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FOREWORD 

Thif report, dated Auguit I, 1966 prepared by The Bendix 
Corporation, Research Laboratories Division, Southfield, Michigan is 
the final report defining the results of a design study for a flight- 
worthy low pressure pneumo-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(61 5)-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 finding.« or conclusions stated in the report.   It is 
published only for the exchange and stimulation of ideas. 

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 « final report defining the results of a design study for a 
flightworthy low pressure pneumo-mechanical servomechanism for 
actuation of flight control surfftces. 

a 
The design concept presented is the unique DYNAVECTOR 

Actuator,       Model PH-370-61, designed for installation into ft 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 

• Servo system characteristics 

ft Reliability and failure mode characteristics 

• Bleed air consumption requirements 

ft Qualification test requirements 

• Assembly and components design requirements 

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

• Trftdemerk of The Bendix Corporation 
ft« 

The Bendix Corporation has ft patent application pending on this device. 
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SECTION I 

INTRODUCTION AND SUMMARY 

This report •ummariftet the retulte 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- 
niam has been designed for controlling the rudder of an F101B aircraft 
utilising 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 Command, United 
States Air Force* Wright-Patterson Air Force Base* Ohio* under Con- 
tract Number AF 33(6l5)-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-B1* capable 
of being installed in an FlOlB 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-B1* is designed 
to mount concentric to the F1C1B rudder axis in parallel with the hydrau- 
lic integrsted power actuator as shown In Figures 2 through 3.   The 
DYNAVECTOR actuator* clutch and linkage assembly envelope is designed 
so that it does not interfere with operating space requirements of the 
integrated power actuator and lower 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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I Figure 2 - DYNAVECTOR Installation 
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Figure 4  - Pneumatic DYNAVECTOR Rudder Actuator Installation 
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rudder to that th« rudder may be actuated in any of the following oper- 
ativ« modes: 

• Hydraulic ayatam operative:   pneumatic ayttem «..ut down. 

• Hydraulic ayatem operative:   pneumatic tyitem operative, 
but declutched from rudder for monitor condition only. 

• Hydraulic ayatem inoperative:   pneumatic tyatem operative« 
and clutch engaged to rudder. 

The layout of the DYN A VECTOR rudder actuation ayttem ia shown 
in Figure 6.   The major components of the aaaembly conaiat of: 

e    Load limit mechaniam 

• Manual valve lever 

• Manual valve 

e    Power actuttor 

e    Single point engagement pneumatic clutch 

• Rudder horn adapter 

• Actuator-rudder interlock valve 

e    Actuator-manual valve latch 

e Automatic valve 

• Automatic valve amplifier 

• Automatic actuator 

• Fluidic  position transducer 

• Clutch* power supply, and latch switches 

• Miscellaneous monitoring instrumentation 

The functional relafionahipa of these major components are ahown 
schematically in Figurea 7 through 10. 

Figure 7 ahowa the manual power mode of operation. 

Figure 8 ehowe the manual power mode of operation with stability 
augmentation operative. 

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

13 
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Figure 10 thowt autopilot operation. 

That« operativ« mod«! are discuaaad in detail in Section III. 

2.     DESIGN REQUIREMENTS AND PERFORMANCE CHARACTERISTICS 

The detign requirements for the pneumatic rudder actuator servo- 
mechaniem defined in the Statement of Work under Contract AF 33(615)- 
3309 at the «tart of this design study program ere 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 summarised in paragraph B.   The final flightworthy design 
requirements are presented in D6-747 (reference 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:hani»m 
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-rrechanical 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 th^ 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 s&rvomechanism. 

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

18 



(3) Applicable Documents; 

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

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

MIL-P-55 14B, 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 
Item (3a) above and which have been generated by the 
contractor may be applied to this program. 

(4) Requirements: 

(a) General:   The servomechanism design shall be of mini- 
mum size and weight consistent with the following 
requirements.   Simplicity of operation 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'a performance. 

(t;   Operating Conditions:   The servo unit shall be designed 
to operate under the following conditions. 

• Temperatures:   Gas temperature 100#F to 600*F. 
Ambient temperature of -65#F to 270#F. 

• Supply Pressure:   Supply pressure shall vary from 
50 psi to 200 psi.   If it is necessarv to operate at 
a fixed pressure level» consideration shall be given 
to implementing an accumulator and conventional 
pressure regulation subsystem. 

• Altitude:   Sea level to 50,000 feet. 

• Flight Inertia Leads:   The unit shall be structurally 
able to withstand without failure a 17.Og ultimate 
acceleration in any direction and shall operate satis- 
factorily without malfunction under a I2.0g accel- 
eration in any direction. 
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(d) Dimensions:   Figure 11 shall be used as a guide to 
establish the package design for the servomechanism 
assembly. 

(e) Automatic Ser^ovalve:    The automatic servovalve shall 
operate with the following characteristics: 

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

• Hysteresis limit of 1 percent. 

• Natural frequency - 30 cps. 

• Resolution - 1 percent full scale. 

• 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 command 
input by direct mechanical linkage to the pilot and a 
pneumatic signal from the automatic valve.   It shall 
operate with the fc lowing characteristics: 

• 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 
pilot will track the operation of the automatic valve. 

• The manual valve shall be the controlling valve of 
the servomotor/actuator assembly and shall be 
considered the primary valve. 

(h)   Output static force level of the servomotor shall be 
3000 ± 50 pounds at the desired regulated input supply 
pressure. 

20 
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Figure 11  - Servomechanism Envelope 

(i)    The output motion of the servomotor/actuator assembly 
»hall either be linear or rotary consistent with the 
following requirements: 

• Linear manual operation output:   Stroke ±1.65 inches 
with ±0.03 inch accuracy.   Linear velocity 3.9 in/sec. 

• Rotary manual operation output:   ±20 degrees with 
±1 degree accuracy.   Angular velocity 60 deg/sec. 

• Linear automatic operation output:   ±0.42 inch with 
±0.01 inch positional accuracy.   Linear velocity 
3.9 in/sec. 

• Rotary automatic operation output: ±5 degrees with 
±0.25 degree positional accuracy. Angular velocity 
60 deg/sec. 

• Maximum surface deflection velocity shall be 60 
deg/sec for both manual and automatic operation. 

• Maximum surface deflection acceleration shall be 
150 deg/sec2 for both manual and automatic operation. 

(j) Dynamic Response: The unit under maximum loading 
conditions shall operate within the limits specified by 
Figure 12. 
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Figure 12 - Closed Loop Response of Servo Assembly 

i 

(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. 

• Automatic servovalve input jignal. 

• Automatic servovalve position and velocity. 

• Manual servovalve position and velocity. 

• Manual servovalve input signal. 
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• Servomotor position and velocity. 

• Servo actuator position and velocity. 

(n)   The pneumatic •ervomechanism shall be operated in 
parallel with the existing hydraulic ssrvomechanism. 

e    Provisions for disengagement t ( the pneumatic 
aervomechanism package shall be made when oper- 
ation in the hydraulic mode is commended. 

e    Additionally, a provision shall be madä Cor dis- 
engagement when a hard-over signal in the auto- 
matic mods is 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 passivs servo package to follow the active servo 
package. 

B.    Modifications and Refinements of Raquiremente 

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 Baae or analy- 
ses conducted by Bendix and consist of the following: 

(1) MIL- A-8629(AER)# Airplane Strength and Rigidity,  super- 
seded by MIL-A-806O through 8870. 

(2) Gas temperature range of 100#F to 600#F revised to lOO'F 
to 450#F. 

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

(4) Automatic servovalve input pressure differential signal 
of ±5 psid revised to ±2 psid. 

(5) 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. 
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(6) Maximum «llowabl« fu«l consumption requirement «tUb- 
Uahod •• 0.018 Ib/eoc «I 4S0*P gat temporatur«. 

(7) Design life of 3000 hours eeubllshed with duty cycle ee 
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     rilghtworthy Design Requirements 

The fllghtworthy pneumatic DYNAVECTOR rudder actuator 
deaign 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 preeented In Table I. 

3.     INTERFACE REQUIREMENTS 

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

A*    Electrical Command Kequirement» 

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

e Clutch solenoid switch 

e Manual valve power supply switch 

e Actuator-manual valve latch switch 

e Stability augmentation switch 

The yaw damper switch and stability augmentation switch may 
be a single switch.   However, In the event that the pilot chooses to 
monitor yaw rate sensor signals before monitoring the stability augmsntatlon 
output of the automatic actuator, separate switching functions must be 
provided. 
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Table I . Summary of Flightworthy Pneumatic DYNAVECTOR Rudder 
Actuator Design and Performance Characteristic• 

DYNAVECTOR Model 

Trenamission Ratio 

Stell Torque 

No-Load Speed 

Maximum Horeepower 

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 (- kib point) 

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

Automatic Valve Response (-?db point) 

PH-370-B1 

370:1 

10,200 lb-in 

60 deg/sec 

0.405 hp 

14 lbs 

3000 hours 

0.018 lb/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 cylind r and belle rank-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 rudder.   The cylinder bypass 
valve would open, thereby preventing the cylinder from becoming hydrau- 
lically locked, and the manual linkage input point would become spring- 
loaded into a detent position, thup allowing the pilot to move the cylinder 
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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Figure 13 - Detent Control Cylinder Design 
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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. 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 lb/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 600oF.   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. 

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

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

(3) Automatic actuator position relative to power actuator 
(electrical) 

(4) Manual valve body and input linkage pivot relative to 
power actuator (electrical) position. 
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(5) Input linkage position relative to power actuator (electrical 
dual ganged potentiometer). 

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

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

(8) 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. 

(9) Power actuator velocity relative to air frame. 

(10)    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.     Summary 

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 ^require a linear actuator output force of 2700 ±150 lb» maxi- 
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 Ib-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 above output force information, approximates a straight line 
similar to the DYNAVECTOR actuator steady-state torque-speed 
characteristic with a torque-speed characteristic with a stall torque 
of 10,200 Ib-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/sec2 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 Ib-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 (lb) 

P - Supply pressure (psia) 

Q - Valve flow or flow through hydraulic cylinder (in^/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) 

6 - Angular displacement (degree») 

6 - Angular velocity (deg/sec) 

6 - Angular acceleration (deg/sec'1) 

9 - Amplitude of displacement (degrees) 

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

<*> - 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- 
bility drops off with rudder position because of the reduction in effective 
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 Ib-in at 20 degrees deflection is 
assumed.   A plot of this load torque is presented in Figure 15. 

The torque-speed characteristic cf the hydraulic rudder con- 
trol actuator is obtained as a guide for establish'       Jie performance 
requirements for the pneumatic DYNAVECTOR actuator.   For a hydraulic 
cylinder» the output force is expressed as 

F   =   AP A (1) 

anr the linear velocity of the piston as 

Z   '   A 
(2) 

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

e -^ 
r 

T1   = Fr 

(3) 

(4) 

A constant torque arm is assumed, although this is not the case in actu?l 
operation.   However, the variation is deemed not large enough to affect 
the torque-speed curve.   The flow through the cylinder is the same as 
the flow through the aervovalve.   The following assumptions are made 
in determining the flow: 

• Constant pressure source 

• Series circuit in the valve 

• Zero or positive lap in the valve 

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

The flow is determined from the following equation: 

AP   =   P     -  ^'      . (5) 

where 

g =   A    C^ P    d fVF • 
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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(4.33) 
3,000 - 900 

=   0.0179 

or 

g   =   0.1338 . 

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

F 2,700        n n .  2. 
A     =   —zr   -   ..■     '     =   0.9 in p        AP 3,000 

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

T    «   Fr   ■   AP A   r   ■   (0.9) (3.9) AP   =   3.51 AP I p (6) 

and the speed is obtained from 

e     li2 i     l^o 
2lTT ZTTT 

360 
(0.9)(3.9)    2 ir 

=   16.3 Q (7) 

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

Q   =   0.0946 V3»000 " Ap (8) 

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

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

Various values of AP are si jstituted 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 automatic mode.   Therefore, a steady-?Ute 
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Figure 16 - Torque-Speed CharacterUtic - 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: 

9   =   6    cos w t 
o 

6   =   -w 6    sin w t 
o 

6   ■   -w2 6    cos o) t . 
o 

(10) 

(H) 

(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 deg/sec2 is assumed to occur at the full deflection position of 20 
degrees. 

• 

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

■ 

■ 



load torque-dUplacement profile.    The system it assomed 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/sec2, 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 20. 

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 t up to and including 20 degrees.   The 
maximum power is required for automatic operation of maximum ampli- 
tude at 20-degree rudder position, and curve F of Figure 20 represents 
the load torque-speed characteristic, for this operational mode.   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 assumed 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 thai 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/aec   , 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-lbs/deg is plotted in 
Figure 22.   The load tottque at 20 degrees output deflection for this load 
is 5,40C Ib-in. 

To determine the perfo^/^iance criteria for harmonic motion 
with an amplitude of 20 degrees and a maximum load torque of 5,400 
Ib-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/sec   . 
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 DYNAVECTOR 
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 

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. 
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Table II - Flight Mission Definition 

Operative Condition Time 

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

Climb, cruise and descent at altitudes 
1         greater than 20,000 feet 

Miscellaneous chaise, loiter, etc., 
1         at altitudes greater than ?<0,000 feet 

Landing approach to touchdown 

5 minutes         j 

2 hours and 
30 minutes 

I hour and 
18 minutes 

7 minutes 

Total               4.0 hours I 
A 

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, ..ad 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 Ib-in 
per degree and the percentage of time at manual mode amplitudes 
from ±$ to ±20 degrees defined in DS-742 (reference Appendix A), 

. 
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Table III - Stall Torque During Four-Hour Flight 

Stall Torque 
(in-lbs) 

j      % Load Amplitude 
(degrees) 

Duration 
(minutes) 

1           5,400 
1           4,860 
|           2,430 

1,620 
810 

100 
90 
90 
60 
60 

20 
20 
10 
10 

5 

4                    | 
4 

10 
10 
30                    1 

Total Time                       58 minutes   { «n 

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 rudder 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. 
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Table IV - Oscillatory Conditions During Four-Hour Flight 

|        Mode 
Amplitude 
(^degrees) 

Frequency 
(cpO 

Torque Variation 
(lb-in) 

Time 
(minutes) 

i    Autcmatic 

[    Automatic 

5 

0.8 

0.871 

2.18 

0 to 810 

0 

35                    j 

63 

1                                                                  Total Time in Automatic Mode                   98 minutes    j 

Manual 20 0.435 0 to 4.860 84 minutes 

A. Supply 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 condition, 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, precoollng will be required before ths 
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. 
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Figure 23 - DYNAVECTOR Operational Regimef Altitude 
Versus Flight Mach Numbers 
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Figure 24 - Compressor Bleed Presoure and Maos Flow 
Versus Aircraft Operational Modes 
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Figur« 24 fummarizes the bleed preiture 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 flight operational conditions 
during the monitoring tests, the available mass flow exceeds J .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 if an integral high speed motor 
and tran»mifiion without high velocity mechanical elementi.   The major 
components of the DYNAVECTOR actuator aiaembly consist of a series 
of displacement chambers, a unique integral epicyclic transmission, and 
commutation porting.   The transmission and motor use elemente common 
to both, resulting in a much simpler and more reliable design. 

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 doec not contain 
a rotating porting plate or spindle.   The absence of high velocity members 
in the motor significantly reduces the inertia, resulting in high accelera- 
tion capability. 

