, Analytical Mechanics of Gears, First Edition,
¥ McGraw-Hill Book Company, Inc., 1949, p. 342.
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where:

>
"

combined deformation

F = tangential tooth load

-

= tooth face width
Young's Modulus

= tooth form factox

« 0O o
"

_ y
0.242 +7.25 y

N

From the geometry of the gear teeth, y; and y, are
calculated to be 0.168 and 0.194 for teeth having equal tooth tip thicknesses.

Solving equation (21)

Z1 = 0.115

Z2 = 0.118

A = (%-) [0,574:;10"6]

The maximum allowable tooth tip load is determined
from equatioa (14)

F S Y .
t s 75,000 x 0.526 3
-3 = D = >4 = 1,645 lbs/in

where:
Y =ny

‘and the combined deformation is;

A = 1,645 1bs/in [o.sux 10'6]

A = 0.000945 in .




The arc of teeth which will share the torsion load car
be determined from a comparison of the tooth trochoid clearance computer
results and the combined deformation. In this case 13 degrees of arc
in the approach and 11 degrees on the recession arc will share in trans-
' mitting torque. Correcting out initial estimate of the number of teeth
sharing the load from 10 percent to 6.6 percent, and the "Y' form factor
from 0.5 to 0.527

D - AR ) 6V.5 x 10,200
p - S Yb 75,000 x 0.527 b

D = 3.9+~

P b
In the reaction mesh, the pitch diameter (Dp) in the
highey stressed external gear is 4.17 inches, res: g in a gear face
width (br) :
2
3.96
. br = (4‘17 0.902

In the output mesh, the percent of teeth sharing the
load is nearly the same as in ths. reaction mesh and therefore, the required
face width of the gears is:

2
_ 3.9 = .
bo = (m’ 0.82 in.

(d) Porting Area

}

The commutation porting area must be sized such that
it will not limit the free running motor speed. Assuming that the force

e D e

5 vector has a maximum angular velocity of 418 rad/sec, flow (Q) through
4 each displacement chamber is:
wD_e®' ()
Q = (in’/sec) = —2— (22)

R T
]
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where:

Dm = mean diameter of the displacement chamber (in)
1 = lergth of the displacement chamber (in)
¢ = number of displacemert chambers
e = eccentricity of ring gear (in)

é' = angular velocity of motor (rad/sec)

Tx 2.66 x 3.12 x 0.125 x 418
8

170 in3/scc

8]
n

The commutation porting area is calculated from the
following expression for gas flow out of an upstream region based upon
upstream gas density:

P
Q= Cya VT RC, 1 _P_g) (23)
u

The fl (Pd/P‘ ) is establisl.ed by the ai..ceptable pressure
drop through the commutation porting. If this is limited to 1 psi at maxi-
mum motor speed, (Pd/Pu) will be (39/40) and fl (0.975) is 0.31.

Solving for the c mmutatiun orifice area (A ‘) at the
worst case condition with the supply air at - 65°F, and assuming an orifire
coefficient of discharge (’.Jd) equal to 0.7 we have

A 170
g 0.7x /395 x 340 x 0.31
A = 0.116 in

(e) Bearing Analysis

The proposed actuator has two radial ball bearings
maintaining alignment of the reaction and output gears. These bearings
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operate at the low speed of the output shaft. The operating temperatures
for the bearings is expected to be no higher than 300°F allowing grease
lubrication and common bearing materials.

The bearings will be subjected to individual radiai lozds
which will not exceed 1,150 lbs. The quiet running radial load capacity
for the bearing design, (Kaydon KC-50-CP bearing), is 3,450 lbs. static,
thus, providing a factor of safety of 3.

B. _ﬁutomatic Actuator

The purpose of the automatic actuator is to convert the aniplified
output differential pressure signals from the autopilot into proportional
rotary motion. This rotary output creates an error signal in the manual
control valve by shifting the position of the valve body with respect to
the valve spool.