The unique epicyclic transmission converts the rotating force 
vector directly 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 an 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 DYNAVECTOR 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 «lute 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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F2 SUPPLY POUT (STATIONARY 
ON SIDE PLATES) 

tTATIONARY 
(GROUND) 

DISPLACEMENT 
CNAMBER 

VECTOR 

RING GEAR 

CAPTURED VANE 

DISPLACEMENT CHAMBER 
ADMISSION PORT 
(IN RING GEAR) 

Figure 25 -  Basic Operation and Design of Low Ratio DYNAVECTOR Actuator 

A force vector if generated by pressurizing three adjacent 
displacement chambers and venting the remaining three.   The vector it 
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 
approximately 90 degrees to the ring and output gear contact point, the 
rin% 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 ^ out act 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 differential pre»»ure in the form of two motor 
port pretfurei Pj and P^ mmt be commutated to the proper displacement 
chamberi to produce a rotating force vector in phaie 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 Pj 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 
located under the ring gear fact*, 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 Py t.nd P^ ports as shown in Figure 25, the 
ring gear ports will open Pj ports to half the displacement chambere 
and P2 ports to the remaining half.   The resulting pressure force on the 

1 

ring gear from the displacement chambers connected to P^ is 180 degrees 
opposite Pj» 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 wfth 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 transmits 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 
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alfo hold» true for the trammiesion which does not have the conventional 
input gear running at high pitch line velocities.   The relative velocities 
between the mething 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. 

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

• Wear is greatly reduced, resulting in longer life of the 
actuator. 

The other factor significantly reduced is the actuator or motor 
inertia.   In conventional high «peed motors, the motor inertia resulting 
from significant mass rotating at high angular velocity ha© always 
limited the motor acceleration or response capabilities.   The small 
volume« under compression have generally made up for lack of response 
due to inertia and have placed rotary servos on equal terms with piston- 
cylinder eervos having very little inertia.   However, the spring rate of 
the tran«mi««ion has in some cases presented unwanted decoupling 
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, a« it i« usually the load-carrying output 
members that are too weak. 

The DYNAVECTOR actuator has no mass 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 pi«ton-cylinder actu- 
ator and a volume under compression equivalent to a conventional similar 
capacity rotary servo.   This combination results in a servo with a response 
potential many times that obtained by present day system«. 

DYNAVECTOR actuator« 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 this 
type the ratio i« computed from the following expression: 

a. 
e 

o 

1 
NlN4 
N2N3 

(13) 
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The nomenclature if given in Figure 26, Unbalanced High Ratio 
DYNAVECTOR actuator.   In thii device the batic description and operation 
it the fame a» in the low ratio actuators.   However, the ring gear will 
have an angular rotation which i» a function of the gear pitch diameter» 

and if equal to 
D    - D 

3 
D, 

6,.   Slightly increased motor friction will be 

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

Porting commutation is proviU?d from the motion of the ring 
gear as in the low ratio design.   Due to the rotation of the ring gear, 
the P, and Py ports in the end plates are not holes or slots but con- 
centric rings.   These rings will commutate P, and P2 tc opposite sides 
of the ring gear by uncovering porting slots in the ring gear at its 
extreme inward and outward radial positions. 

RING 
GEAR 

EPICYCLIC 
MEMBER 

OUTPUT 
IMÄPT 

VANE (STATIONARY) 

Figure 26 - Unbalanced High RAtlo DYNAVECTOR 
P-ZMA 

M 

» 1    -~»«^—w^» 



VANC CHAMBERS 

RING GEAR (A) 

RING GEAR (B) 

GROUND 
GEAR 

OUTPUT 
SHAFT 

P 3737 

Figure 27 - Internal Meih Balance Configuration 

BALANCE 
GEARS 

RING GEAR 

GROUND 
GEAR 

VANE CHAMBER 

Figure 28 - External Mesh Balance Configuration 
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Figure 29 - DYNAVECTOR Pneumatic 
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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 Z7.    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.     Servomschanism Assembly Design and Operation 

The pneumatic rudder actuator servomechanism, DYNAVECTOR 
actuator model PH-370-B1 is shown in Figure 29.   The major components 
of this assembly are summarized in Section 1 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 below. 

(1)    Load Limit Mechanism 

The load limit 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 waen the pneumatic system is not operative. 
The mechanism consists 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 \B 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 tra>k the 
linkage, further hydraulic linkage motion could not occur.   The load limit 
mechanism 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 po*er actuator output shaft through 
an internal gear mesh concentric to the rudder axis.   Mounted to the 
power actuator output shaft 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 piston face gear with the rudder horn adapter 
face gear provided proper interlock 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 system 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 mode 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 iihaft positions arc 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 subsequent 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 of theje 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 linkage 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 oi the automatic actuator to the manual valve body. 
Automatic actuator 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 clockwise 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 Deiign 

The electrical potentiometer and tachometer installation 
is as shown in Figure 29.   The relative displacement and velocity functions 
generated by these components is summarized 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 Dclrin 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 

i                  2 

1                  3 
|                  4 

Manual Valve Body to Power Actuator Outpu 

Power Actuator to Airframe 

Manual Valve Spool to Manual Valve Body 

Power Actuator to Automatic Actuator 

1      Tachometer No. 

Power Actuator to Automatic Actuator 

Power Actuator to Airframe 

1                  I 

2 

• 
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motor if located in the center of the actuator and consists ot 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-i the available aircraft space and specified weight limita- 
tions.   The actuator is required to have a stall torque capability of 
; 0,2,00 in-lbs and produce a maximum angular output velocity of 60*/sec. 

In sizing the transmission first on the basis of torque 
capacity, the approximate gear sizes may be established from the 
following relationship?: 

Ft 

rr S    y b 
s 
DP 

where: 

F, ■ tangential 1c 
» 

b  = face width 

S     = 
s 

tooth stress 

DP   = diametral pi 

(Lewis Equation for gear tooth stress)      (14) 

v   ■ 

D     = 

tooth form factor 

gear pitch diameter 

and, 

4 T 
F    =  1 

t        N D (15) 
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where: 

T maximum torque 

N number of teeth sharing load 

w S    y b ■ 
DP 

4 T 
< 

N D 
(16) 

DP (D ) 
N   »  — 

10 
(assumption to be verified with computer run) (17) 

IT S   y b 
i 
DP 

40 T 

DP (D ) 
P 

D     « 
P 

'40 T 
(18) 

Use of a high strength alloy steel auch ae A1S1 4340 
will permit a gear design stress as high as 75,000 without exceeding the 
endurance limit.   The tooth form factor MY" for a stubbed tooth gear will 
be assumed to be 0,5 based upon previous experience. 

The relationship between the pitch diamc er and gear 
face width for a torque capacity of 10,200 in-lbs becomes: 

/    40 x HM 
-y 15,000 x 0. 

D     =   3.3J7- 
p f b 

000 
5 x b 

(19) 

bO 

* 



The tooth face width and pitch diameter» can be ■elected 
from the following chart: 

b D 

1.50 2.71 
1.25 2.96 
1.00 3.31 
0.75 3.82 
0.50 4.70 

(b)    Tran>minion 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 if 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 desirable 
balance between motor displacement, porting area, 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 ratio of: 

6 
._.          i 4^000             ..ww. M*   « T- ■ '            or   400/1 

6 10 
o 

The motor displacement (Dm) required for the power 
actuator to provide an output torque of 10,200 in-lbs, assuming an over* 
all actuator mechanical efficiency (ir) of 80 percent is: 

2 ir T 
m        N' (AP) it 

(20) 

m 
10,200 x 2 ir        J 200 

400 x AP x 0.80 AP 

Assuming a recovery A P of 45 psig 

D   =   4.45 in" 



At thii point, due to the rtitr&ctiotiff on the power 
actuator fIse for thlf application, preliminary layou a muet be made to 
eatabliah a combination of gear sizea, trenamiielon ratio* and motor die- 
placement providing specified motor performance within the smallest 
package size. 

The tranamiasion ratio for this actuator configuration 
ie determined from equation (13) 

N     «   f—  ■ ' 
o 2    3        14 

By adjusting the  various design para neters and ob- 
serving their effect upon the deaign trend, the following gear sizes were 
•elected: 

t 

Gear       D DP       N 
1   

N' 

Dl 4.17 24 100 

D 4.37 24 105 
s 

D 4.42 24 106 

D4 4.62 24 111 

The exact tranemieeion ratio ie 

105 x 106 11,130 
105x 106 - lOOx !11        11,130-11,100 

N'   «   371/1 

(c)   Gear Face Width 

Using the gear addendum sizing computer program to 
eliminate tooth tip interference a through the area of approach and re ce salon 
in the reaction gaar mesh, the gear pitch radii are R0 • 2.1166, R| s 2.1786, 
with a preeeure angle of 20* and contact ratio of 1.496.   Figure 30 de- 
scribes the relation between teeth and the nomenclature. 
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CLEARANCE 

P-J905 

Figure 30 - Tooth Form Factor» 

Based upon gear designs involving these gear addendume, 
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 
for *he combined bending and compre^sive deformation of a mating pair 
of gear teeth when the contact is at the middle of the gear tooth heights is: 

^•T1 
E    Z    4 £    Z 

1     1        2    2 
E    Z    E    Z 

.   I     1    2    2 ] (21) 

"Buckingham, Earle, Analytical Mechanics of Gears, First Edition, 
McGraw-Hill Book Company, Inc., 1949, p. 342. 



ll«>iW<thi-Ml        .Mt—< 

where: 

b 

E 

y 

z 

combined deformation 

tangential tooth load 

tooth la.ee width 

Young's Modulus 

tooth form facto • 

0.^42 + 7.25 y 

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 thicknetaes. 
Solving equation (21) 

Z     =   0.115 

Z     =   0.118 
Z 

=    If   [0.574« .0-*] 

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

S    Y 
a 75.000 x 0.526 

=   1.645 lbs/in 
b DP 24 

where: 

Y   =   iry 

and the combined deformation is; 

A   =   1.645 lbs/in  [o.574 x 10*6] 

, 
A   =   0.000945 in . 



The arc of teeth which will fhare the torsion load can 
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 estimite 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 

60.5 T 
 o 
S    Y b 

s 

/    60.5x10, 
-^ 75.000 x 0.! 

.   3.96 ./T 

200 
527 b 

In the reaction mesh, the pitch diameter (Dp) in the 
higher stressed external gear is 4.17 inches, resv        g in a gear face 
width (b  ) : 

3.96 
4.17 

=   0.902 

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

=   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 
vector has a maximum angular velocity of 418 rad/sec, flow (Q) through 
each displacement chamber is: 

ir D     e 6' (i) 
Q   =   (in  /sec)   =   ' (22) 

■ 

. 



where: 

D « mean dianneter of the displacement chamber (in) 
m 

i = lergth of the displacement chamber (in) 

c = number of displacemer* chambers 

e = eccentricity of ring gear (in) 

6' - angular velocity of motor (rad/sec) 

irac 2.66 x 3.12 x 0.l25x 418 
Q   = 

8 

Q   =   170 in  /sec 

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

Q = cdA
fiv

T:Rc2f1|?ii (23) 

The f.  (P ,/P  ) is e8tabl;si.ed by the acceptable pressure 
drop through the commutation porting.   If thif> is limited to 1 psi at maxi- 
mum motor speed, (Pd/Pu) will be (39/40) and f   (0.975) is 0.31. 

Solving for the c.^mmutatiort orifice area (A J at the 
worst case condition with the supply air at -65*F, and assuming an orifjre 
coefficient of discharge (JJ) equal to 0.7 we have 

     170  
Ag   =   0.7 xy39Ti: 340 x 0.31 

A     =   0.116   in2 

g 

(e)    Bearing Analysis 

The proposed actuator has two radial ball bearings 
maintaining alignment of tve reaction and output gears.   These bearings 



operate at the low speed of the output theft.   The operating temperature! 
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 radial loads 
which will not exceed 1.150 lb«.   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.    Automatic Actuator 

The purpose of the automatic actuator is to convert the amplified 
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 0.001 radian a.   The torque required to provide this 
response is insignificant, 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-lbs torque, 
the required motor displacement can be calculated from equation (20). 

T    x 2 w 
o 250 x 2 IT 

m N* x AP x T) 371 x 45x 0.72 

D       =   0.13 in  /rev 
m 

Selecting a transmission ratio equal to the power actuator will 
produce equal force vector velocities in the two actuators and porting 
areas and gear designs can be proportional.   The motor displacement 
of 0.13 in    resultJ in a package having a mean diameter of 0.88 inches 
and a length of 0.375 inches. 

The unbalavice due to the ring gear inertia is negligible and the 
automatic actuator will be designed as an unbalanced h'ph ratio devico. 
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C.     Automatic Servovalve 

(I)    Deicription 

The automatic servovalve will be a pneumatic four-way 
epool valve actuated by u ± 6 peid pretture signal applied to a fluid state 
input.   A ± 5 paid eignal dieplacet 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 BOOT.   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 spool 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 flew 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 

VORTEX 
AMPLIFIER 

INPUT JGNAL 

THIMATIC 

Figure 31 - Automatic V Ttex Servovalve Schematic 

P-2e53 
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■pool 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. 

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 will also be fabricated from 440 C stainless steel. 

The valve seals used will be commercial 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: 

2 
A ■   Ama of end of spool - in 

2 
A ■   Control port throat area - in 

c 

A ■   Exit hole area - in 
e 

2 
A   = Feedback port throat area - in 

2 
A ■   Nozzle ramp annular area - in 

A =   Annular area between spool and bore - in 

C ,       =   Discharge coefficient 

k -   Ratio of specific heat of gas 

K ■   Vortex gain factor 
v * 

2 
M ■   Spool mass - lb-sec   /in 

M ■   Tangential velocity of fluid at outer wall of chamber - Mach No. 

=   Control pressure  - psia 

6^ 



II«     I ■, 

P s Ambient pressure - pala 

P ■ Feedback pressure - ptla 

P. ■ Pressure at Inside periphery of exit hole - psla 

P = Pressure at outer wall of vortex chamber - psla 
o 

P = Supply pressure - psla 

R ■ Gas constant - ln-lbf/Ibm *R 

s = Laplace operation of d/dt 
W   M 

c     c ■    Swirl factor =    -  non-dimensional 
WN 

4 
T ■   Gas temperature - *R 

V = Volume under compression at spool end - In 

W ■ Control flow entering control port, A , - ib/sec 
c 0 r c 

W = Weight flow displaced by spool - lb/sec 

W = Control flew entering control port, A , lb/sec 

W ■ Weight flow leaving nozzle-ramp area A    - lb/sec 
n n 

W s Exit flow leaving exit hole - lb/sec 
o 

W ■ Pressurlzatlon weight flow - lb/sec 

W ■ Supply flow entering annular chamber A   - lb/sec 

X s Quiescent normal clearance between nozzle and ramp 
surface - In. 

■ 

y - Spool position - In. 

6 - Nozzle gain parameter =    ,. 
e -1 

- in 
X 

o 
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>   Ramp angle - radians 

"o"   The pretence of a subscript zero or additional fub- 
•cript zero impliei the quiescent value of the variable. 
When subscript zeros appear in equations the variables 
without subscript zeros are changes about the quies- 
cent values. 

=   Patio subsonic to sonic gas flow for pressure ratio P  /P 
• r o     c 

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

-   Ratio of subsonic control momentum to sonic r   atrol 
momentum at pressure ratio P  /P r o    c 

Control port b- ck pressure sensitivity 
coefficient 

Supply annulus back pressure sensitivity 
coefficient 

K 
m 

p   1 

-v oo 
P 

L   coj 

"P    1 
V| 

oo 
p 
-  coj 

Control momentum back pressure sensitivity 
coefficient 
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IM    I   II   mmm*mv 

eo 

io 

V 
eo 

'2 

T    1 eo 

.'loj 

Exit hole gain parameter 

K        =   1 if exit hole it flowed ■onically. 

Referring to Figure 32, the vortex chamber ie coneidered 
to be a volume, V, at a chamber preeeure. P .   The exit hole ie con- o 
■idered to be a fixed orifice with an upetream preifure» P . related to 
the chamber pressure, P0> and the vortex flow's tangential Mach number. 
For r.jrmalisation, the following defined quantity will be ueed. 

W 
N 

CAP 
e    e 

VT" 

The spool position, y , response to small input signals, 
Pc, is given by, 

;   -^ J ^M 
IP 2 W     K. 1 

eo      I       00   i 

3      I 3        2     f o    f 
kRT A   *    ^  IP CAP' 

i \   00 4     fo 

P      A 
00 

•    •     • 
M        2 

2 A    " W     K. RT 
e   + 

00    i 

W     61 
no 

(24) 

where: 

W P , .        2KM     * P 

S--^'1 + KcP22'<r-2K0+-TTr-<'+K
mp

S2' 
OO CO i C      CO 

(25) 

CO 1 f    fo 
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Figure 32 - Automatic Scrvovalve Schematic 
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C3   '   ^PC^        WooPco WooPfo   JK t00J 
r p . p   ' 

2       l      u-       -£2  + —L-  K      -22 (27) 
•   •  +2KMtoo    [TTf   Kmc   P70  

+  l^   S  PfoJ 

fo 

P 

i   P 
C   W,.0*K, ^J + W^ + W^   Kx    p 

fo 

fo 

(28) 

Normalisation of equation (24) yields, 

P 
c 

13,-1*4-1-^1 
ßc ne 

ßu, ne 
ßw 

ne 

The third order factors a, ß and u>     are given by 

(29) 

2 A" k P 
2 oo 

u> ns 

a w 
ns 

( 

i 
oo 

ß CO 
ns 

K     = 

M V 

2     fo    f 
W      K. k RT 

OO      l 

4     fo J 
V 

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

CA P     A 
4    oo 

C   C 
I    4 

C, P     W 2    co    r 
6 

lO 

(30) 

(31) 

(32) 

(33) 
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(3)    Dynamic Design Factor» 

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 

Vortex exit hole area A 

Vortex chamber volume V 

Control and feedback port area 

Spool Mass   M 

Supply area   A 

0.0491 sq. in. 

0.0005 sq. in. 

0.0025 cu. in. 

equal 

0.00011 lb-sec2/in. 

0.0003 sq. in. 

Setting the ram chamber quiescent pressure at 35 psia 
results in a natural frequency of the servovalve of. 

cu 
ns 

2 (0.0491)    (1.4)(35) 
(0.0001l)(0.0025) 

=   860,000 (34) 

u)       ~   926 rad/sec   ■   147 cps 
ns 

(35) 

Maximum flow gain of the vortex pilot stage is desired and 
set by adjusting the constant 2 K K- M equal to one (1).   Since the 
exit holt is sonic and Kj is equal to I, Mtoo2 must be set at 0.1179.   As- 
suming the supply orifices to be choked, the constants in equations (25), 
(26). (27), and (28) become. 

C     =   --i-7 (14K        =») 
I        1 -f f m    P 

c     co 
(36) 

f     fo 
(37) 

75 



p p 
oo          f oo 

C,   s   I + TT-7 K        ^  + 7^-7 K ^- 3               1+fmP           l+£m, Pr c      co                        I to 

c   = w   (14 K. -—a ) + W 
4 £0 £  P* no 

£0 

Substitution of the known quantities into these and the remaining equations 
of the analysis section enables one to obtain a and p.     For example.     4, 

P.   =  -^-   =   27 psia 
1        e'5 

10 

eo 

27 
14.7 

=   1.84   = 
00 

W 
(41) 

rf 
M 

00 

too    W 
=   (0.1179) (1.84)   =   0.217 (42) 

c £ 

e    e     ^ co ic   J 
(43) 

Choosing a control area of 0.00005 sq   in. and setting Pco - Pfo results 
in 

P       =   P,     =   45 psia 
co £0 

(44) 

• 

n 



also. 

W 
no no 

W 
fo 

Vi 
o 

(45) 

oo 

''A 
and for a ^010 in. nozzle, a gain 6 of 10 and a ramp angle of 5* 

no 
ir (0.010)(0.0872) -  «-5 ü_ L  -   0.000091 »q. in. 

W 
fo 

= 
1 

4*3 

= 2.09 

r 2.09 

= 5.18 

r 1.50 

From equation (31) 

Q W 
nf 

- 

5.11 
35 

8       2.09   1.50 |    (0.00020)(1.4)(640)(530)        , -^ 

40 
1.50 
i.8 5 0.0025 

=   5.5 

Similarly, 
ß   =   1.0 

Figure 33 ihowt the valve response characteristics. 
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FREQUENCY (CPS) 

Figure 33 - Automatic Servovalvc Frequency Response 

Static Design Factors 

From equation (33) 

c, 
y. 

P 
CO 

2.09 
45 1 

P 
c 

C, W      6 
es            2     no 2.09 30 

A. «=; 
280 (46) 

and for. 

y     =   0.010 in. 
s 

P     =   0.010 (280)   =   3.1 
c 

f*r 



mmmmmmmmmm 

Thus, the required differential pressure across the valve will be 

2 (3.1)   =   6.2 psid 

for a full utroke error. 

D.     Manual Valve 

The manual 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. 

2 
The maximum valve area is 0.040 in    on each land.   The servo 

loop gain requirement is such that the valve must open proportionally 
to the bell crank displacement for the firsts0.08 inches of travel at 
which time it must be fully open.   However, the bell craak must be free 
to displace an additional 0.82 inches.   In order to provide these require- 
ments a special land design is required.   Figure 3 5 Is a sketch of the 
design.   Slots equal in width to the required active st  oke are milled in- 
to the spool sleeve.   The spool will uncover these slots proportional to 
its stroke 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 pilot 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 part 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 A»«embly 
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Figure 35 - Manual Servovalve Spool and Sleeve Design 

The valve body assembly will mount directly to the Actuator- 
Manual Val"«; Latch.   TLe supply flow will pass from the valve body 
through this latch into the power actuator through sliding seals between 
the latch and the actuator housing. 
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Clutch Mechanism 

(1)   Introduction 

A number of method» are used to actuate and control clutches 
with the best choice depending on the application.   The three basic types 
of actuation are:   mechanical, electrical, and fluid (hydraulic or pneumatic). 
The mechauical system is ruled out in this application because of the 
complexity of the linkage required to actuate the clutch and the require- 
ment for automatic operation.   Most electrically actuated clutches are 
of the electromagnetic type, and because of the large forces involved to 
keep the clutch engaged, this type of clutch would be excessively heavy 
and the size would exceed the allowable envelope.   A pneumatically 
actuated clutch is selected because of the requirement that the present 
hydraulic system not be modified and the fact that the DYNAVECTOR 
iu a pneumatic actuator.   Using a pneumatic clutch also reduces the 
weight of the clutch and provides for fail-safe operation as the clutch 
will automatically disengage when there is lose of pneumatic pressure, 
allowing hydraulic or mechanical control of the rudder. 

The following clutch operational requirements are design 
objectives: 

(a) The clutch must remain engaged under stall loading with 
a zero coefficient of friction. 

(b) The clutch must disengage under stall loading with a 
coefficient of friction of 0.37S with pressure assist and 
0.2 without pressure assist. 

(2)   Nomenclature 

F =   Friction force   (lb) 

F.        ■   Kickoff spring fore«   (lb) 
k 

F ■   Piston force   (lb) 
P 

F =   Gear separating force   fib) 

F *   Tension spring force   (lb) 

F «   Normal force (lb) 
n 

II 



mm 

T 

b 

S 

N 

A 
m 

w 

D 

v 

d 

» Tangential force   (lb) 

■ Pressure angle   (deg) 

■ Output torque   (in-lb) 

s Pitch radius   (in) 

■ Coefficient of friction 

- Pitch diameter   (in) 

= Tooth length   (in) 

= Shear stress   (psi) 

■ Compressive stress   (psi) 

■ Tooth area   (in  ) 

= Washer width   (in) 

■ Tooth thickness at the pitch line   (in) 

= Number of waves in wave washer 

■ Number of teeth 

s Stress area {irr) 

- Wire diameter   (in) 

s Wall thickness   (in) 

- Spring mean diameter   (in) 

■ Poisson's ratio 

■ Piston diameter   (in) 

In       =   Natural logarithm 

S =   Radial stress   (psi) 

«   Diameter of concentric ring on which face gear separating 
force acts   (in) 

«   Tangential Stress (psi) 
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P =   Pressure   (psta) 

A        ■   Deflection   (in) 

a ■   Constant dependent on ratio of outer radius to inner radius of 
a circular plate 

E        ■   Modulus of elasticity  (psi) 

Subscripts o and i refer to outside and inside respectively 

Subscript I refers to face gear 

(3)   Clutch Design 

(a) Design Description 

The pneumatic tooth clutch, Figure 36, provides high 
torque capacity and positive engagement.   It is an on-off device that 
consists of essentially three parts:   splined output shaft of the a'ctuator» 
a toothed piston having an internal spline mating it to the actuator output 
shaft, and a toothed output member connected to the rudder horn through 
a torque -limiting splined shaft. 

When the volume between the actuator output and the 
piston is pressurized, and the volume between the piston and the output 
member is vented, the piston moves into engagement with the clutch 
output member, the teeth on the piston meshing with the teeth on the out- 
put member.   Positive alignment is achieved by incorporation of a single 
point engagement design in the face gear teeth.   When the engagement 
chamber is evacuated and the disengagement chamber pressurized, 
release plungers assist in separating tl\e two clutch members forcing 
the piston back toward the actuator output shaft.   The wave washer moves 
the piston toward the actuator output shaft to assure positive disengage- 
ment of the clutch and to minimize the possibility of accidental engage- 
ment due to vibrations or accelerations along the shaft axis. 

(b) Foree Analysis 

Preliminary design layouts of the DYNAVECTOR 
actuator assembly in the F101B aircraft result in the maximum spaqje 
envelope for the clutch as indicated by the clutch housing outline shown 
in Figure 36.   To optimize the clutch package and to determine actuation 
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Figure 36 - Pneumatic Tooth Clutch 

forces, a force analysis is conducted.   Summing forces in the axial 
direction, the piston force, when the clutch is engaged,is expressed as 

F     =   F      + F   + F    - (F#   + FJ 
P •, r        w f. f (47) 

I 1 

The force required for disengagement without pressure assist, is obtained 
from equation (47) by setting F    = 0. 

F      +F+F>F,   +F, 
si r        w        fj f (48) 
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The friction forces (Ff   tnd F ) and the gear eepareting force (Fg  ) ere 
derived from the following equetione: 

F. ■ »i r^ 

cot ^ R   cos e 
P 

R 
tan 4 

The sliding spline diameter ie dictated by the actuator 
design while the face gear diameter ie governed by the etreeeee in the 
output member.   The eliding spline and face gear tooth form and preesure 
angle are identical to thoee used by Eclipee-Machine Division, Bendia 
Corporation, in their electromagnetic clutchee.   The dssign data is sum- 
marised in Table VI. 

The piston force required to ineure continuous engage- 
ment for a etall torque of 10.500 in-lbe ie obtained from equation (47) 
for varioue face gear pressure anglee and plotted for varying coefficiente 
of fricttbn in Figure 37.   The force required to disengage the clutch is 

Table VI - Pneumatic Clutch Deeiga Data 

|                 Sliding Sphne F»c« G«ar                                       1 

Pratiur« »ngU ■ SO* 
1 

Prcasur« angl« ■ 20*                                                             1 

{    Involute tooth form Str*ight-«»ded tooth form                                                { 

1    Pitch dtametrr ■ 5 833 in Pitch diameter « 4.465 In (middle of tooth) 

I    70 teeth 140 teeth 

i    12/24 pitch Tooth OD - 4.62 In 

Addendum ■ 0.0416 In Tooth ID - 4.) 1 in 

|    Dcdcndum ■ 0.092 In Tooth height (et OD) - 0.064/0.066 in 

Tooth Ungth > 0.340 In Tooth tpecing (• OD tooth root) ■ 0.0275/0.0265   | 
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obtained for various Uc« g«»r prottur« anglet end coefficients of friction 
end elto plotted in Figure 37.   The coefficient of friction le eeeumed to 
be the eeme In the sliding spline end the face gear.   The release spring 
force and the wave weiher force at full engegement ere assumed to be 
conetants of 120 lbs end 55 lbs, rsspectlvsly.   Ths piston force required 
to Insure clutch engegement for e pressure engle of 20 degrees under 
•tall conditions and sero coefficient of friction Is 1810 lbs. from Fig- 
ure 37.   The maximum puton diameter avalleble It 6.40 In. which yleldf 
e pressure erea of 32.2 §q. In.   For a differential pressure of 50 psld, 
the mexlmum piston force Is 1,610 lbs, es indicated by the horlsontal line 
to the left In Figure 37.   As Is evident from the graph, this force will not 
keep the clutch engeged under stall conditions and sere trlctlon.   Since 
the DYNAVECTOR actuator le capable of 10,500 in-lb» output torque for 
e eupply pressure of 50 pslg. the clutch muet remain engeged for e 50 
pslf supply preesure elso.   The piston diameter cannot be Increaeed with- 
out exceeding the clutch envelope.   Reducing the pressure angle of the face 
geer will reduce the feperatlng force end. therefore the piston force re- 
quired to keep the clutch engaged es shown In Figure 37.   However« a 
decreaee In the f^ce geer pressure angle decreeses the maximum coef- 
ficient of friction for which the clutch will disengage, ae Is evident from 
Figure 37.   The design goel of fall-sefe operation for loes of pressure 
to the actuator requires that the clutch dlsengege without pressure assist. 
The anticipated coefficient of friction for the candidate materials is 0.15 
end does not very significantly with time.   To allow for all contingencies, 
e range In coefficient of friction of 0.03 to 0.20 Is assumed     For this 
renge of coefficients, the clutch will remain engeged and separate without 
pressure eeslst for e face gear pressure angle of 20 degrees end is cap- 
able of dlsengeging with pressure assist for a coefficient of friction up 
to 0.375. 

(c)   Stress Analysis 

The spline tooth stress Is determined from the following 
equations: 

1.2732 1 
(5^) s 

s 

s c 
= 

(Dp
2) b 

2.5 T 
o 

(Dp
2) b 

(53) 

" 

BJ 



which *f»ume all teeth c»rrymg the load.   Assuming that only 15 percent 
of th« Uath carry tha load, the straf ••• on the spline are 

s - idmsisäasm . w psi 
' (0.34) (5.893) 

S     .   Z5  tihSSSm       .   9.090 psi 
C (0.34) (5^33) 

which is well below the yield strength of the material selected for the 
spline members - a nitrided steel. 

The etresses in the face gear teeth are obtained from 
the following equations; 

Sc   =   AtN 
(54) 

S 
t    Nb 
P 

(55J 

Since the face gear teeth are cut on a radial line, the tooth is more highly 
stressed at the inner diameter of the tooth; therefore, the tangential 
force and the tooth area at this point are assumed for the whole tooth 
length when calculating the tooth streises.   Assuming that 25 percent of 
the teeth carry the load, the tooth stresses are 

4860 (4) 
c v0.0101)(140) 

=   13,770 psi 

s. " lo.osMuoMo.m) ■ 17' 920 ^ 
■ 

1 

which are well below tne yield strength of nitrided steel. 
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Stres««f in the piston are due to tooth eeparating forces, 
loraional loads and pressure forces.   For this preliminary design, the 
piston is assumed to consist of two parts; a cylinder with an internal 
• plinc and a disk with face gear teeth.   The cylindrical portion of the 
piston is subjected to shear stress due to the torque and a tangential 
stress due to spline separating and pressure forces, which are determined 
from equations (56) and (57), respectively. 