The specification for the automatic actuator response is 5 cps
at an amplitude of 0.00]1 radiars. The torque required to provide thia
response is insignificart, and the actuator can be sized to provide torque
for positional stability of the manual control valve body and overcome
friction losses in the drive mechanism.

By selecting a transmission ratio equal to the power actuator,
371/1, and designing the automatic actuator to provide 250 in-1lbs torque,
the required motor displacement can be calculated from equation (20).

T x2nw
o

b & ) 250x 2 7
ra N'x AP x q "~ 371 x 45 x 0.72

D = Q.13 in3/rev
m

Selecting a transmission ratio 2qual to the power actuator will
produce equal force vector velocities in the two actuators and porting
arcas and gear designs can be proportional. The motor displacement
of 0.13 in” vresults in a package having a mean diameter of 0.88 inches

and a length of 0.375 inches.

The unbalauce due to the ring gear inertia is negligible and the
automatic actuator wiil be designed as an unbalanced h’gh ratio device.
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C. Automatic Servovalve

(1) Description

The automatic servovalve will be a pneumatic four-way
spool valve actuated by < = 6 psid pressure signal applied to a fluid state
input. A % 5 psid signal displaces the 0.250 diameter spool = 0.010 inches
in a direction dependent on the differential pressure in the system. The
maximum spool supply area of 0.001 square inches; the maximum
exhaust area is 0.0015 square inches. The valve is designed to operate
within a temperature range of 70°F to 500°F. The valve spool and body
are made of 440C stainless steel.

The schematic diagram, Figure 31, shows the internal
mechanism of the servovalve. The basic concept for stroking the spool
using vortex flow in the ram chambers was chosen for simplicity. The
end lands of the spzol become the buttons of vortex valves. The annular
clearance between the spool and body(provides the supply flow from the
supply pressure land. Control flows are injected tangentially into this
clearance area while flcw 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

7
%

7
#
7

(4

(“-P
l‘—- INPUT .iGNAL —.i —_—

"~ "CTHEMATIC

VORTEX
AMPLIFIER

Figure 31 - Automatic V 'rtex Servovalve Schematic
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spool position feedback signal which is summed with the input signal at
the vortex valves. A tapered ramp on the spocl varies a nozzle area which
provides a pressure signal that is a function of spool position for the

. feedback signal.

The vortex flow als» provides the necessary damping of
spool motion, eliminating the need for conventional damping tanks.

Lubrication is provided by 2 black oxide film applied to the
spool and bore by preheating the parts in an oxidizing atmosphere. The
end caps and manifolds will also be fabricated from 440 C stainless steel.

The valve seals used will be cornmercial metallic static )
seals fabricated from Inconel "X'. They are silver plated, special care
will be taken to lap the sealing surfaces to a fine finish.

(2) Design Analysis

A dynamic model of the automatic servovalve is shown in
Figure 32. The nomenclature used is listed below:

A = Areca of end of spool - inz

. AC = Control port throat area - in
: . 2

Ac = Exit hole area - in

Af = Feedback port throat area - in

An = Nozzle ramp annular area - in2

As = Annular area between spool and bore - in

Cd = Discharge coefficient

k = Ratio of specific heat of gas

Kv = Vortex gain factor

2.

M = Spool mass - lb/sec /in

Mt = Tangential velocity of fluid at outer wall of chamber - Mach No.
) Pc = Control pressure - psia )
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Ambient pressure - psia
Feedback pressure - psia
Pressure at inside periphery of exit hole - psia
Pressure at outer wall of vortex chamber - psia
Supply pressure - psia
Gas constant - in-1bf/lbm °R
Laplace operation of d/dt
wc Mc

w
N

Gas temperature - ‘R

Swirl factor = - non-dimensional

Volume under compression at spool end - in
Couatrol flow entering control port, Ac, - ib/sec
Weight flow displaced by spool - 1b/sec

Control flow entering control port, A_, lb/sec

f

Weight flow leaving nozzle-ramp area An - 1b/sec

Exit flow leaving exit hole - 1b/sec

Pressurization weight flow - lb/sec

Supply flow entering annular chamber A. - lb/sec

Quiescent normal clearance between nozzle and ramp

surface - in,

Spool position - in,

0
Nozzle gain parameter = - in

.
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= Ramp angle - radians

'"o''" The presence of a subscript zero or additional sub-

J

script zero implies the quiescent value of the variable.
When subscript zeros appear in equations the variables
without subecript zeros are changes about the quies-
cent values.