16 T   d 
o   o 

ir (d 4 - d4) 
o i 

(56) 

P   d       (F   + P   A    )d 
S a s     m 

t        2 t 2 A     t 
m  w 

(57) 

The area over which the spline separating force is 
assumed to act is at the root of the tooth which is 

A       =   ir (5.937) (0.470)   -   8.76 in 
rn 

and the tangential stress from equation (57) is 

=        2518   (5.937)    .  = 
Dt        (2) (8.76) (0.2315) P 

The shear stress for stall conditions from equation (56) is 

S     =   16ao,500M6.40)    =   ^^ 

* ir (6.4    - 5.937  ) 

The disk portion of the piston is subjected to face gear 
separating forces, pressure forces and torsional loads.   The cylindrical 
portion of the piston is assumed not to affect the stresses in the disk.- 
The force due to the release pins is assumed negligible.   When the 
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clutch is engaged, the stresset at the disk edge are obtained from 
equations (58) and (59) 

' 

.   . s     s       rftm   .1\\ hf' 
rl        '2 16 t  2 Zvt2   [    Voj   . 

S    =   S     + S     + S 
t t t t 

12 3 

F F4 t t 
=   S      v ■<- S      v *■ —  ,   ■ ' -   S v + *~~r—~ 

" r, -ff d, t r TT d  t 
1 2 i   w max i   w 

When the clutch is disengaging with pressure assist and the face gear 
teeth are still in meßh, the radial stresBes are additive and are obtained 
from equation (60) while the tangential stresses are the same as those 
obtained from equation (59) 

3 d   (AP) 
S     =   S      + S        =   ^r— - 

rl        r2 16 t2 

w 
2 T t L    \ o/   . 

(60) 

The dcflectione at the disk center must not bt excessive 
and they are obtained for the engaged clutch and when the c\utck is dis- 
engaging from equations (61) and (62), respectively. 

A   = 

4             2                * r      (1 - v   ) 
3 d   (1 - v   )(AP) 1  

64 E t 8 IT E t 
w W'.V''-{4 

(61) 

4             , 3 F      <1 - v   ) 
3d   (1  - v   )(AP)      3  

3 3 
64 E t 8 it E t 

w w 

d/Mf 
(62) 

. 

W 
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mmmmm 

The radial stresses at the edge and the disk deflection at the center are 
plotted for the assumed configuration in Figure 38 for the clutch in en- 
gagement and Figure 39 for the clutch disengaging and the face gear teeth 
still in mesh.   The deflection should be kept small; however the weight 
of the piston must be kept minimum and, therefore a wall thickness of 
0.20 inch is assumed. 

The tangential or torsional stress for this wall thick- 
ness and F. acting at the mean tooth diameter from equation (59) is 

S     =   (17,250) (0.3) + 
4,710 

TT (4.465) (0.2) 
=   6.855 psi 

and the piston design is adequate. 

The most highly stressed part of *he output member 
of the clutch is the 0.200 inch thick disk from the face gear to the center 
hub which is subjected to torsional and gear separat ng forces.   The 
critical area is at the hub where the stress due to gear separating forces 
is in bending, or a radial stress, and is expressed an 

3 F 
I 

r        Zut   2 

w 

2d      (1 + v)ln--^ 4- (d      - d.   ) (1 - v) 
o d. o i 
 i  

d 2 (1 + v) + d.2 ( 1 - v) 
o i 

(63) 

Substituting the dimensions and loads into equation (63) and using 
Poissons ratio of 0.3 (for steel), the stress is 

1 3 (1642) 

r        2 T (0.200)2 

2 (4.62)2 (1.3) ln^—•  + (4.62 - 9) (0.7) 

(4.62)    (1.3) + 9 (0.7) 

=   18,850 psi 

The shear stress due to the torsional load it also 
maximum at the hub and is expressed 

t    d 1 = —V^ s J 2 
TT d.      t 

1      w 

(64) 
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mm 

(4520    4.62 ,ÄÄÄ 5    s ^^—rrr;—L ■  3690 pti • 9 ir (0.2) r 

Combining the radial ■tress, which is either compressive or tensile 
and the shear stress results in 

18,8 50 

max ' 
' * (3.690)2 

-   19,535 psi 

max        ' 
690) 

■   10,110 psi 

The deflection of the face gear due to the gear separating forces is 
determined by the following equation 

A   = 

a F 2 
8i d 1    o 

(65) 
4 E t 

w 

where a is dependent on the ratio of the outer to the inner diameter and 
is equal to 0.025 for this case.   For stall conditions and an E of 30 x 10   psi, 
the deflection at the face gear if unsupported is 

A   = 
(0.025) (1642) (4.62) 

4 (30 x 106) (0.2)3 
=   0.000915 in. 

The wave washer is designed so that its output force 
when the clutch is engaged is 55 lbs.   The stress and deflection equations 
for a wave washer are: 

S   = 
3 ir F D 

4 w t      n 
(66) 



A 3 

1.94 F   D 
o 
3    4 

E w t       n 
(67) 

The wave washer should not be deflected to its solid height, because 
a load at solid height cannot be held with any uniformity.   A force of 
approximately twenty (20) lbs on the pifcon is desired when the clutch 
Is completely disengaged to alleviate the problems of accidental engage 
ment due to vibrations or accelerations.   The desired spring rate is. 
therefore, approximately 390 lb/in.   A wave washer with the following 
dimensions is selected 

D s   6.0 in. 

w =   0.275 in. 

E =   30x 106 psi 

w 
=   0.0625 in. 

n =   3 

The spring rate for the above wave washer is 

F 
= 

3    4 
E w t       n 

w 
A «      r\  A     ^^ 1.94 D 

30 x 106 (0.275) (6.25)3 x 10"fe (3)4 

1.94 (6)3 

=   391 lb/in 

which is the desired spring rate.   The deflection at .- force of 55 lbs is 

A   =  ~~~  =   0.140G in. 
391 

The pre-load deflection from free height is obtained by subtracting the 
stroke of the piston (0.090 in.) from the above deflection and is 0.0508 in. 
The pre-load force is 

F   =   0.0508 x 391   =   19.85 lb 

■ 
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which is the desired pre-load.   The maximum stress for a solid height 
deflection 0.170 inches from equation (66) is 

S   = 
3 ir (0.17 x 391) (6) 

4 (0.275) (6.25)Z 10"4 (3)2 

=   97,500 psi 

which is satisfactory. 

The helical coil release springs are standard springs 
manufactured by Eclipse Machine Division and have a spring rate of 
50 lb/in.   A release force of 1 5 lbs per spring is required to disengage 
the clutch in the fail-safe mode.   The stress in the spring is expressed 
as 

S   = 
2.65 F D 

(68) 

w 

and is, 

2.55 (15} (0.2475) 5   = - _ 

(4.75)   x 10 

=   88,000 psi 

which is well below the endurance limit for the material used in the 
spring. 

(d)   Weight 

The clutch assembly, as shown in Figure 36, has a 
design weight of eight (8) pounds.   An electromagnetically actuated clutch 
of the equivalent torque capacity would weigh eighteen (18) pounds. 

F.    Automatic Actuator Ser^Jwtfyftifier and Position^^fafn^dttfe^c 

(1)   Servo System 

The automatic actuator servo loop consists of a fluid state 
servo amplifier, a fluid state position transducer, a servovalve, and the 

— 
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automatic actuator.   The input or demand to the servo loop comes from 
the autopilot and it a position command signal.   Figure 40 is a schematic 
of the servo circuit.   The autopilot input signal at ± 2 psid pressure is 
summed with the position feedback signal in the summing amplifiers to 
produce a servo error signal.   This error signal is amplified by a ven- 
jet amplifier circuit and used to drive the servovalve.   The servovalve 
in turn operates the actuator which positions the position transducer on 
the output shaft to cancel out the error signal.   Each stage operates in 
push-pull mode to eliminate pressure regulation requirements.   The 
main 50 psig supply pressure is dropped through a series of orifices to 
provide the required pressure to each stage. 

(2)    Servo Amplifier 

The summing amplifiers, vortex valves, and venjets together 
represent the servo amplifier.   The summing amplifier is a low gain 

I 
a 
a. 

AUTOPILOT 
IMPUT 

SO PSIG SUPPLY 

LEGEND: 

PNEUMATIC 

——— MECHANICAL 

Figure 40 - Automatic Actuator Servosystem 

POSITION 
TRANSDUCER 



vortex amplifier.   It accepts the low level input and position feedback 
signals and preamplifies their sum to provide an error signal.   As the 
input differential pressure swings positive the feedback differential 
pressure must become negative in order for the output differential to 
remain at zero. 

Figure 41 is a design drawing of the summing amplifier. 
The vortex chamber diameter will be I /4 inch.   The unit is flange mounted 
and all ports are connected through this mounting flange.   The amplifier 
itself will be a diffusion bonded assembly without internal seals or joints. 
The overall dimensions will be about 1/2 inch in diameter by 3/8 inch 
high.   The material will be 440C stainless steel. 

The error signal is amplified by a novel Bendix amplifier 
called a venjet or vented-jet amplifier.   It utilizes a single power jet 
and receiver and is controlled by varying the pressure surrounding the 
power jet.   Gains of up to 25 psi per psi input have been obtained making 
this device suitable for error signal amplification.   A conventional vortex 
valve is used to control the vent pressure by throttling the vent flow. 
This venjet-vortex valve combination with give the highest power gain 
possible and therefore will also serve as the driver stage for the servovalve. 

Figure 42 is a design drawing of the venjet-vortex valve 
circuit.   It also is fabricated from 440C stainless steel and diffusion 
bonded together to eliminate seals and joints.   The summing amplifier 
flange mounts to this assembly which in turn mounts to the actuator housing. 
The total amplifier weight is 2 oz. 

(3)    Position Transducer 

The position transducer to be used in the automatic valve 
position control loop is a currently developed fluid state device. 

The fluid state position transducer, provides a pressure 
signal that is a function of rotary position of the automatic actuator relative 
to the power actuator position.   Figure 43 shows the transducer con- 
figuration designed for ± 5 degrees oscillation of the automatic actuator 
relative to the power actuator.   The transducer body will be mounted to 
the power actuator output shaft with the converging variable area ducts, 
designed to create a linear pressure gradient mounted on the automatic 
actuator output member surface.   Static pressure taps located on the 
power actuator surface remain stationary while the ducts rotate with 
the automatic actuator. 
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Figure 43 - Position Transducer Configuration 

A ± 40° fluidic position transducer utilizing radial duct 
porting rather than surface porting has been developed and tested.   An 
assembled view of this position transducer is shown in Figure 44 and a 
typical output curve is shown in Figure 45.   The load flow-pressure 
curves are in actuality only the static orifice flow characteristics of 
the static taps. 
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Figure 44 - Assembled View of 
Experimental Position Transducer 
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Figure 45 - Rotary Position Transducer Schematic and 
Output Characteristic 
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Because of the simple construction and the absence of 
critical orifice sizes, the transducer will perform reliably without drift 
or permanent changes.   The basic pressure relationships are not functiont 
of temperature, thus, the device will operate over a temperature range 
limited only by structural strength.   The output signal is easily trimrrec'. 
to provide the desired output-input relationships and not subject to 
critical machining tolerances. 

3.     SERVO SYSTEM ANALYSIS 

A.     Tcrque-Speed Characteristics 

The torque-speed characteristic of the actuator will be used 
to determine the dynamic response.   A flow model of the actuator shown 
in Figure 46 was ased to obtain this characteristic.   The various symbols 
used are: 

Q        =   Volumetric flow rate   (in  /sec) 

F =   Supply pressure   (psia) 

P        ■   Ambient pressure   (psia) 

V 

Upstream motor pressure as measured 
at valve port   (psia) 

Upstream motor pressure inside motor 
available for torque   (psia) 

..-^ 

Figure 46 

KAi )(*i 

*-£♦,. 

P-3905 

DYNAVECTOR Actuator Flow Model 

101 

■        ■  I   II 



P2' 

=   Downstream motor pressure as meaiured 

at valve port  ^p»ia) 

=   Downstream motor pressure inside motor 
available for torque   (psia) 

=   Valve area 

■^   Ccmmutation area 

I 

A =   Leakage area 

The various flow» are given by 

Supply Flow: 

C C^ A   P,       /P 
d    v    s   ,   i w. = ~^f¥' 

i\     ccdAcPi£(!L (69) 

Upstream Leakage Flow: 

(70) 

Displacement Flow: 

W   =   W    - W 
s i, 

(71) 

Downstream Leakage Flow: 

C C. A 
u 

• 

(72) 

Exhaust Flow: 

We   " -^JT '   P2' 

C C^ A   P,        Pe d    v    Z f    _« 
fl   P. yr" \  2 

(73) 
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v 

■   Downstream motor pressure as measured 
at valve port  (psia) 

=   Downstream motor pressure inside motor 
available for torque   (psia) 

g 

r   Valve area 

s   Commutation area 

A =   Leakage area 

The various flows are giv n by 

Suppl-   Flow: 

CCA. P.        [P^        CCdAcP1 K 
w YT 1 p yr IP i 

Upstream Leakage Flow: 

W 
VT \PI 

(69) 

(70) 

Displacement Flow: 

w « w   - w 
8 i 1 

(71) 

Downstream Leakage Flow: 

W 
(72) 

Exhaust Flow: 

CCdAcP2'f  Pi 
We   -—^F MV 

C CJ A   P_ d    v    2 1 \p21 (7A) 
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and from conservation of mass 

W    + W4     =   W 
C ll 

(74) 

The motor output torque is determined by the differential pressure 
Pj' - Po'l input displacement, d     in^/rad; the gear ratio N'; and the 
efficiency T^.   Therefore, 

T     =   (P/ - P,') d     (N') Ti   lb-ins 
1 2       m 

(75) 

Similarly the motor speed is a function of volumetric displacement 
flow and from the perfect gas law: 

Q   = 
W RT 

(76) 

and if 9 (motor output speed) is to be ^iven in degrees pe- second. 

9   = 
360 W RT 

E IT a     (P1
,)N, 

m      1 
(77) 

Equation (69) thru (77) were programmed on a digital computer 
and simultaneously solved to determine torque and speed at various 
points between stall and full no load speed. 

(1)    Power Actuator 

The torque-speed program inputs for the power actuator 
are: 

p 
s 

— 65 psia 

p 
e 

= 14.7 psia 

C = 0.528 

c. = 0.80 

TI      =   0.80 
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T     = 530oR 

R     = 640 

k      = 1 .4 

d      = 
m 

0.755 in3/rad 

A. = 
0.003 in2 

A      = 0.125 in2 

A     =    0,01 . 0.02, 0.03, 0.04,   (in2) 
v 

N'    =   370 

The results are shown in Table VII for the fully open valve 
case ^nd the complete torque-speed curve is shown in Figure 47. 

(2)    Automatic Actuator 

The program inputs for the automatic actuator are: 

p 
s 

65 psia 

p    = 
e 

14.7 psia 

C      = 0.528 

cd " 
0.80 

n 0.80 

T      = 530^ 

R      = 640 

k 1.4 

d 0.0352 in3/rad 

01 in2 
I 

4 

• *• 

■ 
' 
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Table VII - Torque Speed Computer Program Retult« 
for Power Actuator 

COMPUTER PROGHAM INFUTS 

P i • il.O P   • 14.7 C ■ 0.S2« C^ • 0.00 T ■ U0.« 

A ■ 0.04 
V 

A1 • 0.001 A    - 0 u» 
e 

A   • 0.00] • 
D     ■ O.T»S 1 N' • S70.0 II - 440.0 k« 1.4 q> 0 4 

•(«•■/••c) T dn-lb.) W (lb/.«< ) PI' (pau) P«' (p«U» PI (P*ta) PI (■•• •) 

IS.l 9MV.I 0.01359 (2.0 19.9 M.0 19.»       j 

M.4 TUM 0.0203» 60.« 14.1 il.O 2»« 

10.1 STIT.« 0.02 »28 M.) »a.i »9.0 )2.0 

n.t 4004.9 0.02920 M.I )7.l »6.9 36 9        j 

41.» un.i 0.0)244 S).9 42.0 »4.9 41.0 

4T.1 IUT.I 0.0SM6 »1.7 4».S »2.9 44.9 

M.7 101.1 0.0J747 49.» a.» »0.9 47.4       1 

H.I -  865.» 0.0)943 47.2 Sl.l 40.9 49.9       | 

i         63.» -II4I.S 0.04109 4».0 »).2 46.9 »2.0       { 

.      M.I -2740.9 0.04240 42.0 »s.o 44.9 »).•       { 

3 
■ 
I 

MI- 

k 
1 
i 

NI- 

s 

\ 

\| \J ..»# 
i \ 

\ 

N 
\ 

M 
i i •           i i           t I                4 •                1 •             M 

IPW» (»/HC) 

Figure 47 - Power Actuator Torque 
Speed Characteristi .3 

Figure 48 - Automatic Actuator Torque 
Speed Characteristics 
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A     =   Variable 
v 

N" 370 

The torque speed characteristics are shown in Figure 48. 