Ratio subsonic to sonic gas flow for pressure ratio Po/Pc

Ratio subsonic to sonic gas flow for pressure ratio Pc/Pi
multiplied by presaure ratio Pi/Pe

Ratio of subsonic control mome=ium to sonic c .atrol
momentum at pressure ratio po/Pc

S =T 1 Control port t:ck pressure sensitivity
00 coefficient

Supply annulus back pressure sensitivity
coefficient

J

Control momentum back pressure sensitivity
00 cocfficient

:
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P
P .
p‘tso . Pio
K = - *p %= Exit hole gain parameter
io ¢ eo
2 |P
L, iO‘

K = 1 if exit hole is flowed sonically.

Referring to Figure 32, the vortex chamber is considered
to be a volume, V, at a chamber pressure, Po. The exit hole is con-
sidered to be a fixed orifice with an upstream pressure, P, related to
the chamber pressure, P, and the vortex flow's tangential Mach number.
For rormalization, the following defined quantity will be used.

C Ae Pe
WV, &8 ————
N T
The spool position, Y4+ Fesponse to small input signals,
P_, is given by,

c
C pc - vM .3 e C3 ) CZ wfo Kf ]
1 P 2 W K LKRTA P C P
co oo | 0o 4 fo
M .2 4 poo = . + CZ wno ’ (24)
" ZA W K RT C '
oo | 4
where:
2
Wco Poo 1 2 5% Mtoo poo
] Cl = (1+Kc P )(K_,'ZKMtoo“—_l-;;f (1+Km P ) (25)
00 co i . c c¢o
2
wfo l:’oo 1 2 &5 Mtoo l:’oo
Czr W (1+Kf_P )(-K—-ZKMtoo)+——--—l+f (1+Km —-p ) (26)
oo co i f fo
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Figure 32 - Automatic Servovalve Schematic
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o0 80 00 c¢o oo fo i .
1 Poo f l:’oo
+2KM,_ " li57 K B Y THf “m P (z7)
co f fo
Poo Pfo
C4= wfo(l+KfF_)+wno+wxo Kx P (28)
fo X0
Normalization of equation (24) yields,
N 3¢ .
P 1 3 a 2,6 1 (29)
c T s + A s + s +1
P P Pong
The third order factors a, p and w  are given by ’
5
e % T T MV 30)
':*" c3 CZ wfo Kf woo Ki &R
swse P ~ C P v (31)
it 00 4~ fo
N5
-'-E-zl Cz wno woo Ki RT &
oy Fea ® C P A (32)
X 2 4 o
"-i:
k)
C, C :
* K = .4 (33)
< v C.P W b
2 co no




(3) Dynamic Design Factors

A 1/4 inch spool valve with a stroke of £ 0.010 inches was
chosen to meet the required area. The critical parameters are,

Spool end area A - 0.0491 sq. in.
Vortex exit hole area Ae - 0.0005 sq. in.
Yor-tex chamber volume V - 0.0025 cu. in,

Control and feedback port area - equal

Spool Mass M - 0.00011 lb-sec?/in.

Supply area A' - 0.0003 sq. in.