B. Inertia Loads 

The total inertia loads axe required for response calculations 
and are tabulated in Table VIII and IX. 

C. Dynamic Response 

(1)   Power Actuator 

The linear block diaprram for the power actuator is given 
in Figure 49.   The symbols used are defined as: 

X 

Y 
m 

e' 

6' 

P 
T 

o 

8T 
c 

ae7 

8T 

8Y 
m 

=   Pilot input   (in) 

■ Manual valve spool position   (in) 

=   Manual vaxve body position   (in) 

■ Input linkage length between manual valve and pilot input 
point   (in) 

■ Input linkage length b^ween manual valve power actuator 
centerline   (in) 

■ Rudder position   (rad) 

=   Rudder velocity   (rad/sec) 

a   Automatic actuator position   (rad) 

■ Power actuator torque   (Ib-in) 

Power actuator torque speed slope at operating point, 
(in-lb/sec) 

Power actuator torque-valve position slope at operating 
point,   (in-lb/in.) 
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Table VIII - Power Actuator Inertias 

Member Inertia 
Gear Ratia From 
Member to Output 

Shaft 

Inertia at 
Output Shaft    i 
(In-Lb-Se Z) 

1    Gear-Active 

Rotating 0 0552 20 22.10 

Eccentric 0.000166 370 22.70 

Gear-Balance 

Rotating 0.0328 20 1 3.11 

Eccentric 0.000166 370 22.70 

Housing 0.053 1 0.5 3 

Rudder 2.33 1 2.33          | 

|                                                                                            Power Actuator Total   83.47          | 

Table IX - Automatic Actuator Inertias 

Inertia 
(In-Lb-See2» 

Gear Ratio From Inertia at 
1            Member Member to Output 

Shaft 
Output Sliaft 
(In-Lb-Sec2) 

j    Ring Gear 

Rotating 0.00051 20 0.2040 

!           Eccentric 0.00000222 370 0.3020 

Output Shaft 0.0030 1 0.0030 

|    Link and Manual 
I    Valve Spool 

0.0060 1/4 0.0004         1 

Automatic Actuator 1 "otal   0.5094         | 

Ji^h -o^^r-xy^ J. » 

rn 
.M 

a • ♦«» 

?• 
Figure 49 - Power Actuator Block Diagram 
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J      =  Power actuator total inertia   (in-lb-tec^) 
P 

T       =   Compressibility time constant   (sec) 

where 

P 

8T 
 c 

aö1 

1 2 2 
(d    )   k P   R 

m o 

(78) 

irage quiescent actuator pressure at operating point 

The block diagram reduces to a third order characteristic 
equation given by: 

X 
1 

3        2   8To      8To fez., 
T
I
J

P
8
 

+Jp8 +^8 + rr mVzi 'r r m 

(79) 

where the static stiffness K   is given by 

i 8T 
Ko   =   \'öY     |   \"> 

m 
(80) 

This equation may be normalized into 

X 

K 

a S 
+   1 

ß w 
ns 

ß w 
ns 

ß w 
ns 

(81) 

where: 

w 
ns 

8T 
o 

86' 
J    Ti P   1 

(82) 

<• 

♦ 
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(83) 

f 

P   ■ ax 
84) 

IF hns) 

From Figure 47 picking an operating point at 5000 in-lba 

th..orq«.-.pe,dch.r.ct.ri.tic8Tn/86   i,, 5.200^..   Th. inertia 
|j    from Table VIII is 83.47 in-lb-sec2 and the pressurization time constant 
T   is given by equation (78) 

3 (15,20^; 
1 fo.755 (370)] 2 (1.4) (40) 

Therefore, from equation (82) 

=   0.0104 sec 

w 
15,200 

ns (83.5) (0.0104) 
=   17,500 

From equation (83) 

w       ■   132 rad/sec   =   21 cps 
ns 

a        83.5(17,500) 
p K 

K 
P   ■ 15,200 (132) 

By setting the gain Kc at 700,000 in-lb/rad, a = 0.73 and 
P ■ 0.35.   This results in a power actuator response characteristic 
as shown in Figure 50. 
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100 
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Figure 50 - Power Actuator Frequency Response to Mechanical 
Linkage Inputs 

'JT. 

i| 

V 
p J^ 

P 3905 

Figure 51  - Automatic Actuator Block Diagram 
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(2)    Automatic Actuator 

The linear block diagram for the automatic actuator is 
given in Figure 51. 

P 

a       \ 

Y 
a 

P 

K 
a 

K 
s 

The nomenclature for this block diagram is as follows: 

- Amplifier output  (psid) 

■ Feedback pot output   (psid) 

= Automatic valve position   (in) 

■ Auto pilot input (psid) 

« Amplifier gain   (psi/psi) 

= Servovalve gain   (in/psi) 

■ Feedback point gain (psi/rad) 

=   Servovalve transfer function 

=   Amplifier time constant   (sec) 

■   Pressurization time constant   (sec) 

=   Automatic actuator moment of inertia   (in-lb-sec   ) 

ß 

T 
a 

8T 

8Y 
a 

8T 

W 

= Automatic actuator position   (rad) 

= Automatic actuator velocity   (rad/sec) 

■ Automatic actuator torque   (in-lb) 

■ Automatic actuator torque gain at operating point 
in-lb 

in. 

Automatic actuator torque-speed slope at operating 
in-lb point  —rra rad/Fec 

. 

.". 

Ill 

i 



The servovalve transfer function is given by, 

K 

Q  S +    — s 
+ I 

p w 
nv 

ß w 
nv 

P w 
nv 

(85) 

and, 

w 
nv 

2 A    kP 
 < 

MV 
CO cps (86) 

1 

where: 

M 

V 

k 

P o 
A 

also, 

a 

P 

Spool mass   (Ib-sec^/in) 

End chamber volume   (in^) 

1.4 for air 

End chamber quiescent pressure 

Spool end area 

1.0 

0.50 

The block diagram of Figure 51 may be reduced to the form 
shown in Figure 52. 

From Figure 48, 8T   /dp   =   900—y-   and T,  is cal- e a. rad-sec l 

CUlated to be 0.009 seconds.   Setting the amplifier time constant T- at 
8 cps, the closed loop response of the automatic actuator was obtained 

8T 
a 

and is shown in Figure 53.   The required gain K   K K   is 

30,000 in-lbs/rad. 
BY 

a 

• 
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Figure 52 - Automatic Actuator Block Diagram (Reduced Form) 
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Figure 53 - Automatic Actuator Frequency Response to Autopilot Inputs 
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(3)    Servomechanical System 

The total system responae to autopilot inputs, p, is the sum 
of the two response curves of Figures 50 and 53 and is shown in Fig- 
ur« 54 superimposed on the required response characteristic. 

D.     Gain Requirements 

(1)    Power Actuator 

The input linkage geometry is such that the r»Ho of input 
linkage lengths is given by 

'l 4 
     =   rr   and   i,   =   0,975 inches 
'l + 'z       5 2 

Since, 

8T 
K 

BY 
m 

.   i       -««. «/»«   in-lb i      =   700.000  -- 
21 rad 

aT 

av 
m 

700,000 
0.975 

=   718,000   in-lbs/in. 

From Figure 47 the torque gain at the operating point is 
about 20,000 in-lbs for full valve stroke thus, the required stroke its 
given by: 

20.000 
max        718,000 

=   0.028 inches 

Therefore, the valv* vnust be fully open in 0.028 inches or 0.112 inches 
of pilot input. 
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(2)   Automatic Actuator 

A»i»uming a valve gain K   of r-rr   ln/pii and a feedback 
gain Kf of 60 psi/rad along with a torque gain of 60,000 in-lbs/in. the 
required amplifier gain is calculated from: 

8T 
»^    »^ * •* ^« A««   in-lbs K   K     TTT" Kr   e   30,000    r- a    B   8Y f rad 

a 

,_ 30,000 

: '       ^   (60.000) (60)   '   5-0 P'i/P,i 

4.     INSTALLATION REQUIREMENTS 

For a flight evaluation test program the pneumatic DYNAVECTOR 
rudder actuator would be mounted concentric to the rudder axis and 
coupled to the rudder horn assembly by a pneumatic clutch.   This 
mounting configuration would allow the DYNAVECTOR actuator to 
operate in parallel with the existing hydraulic power cylinder and damper 
assemblies.   The aircraft pilot would have the option of any of the 
following operative modes with such a dual actuator system during the 
evaluation tests: 

• Hydraulic system operative. 

Pneumatic system decoupled from rudder and inoperative. 

• Hydraulic system operative. 

Pneumatic system decoupled from rudder but operative.   Output of de- 
coupled pneumatic system monitored to provide correlation of pneumatic 
output to pneumatic and hydraulic systems commands and hydraulic 
system output. 

•      Hydraulic system inoperative.   Pneumatic system coupled to 
rudder and operative.   Hydraulic system may be reactuated and pneumatic 
system decoupled from rudder at any time in event of pneumatic system 
malfunction. 
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The pneumatic DYNAVECTOR actuator would be coupled to an 
adapter bracket mounted to the rudder horn by a fail safe pneumatic 
clutch.   The clutch is spring loaded out of engagement, and engaged by 
pressurizing with 50 psig compressor bleed air. 

Manual input commands from the pilot controls are accomplished 
by a linkage coupling between the DYNAVECTOR actuator manual valve 
and the existing bell crank used for manual inputs to the hydraulic 
power actuator.   Automatic mode yaw damper inputs are provided by 
a pneumatic signal from the yaw damper system to the automatic valve 
mounted to the DYNAVECTOR actuator rotary housing. 

Figure Z shows a side view sectional drawing of the F101B aircraft 
tail assembly in the area of the hydraulic power actuator cylinder be- 
tween fuselage stations F.S. 832.36 and F.S. 801.00.   The DYNAVECTOR 
actuator mounting structure would be attached to the bulkheads at 
stations F.S. 832.36 and F.S. 814.90. 

The linkage for aircraft pilot manual commands would be attached 
to the bell crank located at elevation W.L. 96.78, fuselage station 
F.S. 799.00. 

Figure 3 shows a view looking up the rudder axis, the location of 
the hydraulic power and damper actuators and the concentric mounting 
of the DYNAVECTOR actuator. 

Figure 4 shows a view forward alon^; the aircraft longitudinal axis 
at fuselage station F.S. 832.36. 

Figure 5 is a sectional view forward normal to the rudder axis at 
elevation W.L. 90.62 and station F.S. 831.346. 

The modifications required of the F101B aircraft for the in- 
stallation of the DYNAVECTOR actuator are as follows: 

A.     Bulkhead Attachment 

(Ref.   Figures 2 and 3) 

Provide required mounting attachments to bulkheads at 
F.S. 832.36 and F.S. 814.90 for attachment of DYNAVECTOR actuator 
support structure. 
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B. Rudder Horn Attachment 

{Rc£. Figure 5) 

Mount rudder horn adapter to rudder horn for pneumatic 
clutch output member, 

C. Fuel Vent Line Valve Hydraulic Line 

(Ref.   Figures 2 and 4) 

Reroute hydraulic line to fuel vent line valve at F,S. 832.36 to 
eliminate interference with DYNAVECTOR actuator assembly. 

D. Manual Input Linkage Attachment 

(Ref. Figure 2) 

Provide mounting for linkage yoke at linkage input point on 
integrated hydraulic power cylinder. 

E. Power Actuator Hydraulic Lines 

(Ref. Figure 2) 

Reroute hydraulic line to power actuator to eliminate inter- 
ference with DYNAVECTOR actuator assembly. 

F. Pneumatic Power Supply and Exhaust Attachments 

Provide power supply line attachments to jet engine compressor 
bleed point and actuator exhaust port for venting outside of aircraft 
fuselage if hot exhaust is not permissible in tail section. 

G. Hydraulic Power Cylinder Disengagement 

A two position, spring-solenoid valve would be required in the 
pressure supply line to the hydraulic power cylinder.   In the solenoid 
"on" position supply pressure would be ported to the detent control 
cylinder shown in Figure 2, and the cylinder supply line would be 
vented to tank.   The cylinder by-pass valve would open as in the event 
of loss of utility hydraulic system pressure, thereby allowing fluid to 
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pass from one »ide of the power cylinder piston to the other, permitting 
pneumatic system operation.   The lock-up mechanism locking the pilot 
input to the power cylinder houfiing would normally become engaged 
with such a loss of system pressure.   Lock-up would necessarily have 
to be prevented during pneumatic operation or else the rudder horn 
would be mechanically linked to the pilot manual command linkage. 
Lock-up would be prevented by a hydraulic signal to a separate piston 
and cylinder assembly (Detent control cylinder) that would act as a stop 
thereby preventing lock-up detent engagement.   Upon reversion to 
the hydrualic mode, the lock mechanism stop assembly would be spring 
loaded out of engagement and thus not interfere with normal lock-up 
procedure in the event of actual lose of utility power supply. 
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5.     POWER CONSUMPTION STUDY 

A.     Summary 

The objective of this analysis is to predict and compare the 
fuel consumption rate of three motor-actuators for a given flight duty 
cycle.   The actuators to be considered are gear, vane and DYNA- 
VECTOR actuator. 

The gear and vane motors must be coupled to a transmission 
whereas the DYNAVECTOR actuator is an integrated motor-transmission 
machine. 

The technique used in predicting the fuel consumption rate is: 

(1) Select the best performance data available of each of the 
selected motor-actuators. 

(2) Normalize and plot the specific fuel consumption data with 
respect to normalized speed,   (reference paragraphs B & E) 

(3) Establish the torque speed profile required for steady 
statei stall and cyclic conditions as specified in para- 
graphs C and D. 

(4) Predict the stall and zero load consumption,   (reference 
paragraph D)   This is required to establish the "end 
points" of the fuel consumption curves. 

(5) Plot fuel consumption rate versus flight time for the 
duty cycle of paragraphs C and D. 

The conclusions of this power consumption study are that the 
average consumption rate for the duty cycle (reference paragraph C) 
based on a 240 minute flight at 530oR gas temperatures is: 

Gear Motor 
Vane Motor 

DYNAVECTOR Actuator 

0.011 lb/sec 
0.006 lb/sec 
0.024 lb/sec 

These results are based on optimized consumption data for 
the gear and vane motors and the current status of DYNAVECTOR 
actuator development based on actual DYNAVECTOR actuator test 
results.   It is predicted that with continued development of the DYNA- 
VECTOR actuator, consumption requirements equivalent to the best 
gear motor characteristics should be attainable.   Based on DYNAVECTOR 



actuator fuel consumption equivalent to gear motor characteristics, 
the predicted maximum fuel consumption at 910*R gas temperatures 
for the flightworthy DYNAVECTOR rudder actuator would not exceed 
0.018 lb/sec and the mission average consumption would be 0.0043 lb/sec. 

B.     Normalized Specific Fuel Consumption 

Previous analysis had concluded that the gear and vane motor 
(with transmissions) are the best standard units available for use in 
the rudder actuator design concept.   To gain comparative data, gear, 
vane and DYNAVECTOR actuator motors were analyzed for performance 
requirements of paragraph C. 

The best available fuel consumption data of each of the motors 
was normalized as follows: 

For any percent of zero load speed: 

[RT (SFC)] Dimensionlese   =   [RT
in] [SFC SPHR] [*]        (87) 

SFC 

LB 
SFC ———— Measured LB HP-HR liC<lBU cu 

HP HR        r] Transmission Efficiency 

whe re; 

Tr> 1V» 
R   - ■   - Gas constant of fluid being normalized 

T   =   "R - Fluid temperature 

1 m"^  ^P"^^-      correction factor to convert 
K        oa ö  in6        0-04Z i0        LB-IN        RT (SFC)   into a dimension- 

23.b 10 
less number. 

T|   =   Transmission efficiency equal to 1.0 in this analysis. 

A normalized specific fuel consumption curve for each of the 
three motors is given in Figure 55. 

C.     Rudder Actuator Duty Cycle 

An assumed duty cycle has been derived for the DYNAVECTOR 
rudder actuator application.   This duty cycle defines the rudder actuator 
load-speed requirements for a four hour flight mission as summarised 
in the following table. 
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NORMALIZED - SPEED 

Figure 55 - Normalized Specilic Fuel Consumption 

122 



Table X -  Flight Mission Pneumatic Rudder Actuator Duty Cycle 

STALL CONDITIONS                                                    1 

Stall Torque 
(lb-ins) 

Rudder Pc aition 
(degrees) 

Duration 
(minut 

of Stall               I 

6,400 20 4 

!                4.860 20 4 

2.430 10 10 

1,620 10 10 

810 5 30 

I                                                   CYCLIC CONDITIONS 

Amplitude 
i      (± degrees) 

Frequency 
(cps) 

Torque Variation 
(lb-ins) 

Time           1 
(minutes)      1 

20 0.435 0 to ±4,860 84 

I                5 0.871 0 to i:    810 35             | 

I               0.8 2.18 0 63             | 

D.     Steady-State Fuel Consumption 

The normalized specific fuel consumption curves based on 
actual test data for the gear, vane and DYNAVECTOR actuator systems 
described have been used to predict the steady-state fuel consumption 
of these systems when subjected to the horsepower requirements of 
the rudder actuator application. 

Steady-state performance is based on a linear torque-speed 
load line between a stall torque of 5,400 lb-ins and a zero-load speed 
of 60 degrees per second. 

Predicted fuel consumption values in the maximum output horse- 
power range are based on the SFC curves in Figure 55 for the gear, vane 
and DYNA VECTOR actuator systems as shown in Figures 56, 57 and 58 
respectively.   These values are indicated as "SFC Test Data" points. 
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0 06 P-39QB 

MOTOR HP .405 HP 

*m 4.57 IH3/REV 

p. 50PSIC 

CAS NITROGEN 70* P 

0 SPC TEST DATA 

LOAD VELOCITY (DEC/SEC) 
i 

10 
LOAD VELOCITY (RPM) 

r igure  56 Rudder Actuator Application DYNAVECTOR Steady-State 
Fuel Consumption 
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20 30 40 
LOAD VELOCITY (DEC PER SEC) 

-♦- 
2.5 7.5 10 

LOAD VELOCITY (.<PM) 

Figure 57 Rudder Actuator Application Gear Motor Steady-State 
Fuel Consumption 
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30 40 
LOAD SPIED (DEC/SEC) 

LOAD SPEED (RPM) 

Figure 58 -Rudder Actuator Application Vane Motor Steady-State 
Fuel Consumption 
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Th« predicted fuel coneumptlon requirements for the zero 
horsepower conditions of stall and zero-load speed cannot be calculated 
from the normalized SFC data of Figure 55.   Realistic estimates may 
be made however by redesigning the subject test motors to meet the 
rudder application horsepower requirements as described below. 

(I)   Gear Motor Stall and Zero-Load Fuel Consumption 

The pneumatic gear motor analyzed has a displacement 
of 3.2 in-Vrev,   Performance data for this motor when operated with a 
800 OB ig, 30*F nitrogen supply are as follows: 

Maximum horsepower 

Stall torque - T8 

=   4.8 

»275 lb-ins 

Zero-Load speed - Nm   ~   5,000 rpm 

Stall flow - Wf ■   0.137 lbs/sec 

Zero-Load flow - Wb      ■   0.30 lbs/sec 

The torque-speed characteristic for this motor is nearly 
linear with a peak horsepower of 4.8.   The peak horsepower poiut for 
sising the rudder actuator is 0.405 based on a linear characteristic 
from a load stall torque of 10,200 lb-ins and a zero-load speed of 10 
rpm.   To allow a prediction of the stall and zero-load consumption of 
a resized gear motor capable of 0.405 peak power, it has been assumed 
the motor displacement must be reduced by the power ratio.   There- 
fore, the motor stall torque will be reduced by the displacement ratio 
change, assuming operation at 800 psig supply, and the motor zero- 
load speed will remain at 5,000 rpm. 

Therefore, the resized gear motor stall torque may be 
given by 

275 
0.405 
4.8 

(88) 

T     =   23.2 lb-ins 

The resized gear motor displacement will be 

_ 0.405  ,, _4        « ,.. i 3/ D      =      . -     (3.2)   =   0.27 In /rev 
m 4.o 
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Atsuming the stall leakage is directly proportional to the 
displacement, the stall leakage of a 0.405 hp gear motor at 800 psig 
nitrogen supply will be 

.t 

=   0.0115 lbs/sec (90) W     =   0.137 
a 13.2 

The zero-load consumption for the 4.8 hp gear motor can 
be stated by the equation 

Wh     S    KH(NrJ(DrJ {9l) 
o ci       m       m 

0.3 lbs/sec   =   K    (5,0OOH3.2) (92) 
d 

Likewise» the resized gear motor zero-load consumption 
relationship would be 

Wu   =   K    (5,000)(0.27) (93) 
b d 

The constant K^ would be identical for equations (92) and 
(93), assuming identical gas density conditions. 

The resized gear motor zero-load speed consumption 
would be 

\ - {fSfrr<0•3',' ■00"4lb'/-        <94' 
(2)    Vane Motor Stall and Zero-Load Fuel Consumption 

The vane motor analyzed has a displacement of 6.0 in^/rev. 
Performance data for this motor when operated at a 400 psig 20*F nitro- 
gen supply are as follows: 

HP 
max 

= 6.0 

T 
8 

= 185 lb-ins 

N 
m 

= 5,100 rpm 

W 
a 

- 0.083 lbs/sec 

wb 
= 0.195 lbs/sec 
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The required vane motor displacement for a 0.405 peak 
horsepower application may be given by equation (89) as follows „ 

Dm   S(^l^(6,0,   =   0.405 in3/rev. (95) 
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AsBuming the still leakage is directly proportional to the 
displacement, the stall leakage of a 0.405 horsepower vane motor with 
a displacement of 0.405 in^/rev would be 

0.083   l^—^l   =   0.0056 lbs/sec 
a 1   6.0 

The zero-load consumption is 

(96) 

(5,100)(0.405)  in 1Ä,1        Ä n„^ iL    , _,. 
Wb   =   (5.100)(6.0)   ' <0195'   -   0-0132 lb'/"C (97, 

(3)   Dynavector Actuator Stall and Zero-Load Fuel Consumption 

The DYNAVECTOR actuator tested has a displacement of 
2.62 in-'/rev. Performance data for this actuator when operated with a 
400 psig, 70*F nitrogen supply are as follows: 

Maximum Horsepower 

Stall Torque  - T, 

N, Zero-Load Speed 

Stall Flow - Wa 

Zero-Load Flow - Wb 

Transmission Ratio 

m 

= 0.94 hp 

= 1,850 lb-ins 

= 205 rpm 

= 0.055 lb/sec 

= 0.15 lb/sec 

= 15:1 

The rudder actuator DYNAVECTOR actuator has a dis- 
placement of 4.57 in'/rev and a ratio of 370:1. The stall torque of a 
370:1 DYNAVECTOR actuator at 50 psig supply will be 

T     =   1,850 
s 

50 | 
400 

4.57' 
2.62 

'370 
15 

=   10,000 lb-ins (98) 

Assuming the stall leakage is directly proportional to the 
displacement and supply pressure, the stall leakage for the 4.57 in^/rev 
DYNAVECTOR actuator would be 

W     =   0.055 
a 

50 
1400 

4.57' 
2.62 

*   0.012 lb/sec (99) 

The zero-load speed, fuel consumption may be estimated 
by calculating the displacement flow of 50 psig supply air at 70*F with 
the DYNAVECTOR actuator at an output zero-load speed of 10 rpm. 
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W     =   V(D    )(N    ) 
D mm 

(100) 

where 

Y  ■ weight density 

Wu   =   1.81 x 10      (4.57) 
b 

65 
RT       53.3(530)(12) 

I 10 x 370' 

=   1.81 x 10"4 lb/in3 

60 
=  0.051 lü/sec 

will be 
For a gas supply at 600*F# the zero-load mass flow rate 

/  560 
W. 1,060, (0.051)   =   0.027 lb/sec (101) 

The method of calculating the zero-load flow consumption 
by the displacement equation may be confirmed by calculating the flow 
value for the 2.62 in^/rev DYNAVECTOR actuator tested.   Assuming 
air/nitrogen at 400 psig and 70^ the weight density is 

415 
Y   s 

RT        53.3(530)(12) 
=    12.2 x 10'4 lb/in3 (102) 

The mass flow at 205 rpm output with a transmission 
ratio of 15:1 is 

WL   =   Y (D    )(N    )   «   12.2 x 10'4 (2.62)  [15 f/l   ■   0.165 lb/sec b rn        m J        60       | 

This calculated mass flow is within 7 percent of the actual 
recorded test value of 0.155 lb/sec. 

(4)    Fuel Consumption During Power Transmission 

The normalized specific fuel consumption curves of 
Figure 55 were used to compute the fuel consumption requirements 
during power transmission.   The intermediate full consumption points, 
indicated as "SFC data" in Figures 56, 57 and 58 were calculated as 
follows.   For any given speed point (taken as a percent of zero load 
speed), the weight flow rate may be found by taking the product of the 
load horsepower and the SFC value from Figure 55. 

W   =   [SFC]      [HP] lbs/HR 

W - HSFO] [HP] [ann^Ju../ mm (103) 
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where. 

jRT {SFC)I   -   Dimeniionleii Number at ary percent of Zero 
Load Speed 

HP   ■   Horsepower - Determined from the iteady-itate 
torque speed curve 

■   3.96 K 10   Ibu-in/HP-min units correction factor 60 K 
(Figure Sb) 

Equation (103) becomes 

W   .  RT(SFC)[HP] [^^-]ib/ mm 

where 

R   ■   in-lbs/lbs-*R - gas constant of fluid being used 

T   =   "R fluid temperature 

The normalized specific fuel consumption curve (Figure 55) 
cannot be used for stall and zero load values since the resulting product 
of equation (103) -.vould be zero. 

E.     Duty Cycle Fuel Consumption 

The duty cycle defined in paragraph C above is comprised of 
both stall and cyclic conditions.   Stall load consumption has been assumed 
to be a direct ratio of the stall load function directly proportional to the 
stall load magnitude.   The cyclic consumption, however, consist« of both 
stall and powsr transmission flow conditions.   Calculations for the cyclic 
consumption therefore consider both stall and SFC consumption conditions. 

(1)    Stall Load Fuel Consumption 

The stall load fuel consumption requirements for the DYNA- 
VECTOR actuator, gear and vane motor systems has been found as de- 
fined in paragraph D above at a load torque value of 5400 Ib-in.   Assum- 
ing the stall consumption at any other stall torque load value is directly 
proportional to the torque magnitude, the consumption for tlv torque 
values specified in the duty cycle may be found.   As an example, the 
DYNAVECTOR actuator predicted fuel consumption demand at a stall 
toique of 2430 lb-in is 

W 
2430 
5400 

(0.012) ■ 0.0054 lbs/sec 
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DYNAVECTOR Actuator - W 
a 

■" 

58 

Gear Motor - W 
a 

= 
13.50 

58 

Vane Motor - W 
a 

= 
6.43 

58 

(2) Cyclic Fuel Consumption 

Figure 59 showb graphically the itall consumption require- 
mencs for the duty cycle stall conditions for each of the three actuation 
systems analyzed.   The average consumption rates for the duration of 
stall load conditions, 58 minutes is summarized as follows: 

i* 09 
=  0.243 lb/muz =  0.0041 lb/sec 

=  0.233 lb/min  = 0.0039 lb/sec 

=  0.111 lb/min  =  0.0019 lb/sec 

The predicted steady-state fuel consumption curves 
(Figures 56, 57 and 58) were "re-normalized11 as shown in Figure 60 
using the techniques described in paragraph B above.   The re-normalized 
specific fuel consumption curve incorporates the assumptions described 
in paragraph D(4). 

An example solution for calculating the ryclic fuel con- 
sumption for the DYNAVECTOR actuator is given as follows: 

Assume the rudder conditions are as follows; 

amplitude        ±20 degrees 

frequency 0.435 cps 

load torque     ±4860 Ib-in 

The rudder displacement is given by 

0'   =6'  cos (wt)   0 < wt < IT 
o 

where 

6' = rudder position for any angular displacement (wt) 

9' = initial rudder amplitude - 20* 

wt = angular displacement of the forcing frequency 

whe re \. 

w = Z v it   =   2.74 t 

132 

■ 



i o* 

0.2 

20 30 40 50 
FLIGHT TIME (MINUTES) 

Duty Cycle Stall Load Fuel Coniumption 
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0.4 0.6 
NORMALIZED-SPEED 

Figure 60 -Normalized Specific Fuel Consumption 
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Kudder-Angular Velocity: 

6' =   6' u) Bin (wt) 
o 

C'   =   54.8 sin (wt)   0 < wt < TT 

where; 

6' =   54.8 deg/sec at rudder null (0° displacement) 
max 

Load Torque: 

4,860 cos (wt)   0 < wt < IT/2 

The stall consu nption may bt        Lculated by 

4,860 
W      =   Stall Consumption 

a 5,400 
(0.012)   =   0.0108 lbs/sec 

where 

0.012 is the steady-state stall consumption at 5,400 in-lbs load torque 

W      =   eero load consumption   =     L^     (0.051)   =   0.0465 lbs/sec 
60 

where 

54.8   ■   zero load rudder velocity at 0.435 cps - deg/sec 

60       =   eero load rudder velocity at steady-state conditions - 
deg/sec 

0.051   -   zero load steady-state fuel consumption - lbs/sec 

The power transmission consumption values are found by: 

W   =   [sFc] • [HP] lbs/sec 
where 

SFC   =   specific fuel consumption - lbs/HP-Bee 

[RT (SFC)J UT (SFC)J 
(0.0148)(3,600)   ~ 53.3 

|RT(SFC)J=   normalized specific fuel consumption (from Figure 60) at 
a percsne of zero load speed. 



*w**m mm 

The value: 

1  1_ 
0.0148 RT 

(gas being analyzed)   HP-HR/lb^-in 

23.8 x 10 

is a correction fa-tor to convert dimensionless RT(SFC) of Figure 60 
to specific fuel consumption - lbs/HP-HR 

l 

3,600 
=   correction factor to convert hours to seconds. 