Setting the ram chamber quiescent pressurc at 35 psia
- results in a natural frequency of the servovalve of,

2 .-
2 2(0.0491)° (1.4)(35) _ .
“as - T(0.00011)(0.0025) ~ 260:000 34) =
W
. 0 = 926 rad/sec = 147 cps (35) A

Maximum flow gain of the vortex pilot stage is desired and
set by adjusting the constant 2 K K; M, 02 equal to one (1). Since the
exit hole is sonic and K; is equal to 1, Mtooz must be set at 0.1179. As-
suming the supply orifices to be choked, the constants in equations (25),

(26), (27), and (28) become,

1 Pao

MR T AN (36)
co
{ Poo

C, *Trs t1+%, 5} (37)
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1 00 f 00 -
C=1+177 %, F 1T+t %n F (38)
c co f fo
P
C =W (1+K =2)+w (39)
4 fo fpfo no

Substitution of the known quantities into these and the remaining equations
of the analysis section enables one to obtain @ and B, For example,

P, = L . 27 psia (40)
i %
e
P w
io 27 00
B SeT T My (41)
eo n
d - n,, e
A = Mtoo W = (0.1179)(1.84) = 0.217 (42)
n
Ac = Af
d Ac | Poo ’ l:’oo
b AP \Feoli B TP 7 ) (43)
e e co fc

Choosing a control area of 0.00005 sq in. and setting P, = Py, results

in

Pco = Pfo = 45 psia (44)




also,
wno Ano
. wfo o I:.oo “2)
A f j—
£°1 .Pfo J

and for a Q.OIO in. nozzle, a gain 6 of 10 and 2 ramp angle of 5°

w (0.010)(0.0872)

Ano = 30 = 0.000091 sq. in.
Wfo _ 1
T
C4 4 RH
c, =209
: c, = 2.09
. c, =518
oy ¢
I‘f“ Kf = 1.50
ﬁ Fromn: equation (31)
Y 518 2.09 1.50] (0.00020)(1.4)(640)(530)
H__ - - -
‘7 *“ne 35 40 1.35J 0.0025 6,200
4 a = 5.5
Similarly,
g = 1.0

Figure 33 shows the valve response characteristics.




T —
1 ll ‘
i
g
g 0 any
A | |
:
-:n-l — -§
g
L oF
i

.-'—-—
g

FREQUENCY (CPS)

Static Deag' n Factors

From equation (33)

Figure 33 - Automatic Servovalve F requency Response

Y, = 0.010 in.

(46)

.09

& _ Pco _ 45
P l,, GC,W & 20930

————— 4.85

Pc = 0.010 (280) = 3.1
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Thus, the required differential pressure across the valve will be
2(3.1) = 6.2 psid
for a full itroke error.

D. Manual Valve

The marnual servovalve provides the power actuator supply flow
and is driven by the pilot input linkage and by the atuomatic actuator
during automatic operation. Figure 34 is a sectional view of the valve
showing the design philosophy. A closed center, four-way spool forms
the heart of the valve. The spool is directly cornected to the pilot input
linkage with the bell crank. As the pilot moves the linkage the spool is
displaced with respect to the body, proportional to the linkage motion.
The power actuator shaft which is directly connected to the valve body
in manual operation must rotate the valve body to keep the spool at null.
Since the input linkage pivot point is on the center line of the output shaft,
the shaft must move through the same angle the input linkage .does.

The maximum valve area is 0.040 in2 on each land. The servo
loop gain requirement is such that the valve must open proportionally
to the bell crank displacement for the first.0.08 inches of travel at
which time it must be fully open. However, the bell crank must be free
to displace an additional 0.82 inches. In order to provide these require-
ments a special land design is required. Figure 35 is a sketch of the
design. Slots equal in width to the required active st:'cke are milled in-
to the spool sleeve. The spool will uncover these slots proportional to
its strcoke until the full area is open. Thereafter, the spool is free to
continue without additional area being opened.

This design results in almost zero force required to actuate
the valve thus the piiot will feel no additional effort when operating the
pneumatic servo in parallel with the hydraulic servo.

The spool, spool sleeve, and body will be fabricated from 440C
stainless steel and oxide coated for dry film lubrication between the
spool and spool sleeve. The bell crank will be an integral paxt of the
assembly thus, backlash will be eliminated as well as undesirable forces
on the spool assembly. A flex pivot will be used to attach the bell crank
to the valve body for a zero friction pivot point.
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Figure 34 - Manual Servovalve Assembly
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