For 0 < u)t < TT/2 (Figure 61) 

Solve for: 

W   =   [SFC] • [HP] lbs/sec   0 < wt < IT/2 

Select a rudder velocity of 21 deg/sec: 

21 
percent of zero load speed   = =   38.5 percent 

54. ö 

at 38.5 percent zero load speed; 

RT (SFC)     =   7.1 (reference Figure 60) 

Load HP   = 
63,000 

where 

T    =   4,860 cos (wt) Ib-in 

deg/sec   __,., 
N    a    fi    RpM 

I o 

using: 

wt   =   'rr/8 at 6'    =   21 deg/sec 

6'    =   54.8 sin (wt) 

(4,860  cos 22.5,)(—■) 
Load HP   =    TT-ZZZ   "   0-25 

63,000 
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Figure 61 - Cyclic Fuel Consumption-Cyclic Frequency 0.435 cp« 
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Figure 61 - Cyclic Fuel Consumption-Cyclic Frequency 0.435 cp« 

137 

■       ■ N      i ii 



therefore: 

W 

w 

7.1 
53.3 

[SFC]   [H^ 

fclT (SFC)] 
53.3 

HP 

0.25   *   0.0333 Ibe/eec. 

For tr/Z < fa)t < n (Figure 61) 

The fuel consumption was computed assuming: 

(1) An overrunning torque is acting on the rudder. 

(2) During this quarter cycle the motor requires dis- 
placement consumption only. 

Fuel Consumption   =   W   x sin (wt) 
b 

where 

W     ■   0.0465 lbs/sec 
b 

ut   ■   angular displacement ot the forcing frequency. 

The results of this analysis for each of the motors considered are shown 
in Figure 61 for a cyclic frequency of 0.435 cps.   Figure 62 presents 
the instantaneous cyclic fuel consumption for a cyclic frequency of 
0.871 cps and Figure 63 for a cyclic frequency of 2.18 cps. 

The average value for the half cycle shown was determined 
as follows:   Assuming cyclic conditions at a frequency of 0.435 cps the 
average flow rate is given by 

w 
average        2 

wt = vIZ 

1 
wt = 0 

w, t. •»• w, t, ... w  t 
11 2   2 n   n 

n 
+   0.707 W. 

I (104) 

where 

W      =   average fuel consumption for interval of time t   taken 
from Figure 61 
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Figure 62 - Cyclic Fuel Consumption-Cycle Frequency 0.871 cpt 
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Figure 63 - Cyclic Fuel Consumption-Cycle Frequency 2.18 cpt 
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n 

V   t   ■   total time for 1/4 cycle et 0.435 cpi   ■   0.575 eec 

0.707   * eve rege value of en eree under e finuioidel curve of the 
form - W sin M) 

W     ■  eero loed consumption   «   0.047 lbi/«ec 
D 

A solution of equetion (104) gives 

W *   7    A" [0-464]   ♦   0.0327    =   0.055 Ibe/e^c. 

where 

t   ■   0.0958 seconds 

The geer end vene motor consumption rates were evereged 
in the seme manner for e frequency of 0.435 cps end ere: 

Geer motor - W >   0.0234 lbs/sec 
evg 

Vene motor - W ■   0.0129 Ibe/eec 
evg 

For e cyclic frequency of 0.871 cps 

DYNAVECTOR ectuator - W =   0.0124 Ibe/eec 
evg 

Geer motor - W ■   0.0058 Ibe/eec 
evg 

Vene motor - W ■   0.0034 Ibe/eec 
evg 

For e cyclic frequency of 2.18 cps the averege consumption 
rate ie: 

DYNAVECTOR ectuator - W        « 0 + 0.707 (0.00935) « 0.0066 Ibe/eec 
evg 

Geer motor - W        « 0 + 0 707 (0.0046)    ■ 0.0033 Ibe/eec 
avg 

Vane motor - W        ■ 0 + 0.707 (0.0024)    « 0.0017 Ibi/eec 
avg 

Figure 64 graphically summarizes thr  duty cycle cyclic 
fuel consumption rates for each of the three actuation systems analysed. 

MM 
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1 PARAMETERS A ■ c 
1 RUDDER AMPLITUDE ♦ 20* ♦ 5# ♦ 0.8° 

TORQUE (IN-LBS) ♦4860 ♦ 110 o 
HORSEPOWER PEAK .35 .03 o    1 
|FREQ. (CPS) .435 .171 2.18 | 

AVERAGE CONSUMPTION RATE 

DYNAVECTOR .0301 LBS/SEC 

GEAR 0131 LBS/SEC. 

VANi .0072 LBS/SEC 

120 
FLIGHT TIME (MINUTES) 

Figure 64 - Duty Cycle Cyclic Fuel Comumptlon * 

» 
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The average fuel conrumption for the entire 4 hour mission 
.nay be found by summing Figure■ 59 and 64 and are as follows: 

DYNAVECTOR actuator - W =   0.024 lbs/sec 
avg 

Gear motor - W =   0.011 lbs/sec 
avg 

Vane motor - W =   0.006 lbs/sec 
avg 

6.      FAILURE MODE AND RELIABILITY ANALYSES 

A.     Pneumo-Mechanical Rudder Servomechanism Degraded 
Performance 

The reliability block diagram of Figure 65 indicates that all 
major components of the pneumatic DYNAVECTOR rudder actuator 
assembly are considered to be in series; therefore, each component 
must function properly to attain proper rudder control in the pneumatic 
mode.   A discussion of the degraded mode performance of the pneu- 
matic system IF presented below to define the extent and manner of 
component failures which may be tolerated during flight tests until re- 
turn to hydraulic system becomes mandatory.   It should be noted that 
several of the series components shown in Figure 65 perform check- 
out or.monitoring functions only.   These components would be omitted 
in a final flight qualified primary system .vhere parallel installation 
with a hydraulic system was not a requirement.   The list of these 
components includes: 

• Two-position hydraulic solenoid valve 

• Detent control cylinder 

• Input linkage microswitch 

• Pneumatic supply solenoid valve 

• Clutch supply solenoid valve 

• Actuator - rudder interlock valve 

• Pneumatic clutch 

• Torsional shear section 
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(1) Two-Poiitlon Hydraulic Solenoid Valve 

Failure of the solenoid to displace the spring positioned 
spool would prevent hydraulic system shutdown and subsequent pneu- 
matic system operation. 

(2) Detent Control Cylinder 

Failure of the cylindev to actuate against the detent lever 
spring in response to actuation of the two position hydraulic solenoid 
valve would produce a condition equivalent to utility hydraulic system 
failure.   The integrated hydraulic power cylinder would act as a solid 
link between the pilot input linkage and the rudder, thus allowing the 
rudder to be m&ved directly by pilot effort. 

(3) Input Linkage Switch 

Failure of the input linkage switch to actuate upon proper 
phasing of the pneumatic and hydraulic linkage command positions 
would be equivalent to an error in the pneumatic system command 
position and switch over from hydraulics to pneumatics could not occur. 

(4) Load Limit Mechanism 

Failure of the load limit mechanism may occur so as to 
cause the mechanism linkage to act either as an open link or a rigid 
link.   If the spring or structural linkage members should fracture, the 
mechanism would function as an open link and net transmit pilot com- 
mands to the pneumatic system manual valve.   Upon such a failure, 
the input linkage microswitch would be forced out of detent since the 
pneumatic and hydraulic commands would no longer be properly phased, 
and reversion to hydraulic mode would occur« 

In the event the load limit mechanism fails as a locked-up 
member, the linkage shear section would shear under linkage input 
force exerted by the rudder pedal control system and the displacement 
of the hydraulic linkage system would, therefore, not be mechanically 
limited to the manual valve and linkage stroke freedom which is equiva- 
lent to approximately ±9 degrees of rudder motion. 

(5) Pneumatic Supply Solenoid Valve 

Failure of the pneumatic supply solenoid valve in the 
normal off spring loaded position would prevent the pilot from engaging 
the pneumatic system or from disengaging the hydvaullc system. 
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(6)    Manual Servovalve 

Failure of thp manual servovalve to stroke would cause 
the load limit linkage microswitch to loee detent position thereby de- 
energising the pneumatic supply solenoid valve and the two-position 
hydraulic solenoid valve» which would return rudder control immedi- 
ately to hydraulics. 

(7>    Power Actuator 

In the event the power actuator fails» either in a locked-up 
mode or free running, reversion to hydraulic system rudder control 
maybe accomplished as defined in (6) "Manual Servovalve" above. 

(8) Clutch Supply Solenoid Valve 

The clutch supply valve is a two-position normally dis- 
engaged valve.   In the spring position, pneumatic static pressure is 
always ported to the clutch piston so as to maintain the clutch in a 
disengaged position.   In the event the valve fails in this position, en- 
gagement of the clutch to the rudder is prevented. 

If the valve fails in the energized position, the clutch would 
remain engaged to the rudder.   If a double failure condition occurs 
whereby the power actuator system is inoperable, reversion to hydrau- 
1* : control woulo occur.   Disengagement of the pneumatic system from 
the rudder -would be produced by torquing the shear section of the clutch 
output with the hydraulic actuator in the normal operative mode. 

(9) Actuator - Rudder Interlock Valve 

The actuator-rudder interlock valve is a sliding surface 
valve port that assures proper alignment of the prieumatic actuator 
output to the rudder position.   A failure condition of this valve, whereby 
pneumatic flow is restricted from the clutch, would prevent clutch en- 
gagement *-o the rudder tliereby assuring proper hydraulic control. 

(10)    Pneumatic Clutch 

Failure of the clutch in the disengaged position will elimi- 
nate the option of pneumatic rudder control but will not affect normal 
hydraulic control. 
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A. failure in the engaged position will require a shearing 
of the clutch output shaft shear section when hydraulic control over- 
ride occurs. 

(II)    Stability Augmentation System 

The components of the stability augmentation system are 
shown in series in Figure 65.   Both the stability augmentation solenoid 
valve and yaw rate sensor and signal processor are external to the 
pneumo-mochanical rudder servomechanism.   In the event any of the 
stability augmentation components become inoperative, stability aug- 
mentation operation is non-functional but manual power operation 
remains operative.   The normal position of the actuator-manual valve 
latch is in manual power mode.    Upon latch pneumatic pressurization, 
the latch becomes locked into stability augmentation/auto pilot mode. 
Therefore, the predominate failure mode is in the manual power mode 
condition.   In the event failure occurs with the latch in the stabil:cy 
augmentation condition, and only manual power mode is desired, the 
stability augmentation may be shut down and normal manual power 
mode operation will still be feasible since the latch locks the manual 
valve body to the power actuator output shaft by an intermediate mem- 
ber, the automatic actuator output pawl. 

B.     Mathematical Model and Reliability Analyses 

(1)    The four hour flight mission duty cycle defined in Section II, 
paragraph 2 of this report, has been utilized in this failure mode and 
reliability analysis.   Based on this duty cycle, an estimation has been 
made of the percentage of time each of the four actuator operative 
modes occurs during a four hour flight time.    This estimated percent- 
age distribution is as follows: 

Mode 

Manual Power Mode 

Manual power mode with etübility 
augmentation in monitor 

Manual power mode with stability 
augmentation operative 

Autopilot operation 

Mission Time 

55 Percent 

15 Percent 

J 5 Percent 

15 Percent 
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Table XI - Mathematical Model of DiN A VECTOR 
Rudder Actuator Components 

r 
Acluntor Cnniponant 

{•)   V*lv« Latch A«t«mbly 

{h)   Prsaaur« R«|iilalor 

(c)   Power Actuator 

(d)   Automatic Actuator 

(a)   Pnaumatlc Clutch 

0)   Autotnatic Sarvovalva 

(g|   Dotant Control Aaaarrtbly 

{h)   Llnkaga Lavar It Manual Aaaambly 

(J)    Flulrflc Poaltton Tranaducar 

(k)   Load Limit Machanlam 

(I)   Automntlc Sarvovalv« Ampllflar 

(m) Actuator-Ruddrr Interlock VaWa 

Failure Probablllly 
Summation 

I ■ 4 

I 
■ I 

• J 

■I 

I> 
> I 

■ 4 

i • i 

i • t 

• i 

I'.. 
a I 

• 1 

I- 

> 10 

) * i 

• i 

> 4 

Is. 
a 1 

> 2 

EN 
I • i 

km 
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The DYNAVECTOR Rudder Actuator Attembly Block 
Diagram of Figure 65 and Mathematical Model of Table XI are bated 
upon miation tucceit. 

The basic approach to the analysis of the DYNAVECTOR 
Servomechanism is made from the part failure point of view.   The pro- 
cedure presented herein is limited to component» which are essentially 
assemblies capable of subdivision into parts for analytical purposes. 

The Reliability Block Diagram is a representation of the 
functional relationship of the part to the overall DYNAVECTOR Actuator 
assembly.   Failure mode worksheets» presented in Appendix C, define 
the components of each major subassembly shown in Figure 65.   The 
pertinent failure modee of each of these components are defined on 
these worksheets as are the applicable failure rates and operational 
time requirements. 

Table XU - Preliminary Reliability Prediction of 
DYNAVECTOR Rudder Actuator Components 

mtmmm 

3000 Hour EH.Ign Ufa Failure Rata 
PPMH 

1 
Opa rational 
Time, Houra 

zxt ■        -ZM 1 
R"« 
RalUMllty 1 

1 U)    v.u.. Lfttch Attambly 12.6 ISM 0.017 0.9S3O9 

1 (b)     Preiture RaguUtOr 20.0 3000 0.060 0.94176 

| (c)    Power Actuator 23.0 3000 0.069 0.93332 

1 (d)    Automatic Actuator 15.» 1350 0.0209 0.97931 

1 (a)    Pnaumatlc Clutch ....   0.036 0.96464      j 

1 (0    Automatic Sarvovalva 20.0 1350 0.027 0.97336 

1 (g)    Datant Control Aaaambly 7.0 5/6 5.1 x lO'6 0.999994   1 

1 (h)    Llnkaga Lavar and 
j             Manual Aitembly 

17.0 3000 0.051 0.95027      j 

1 (j)    Fluldic Poaitlon 
[           Tranaducar 

0.01 1350 13.5« 10'* 0.9999S6   1 

1 (M    Load Limit Machanlam 6.70 3000 0.0201 0 98010 

1 (1)    Automatic Sarvovalve 
|              Amplifier 

4.0 1350 0.0054 0.99461 

Mm)    Actuator-Roddar 
1            Interlock Valve 

6.0 1500 0.009 0.99104      | 

1 (n)    Hydraulic, Pnaumatlc 
and Clutch Supply 

j           Solenoid Valvaa 

30.0 5/6 25« 10"6 0.99997     | 

1 (o)     Latch Solenoid Valva 10.0 1/2 5« lO"6 0.99999 I 
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The r««ulta of the reliability eiutlyeis ere shown in Table XII. 
The tabulated reliability values are based on a iOOO hour deeign life 
requirement.   The power actuator design life is 3000 hours whereas 
the automatic actuator and associated stability augmertation/autopilot 
components have a design life of 45 percent of the mission design life 
or 1350 houre.   The reliability vsluee for the detent control cylinder 
assembly and all solenoid valves are baeed on the actuation time re- 
quired for 3000 switching cycles.   From Table XII it can be seen that 
the major gains in reliability for the 3000 hour design life should be 
dirscted toward the linkage Uver and manual servovalve assembly, 
the pneumatic clutch» power actuator and. pressure regulator. 

The estimated reliability for the complete DYNAVECTOR 
Rudder Actuator Assembly based on these reliability numbers for the 
duty cycle of the four hour flight mission is 0.9995. 
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SECTION IV 

CONCLUSIONS 

. 

The feasibility of a flightworthy low pressure pneumo-mechanical 
servomechanism capable of controlling an aircraft control surface has 
been established by this design study. 

The design and performance characteristics of the current DYNA- 
VECTOR actuator design described in Section in of this report repre- 
sents the present status of the OYNAVECTOR actuator development 
program.   These performance parameters may be improved with the 
continued technological advancement of the DYNAVECTOR actuator 
concept.   DYNAVECTOR actuator performance improvement would be 
expected in the following parameters: 

o Torque to weight ratio 

o Torque squared to inertia ratio 

o Specific fuel consumption 

o Horsepower to weight ratio 

o Volume 

o Reliability 

I.    Summary of Qualified DYNAVECTOR Actuator Performance 
Parameters 

Based on the results of this study and the experience the 
Bendix Corporation has had in the development of pneumatic flight 
control systems in general«.a realistic estimate of the performance 
parameters for a flight qualified DYNAVECTOR rudder actuator sys- 
tem may be made at this time.   The DYNAVECTOR actuator servo- 
mechanism system could be designed to duplicate the performance of 
the integrated hydraulic rudder power cylinder assembly which consists 
of three major subassemblies; a cylinder assembly, a control assembly, 
and an electrohydraulic servovalve assembly.   The estimated DYNA- 
VECTOR actuator performance parameters are summarised in 
Table XIII. 
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Table XIII - Flight Qualified DYNAVECTOR Rudder 
Actuator Performance Parameter! 

Installation 

Weight 

Volume 

Specific Fuel Contumption 
(rated horsepower) 

Stall Torque 

Maximum Velocity 

Maximum Acceleration 

Supply Pressure 

Gas Temperature 

Altitude 

Ambient Temperature 

Life 

Duty Cycle 

4 Hour Mission Average 
Fuel Consumption at 450*F 

Cyclic Maximum Fuel 
Consumption 

Stall Maximum Fuel 
Consumption 

Frequency Response and 
Phase Shift 

Actuator Rated Horsepower 
Capability 

Load Spring Rate 

Concentric to rudder axis 
(reference Figures 2-5) 

14 pounds 

(reference Figure 6) 

0.02 lb/sec-hp 

10200 ± 500 in-lb 

60 deg/sec 

150 deg/sec2 

50 to 200 psig 

lOO^F to 450#F 

Sea level to 50,000 feet 

-65#F to 270*F 

3000 hours 

Reference 05-742 
(Section 4.3.3) 

0.0043 lb/sec 

0.0060 lb/sec 

0.0088 lb/sec 

(reference Figure 12) 

0.405 hp. 

270 lb-in/deg 

• 

! 
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2       Flight Qualified DYN A VECTOR Actuator Fuel Coniumption 

The fuel contumption trade-off study presented in Section III 
of thia report has been bated on actual teat data recorded for the 
types of motors described.   It should be noted that the gear and vane 
motor test results represent the best fuel consumption test results 
available after an extensive review of the subject motors.   The DYNA- 
VECTOR actuator test results were obtained on the first fluid DYNA- 
VECTOR actuator assembly ever built for performance evaluation. 
Prior DYNAVECTOR actuator assemblies were plastic shop air penu- 
matic actuators built for concept demonstration purposes.   The DYNA- 
VECTOR actuator tested at 400 psig air was model PL-015-U2 intended 

Table XIV - Fuel Consumption Requirements of Current Design and 
Flight Qualified Design DYNAVECTOR Actuators 

Power Si ippl,      50 piig air. 450*F                                                                             | 

Actuator Dt • ifn:      Dl.pl*cement,Motor      4.57  mVrev                                                           | 
Transmission Ratio     370:1                                                        | 
Torqu« Capacity            10.200 in-lb                                             j 
No-Load Sp««d              60 deg/.ec                                                j 

1             Duty CycU  Fuel 
1 Contumption IU«|ulr«nMnU 

Curr«nt DYNAVECTOR 
Actuator Consumption 

(lb/e«e) 

Flight Qualifiad 
DYNAVECTOR Actuator 1 

Consumption (lb/sac) 

1(1)  SUll Load (in  lb) 

1                      5400 0.0091 0.008.' 

1                      4060 0.0082 0.0079                    ! 

2430 0.0041 0.0040                    j 

U20 0.0027 0.0026                   j 

010 0.0014 0.0013 

1 (2)   Cyclic Condition« 

i          S0 S 20*. 0.435 cp«. 
Torqu« 0 to * 4860 

0.0420 0.0080 

|          S0 *5*. 0.S71 cp« 
1          Torqu« 0 to *810 in-lb 

0.0095 0.0027 

1         »o*0.S*. 2.1Scps 
|         No-Load 

0.0050 0.0015                   | 

1 (3)   Four Hour Mi..ion 
^ 

j            Average   Fuel 
j          Consumption (lb/.oc) 

0.0180 0.0043                    1 I 
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for ut« at lOOO'F gas and ambient conditions.   The actuator has been 
•uccessfully operated at these elevated temperature conditions but has 
not yet been completely optimised with respect to fuel consumption 
performance.   The actuator hardware configuration has not been altered 
appreciably during the test program except for minor modifications to 
the porting areas.   The initial optimisation techniques employed on this 
model have* however, resulted in a 20 to 60 percent reduction in the 
fuel  consumption requirements for this model. 

Continued technological advancement of the DYNAVECTOR 
actuator concept will result in an improvement in the DYNAVECTOR 
actuator torque-to-weight and weight-to-horeepower ratios and fuel 
consumption values. The optimised DYNAVECTOR actuator design 
would have a fuel consumption requirement compatible with current 
state-of-the-art vane motor requirements. Table XTV summarises 
the current DYNAVECTOR actuator fuel consumption requirements 
for the rudder actuator duty cycle as compared to the anticipated fuel 
requirements for a developed and flight qualified DYNAVECTOR actuator. 
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APPENDIX A 

PRELIMINARY DESIGN AND PERFORMANCE SPECIFICATIONS 
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PftOJICT  MO. 

2835-3110 

THE lENDIX CORPORATION 

RESIAICN L ABORA TORIIS DI V|«OH 

SOUTMF IELD, MICHIGAN 

COOi   IDBMT, 

11272 
»Picinc *'io»« HO. 

0e-7U2 

•a«. 

ENGINEERING SPECIFICATION 
'"•>■   PRKLDUIUPTf  PHEUMATIC RUBDEB OONTROL ACTUATOR OESIGR 

SPECITICATIOM 

D.TI 

28 February 1V66 

1.0 DESCRIPTIOH 

1.1 This design specification covers the requirement« for a low-pressure 
high response pneumatic rudder control actuator consisting of a rotary power boost 
actuator and corresponding manually operated servovalve, an automatic control input 
senrovalve, and a linkage suMation system to correlate the automatic control 
actuator output to the desired manual command position. The unit shall have an 
equal output in each direction with the capability of operation in three different 
modes: (l) manual operation similar to that of a conventional hydraulic power 
control unit, (2) operation equivalent to that of a normal autopilot series servo 
plur power cylinder, and (3) power off operation where the unit shall follow the 
hydraulic or manual control system. 

1.2 A series servo is a position type of pneumatic se* o mecnanism which 
adds pneumatic signals from a yaw sensor to those provided by the pilot in stich 
a manner that the rudder can be moved independently of the rudder pedals. The 
summation of these signals causes a suamed output of the power actuator. 

2.0 DESIGIf REOJIRFMENTS 

2.1 Material and Workaanshlp 

2.1.1 Materials and workmanship shall be as stated in Specification 
MIL-P-856»», MIL-P-5518C, and MIL-B-^toO. 

2.1.2 Metals 

All metals used in construction shall be corrosion resistant 
and/or suitably protected to resist corrowion during the expected service and 
storage life of the unit.    The use of dissimilar materials shall be avoided 
whenever practicable. 

2.1.3 Weight of Materials     . 

Materials of the lightest possible weight,   consistent with the 
service and strength requirements,  shall be used. 

2.1.U    Son-Stawlard Material Approval 

Approval for the use of non-standard parts and materials shall 
be In accordance with Specification MIL-P-856U. 
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ENGINEERING SPECIFICATION 
" " •       PRELDOHAKT PIBMUTIC RUDDE» OOinHOL AVIATOR DEBIOi 

UPECIFICATIOII 

•AT« 

26 February 1966 

2*1.9 Strength 

the following »«frty fsetora •h«.! 1 b« appllsd to the «tress 
■naly«!« of the unit: 

(«) Yield Strength - 1.3 x Deelffi Yield StrenctV 

(b) Ultlmte Strength • 1.5 l Design Ultimate  trength 

2.2 Diaeneloc 

The unit shall coofom to the enrelcie drawing 2161066 «ad the deniga 
data noted thereon. 

2.3 Ip«t«ll«tioc 

The poeuMttlc rudder control «ctuetor «hell be 1 nit «lied in pemllel 
to the preeent hydraulic rudder control lystee per the ineteilntlon dr«wln« 
?160373 snd «hell Incorporate design features such that the following operational 
■ode« are possible. 

(a) Oisengegenent of the pneunatlc control actuator package when 
operation in the hydraulic node Is 

(b) Oisengagenent when a hard over signal in the autonatic aode 
1« experienced by the peeusMtlc servo package. 

(c) Ho occurenc« of tranaieats when «witching --ode« of operation, 
(e.g., pneoastic to hydraulic and hydrauli to Tweiwtic) and 
the capability of the paaalwe control «yet«« to follow the 
act Ire control systr«. 

2.1» Wei^it 

The poeuaetic control actuator «hall hare a weight goal of twenty (20) 
pound«. 

2.5    ln«truaentatlon 

InstruaHntatlon «hell be Incorporated Into the actuator design to 
■onitor the following paraaeteret 
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j                  PMilCt -o. TNI BCND1X CORPORATION 
RIKARCN LABORATORirs DIVISION 

SOUTHFlELD, MICHIGAN 

CODE  IDfNT. *PCCIPIC*TION HO. •■»Ti 

283S3110 11272 VB-jbZ e    1 
1            ENGINEERING SPECIFICATION             1 
1 •m*     PRKLDOHARY PNEUMATIC RUBDEF OOIITROL ACTUATOR DESIOH             1 iW>                                          i 

SPECIFICATION                                                                                                 28 Pebruary I966      ! 

(a) Automatic servovalve input signal 

(b) Manual nervovalve position 

(c) Manual servo -alve input  signal 

(d) Servomotor position and velocity 

(e) Servoffctuator position and velocity 

2.6 Marking of Ports 

All ports shall be durably and legibly marked as to function. Declamanlas 
shall not be used. Single letters, such as "P" for pressure, will not be acceptable. 

3.0 OPERATIONAL HEQMIBQffiNTS 

3.1 fcnrironirf'ntal Operating Conditions 

TV* actuator system shell be designed to operate under the following 
groun! ani'/or flight conditions: 

(a) TeHg>erature - Gas tenqperature of 100    to ^JO F 

Ambient teaqjerature of -65° to 270°?. 

(b) Supfply Pressure - Simply presnure shall vary from 50 to 200 
psig.    If it is necessary to operate at a fixed pressure level, 
consideration rhall be given to implementing an accumulator and 
conventional pressure regulation subsystem. 

(c) Altitude - Sea level to 50,000 -feet. 

(d) Flight Acceleration I nsds - The unit shall be structurally able 
7      ithstand without failure a 17*0 g ultimate accelerstion in 
ay direction and shall operate satisfactorily without malfunction 
under a 12.0 g acceleration in any direction. 

3.2 Torque-Speed Requirements 

The pneumatic control actuator shall be capable of operation in accordsjxce 
with the curve of Figure      A with a supply pressure of 50 pal. 
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ENGINEERING SPECIFICATION 
T,TtB PRELIHINARY PNEUMATIC RUDDER OOITTROL ACTUATOR DCSIOH 

SPBCIPICATIOH 

n*Ti 

26 F«bru*r/ 1966 

3.3    Output Motion 

The output motion of the control actuator »hall b« ccn^ latent with the 
following requirements: 

(a) Manuel Operation Output - ♦ 20 degrees with ± 1 degree accuracy. 
Angular velocity 60 deg/eec. 

(b) Automatic Operation - ± 5 degr«ea with ±0.25 degrae positional 
acciu-ary.    Angular velocity of 60 dag/sec. 

(c) Maximum surface deflection velocity shall be 60 deg/sec for 
both manual and automatic operation. 

(d) Maximum surface deflection acceleration ahail b« 150 deg/sec 
for both manual and automatic operation. 

3.'*   Output Torque 

The control actuator shall deliver a rotary output stall torque of 
10200 ± 500 in-lb. 

3.5 Chatter and Imtabillty 

The unit shall operate smoothly without sustainad chatter or instability 
under all operating conditions. 

3.6 Dynamic Response 

The unit, under a linear spring load as shown in Flgore  B, shall 
operate within the limits specified in Figure  C. Load Inertia la ner^'albl«. 

3.7 Duty Cycle 

The unit shall be capable of withstanding a duty cycle of 3000 hours, 
(reference Section U.3.3) 

h.O    QUALIFICATION REQUIREMENTS 

U.l Data Required 

The following data shall be supplied as part of the qualification test: 

PRSPARIO SY 
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28 February 1966 

(a) Qualification Tett Procedura - Fir« (5) copla« of th« propoaed 
Qualification Test Procedure shall be submitted to the Contracting 
Agency prior to testing. 

(b) Bearing Pallure - A history of boariog failure and «alfunctlons 
during qualification testing shall be provided. 

(«)    Stress Report  - Two (2) copies of a oo^late stress analysis of the 
unit shall be provided. 

(d) tffects of Flight Irsrtia Load« - Two (2) copies of an analysis 
of the unit considering the effects of "gH  loading as specified in 
Pamgraph 3.1 (d) shall be submitted. 

(e) Claarance Analysis - An analyais of clearances, certifying that 
binding will not occur at extreas te^eratures with worst tolerance 
build-up shall be supplied. 

(f) Flow Data - The unit flow stell be recorded for all qualification 
tests and auch record shall be recorded la the Test Log. 

(g) Teat Log - An accurate record of the qualification test« conducted per 
the Qualification Test Procedure of Paragraph k.l (a) shall be kept 
la a log book. 

k.2   T—t Conditiopa 

^.2  1    tevlrotussnt 

The qualification teat« «hall be aecosvllahad with the unit subjected 
to the environmental condition« «peeified in Paragraph 3.1 (a) Hid (b) aa defined below. 

k.2.2   Talve Operation 

Opera' ion of the control walwa «hall be accoevllshed nmnually la all 
of th« teete unless specifically actad otherwise. 

k.3 Qualification Tests 

k.yi now 

The «alt flow »hall not exceed 0.02% Ibe/sec while opera lag with a 
gM supply te^erature in the rangs IC?? to kyo^T. 
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?8 Ftbruary 1966 

•»,3.2   ReverBion to Hydraulic Mode 

The unit shal 1 be checked for satisfactory reversion to hydraulic 
operation upon command or loss of pneumatic supply pressure per Paragraph 2.3 (a). 

U.3.3   Life Cycle Endurance Tests 

•».3-3.1-    Room Temperature Test - The actuator shall be 
subjected to the following load-speed conditions with a 
room temperature air supply pressure of 50 4     1: 

Mode Amplitude Frequency Number of Cycles Linear Load Variation 
(degrees) (cps) (ib-in) 

Manual ?0 O.U35 125,000 No Load 
20 O.U35 2,500 0-U860 
10 0.615 7,500 0-2U30 
10 0.615 7,500 0-1620 

5 0.871 25,000 0-810 
Automatic 5 0.871 75,000 No Load 

2 1.37 175,000 No Load 
0.8 2.18 500,000 No Load 

5 O.87I 2,500 U100 - 6700 
2 1.372 2,500 U900 - 5900 

U.3.3.2    R apid Warm-Up - With the actuator at a cold soaX 
temperature of -650F, an air supply at U5CPF and 50 psl^ 
shall be provided to the actuator.    The load-speed 
conditions defined in U.3.3.I shall be repeated to simulate 
\n actuator cold start and hot test run.    Ambient temperature 
shall be 270oF during hot test. 

U.3.3.3    Room Temperature and Warm-Up Recycle - Following 
test J».3.3.? repeat test U.3.3.I once,  followed by test 
U.3.3.2 to be repeated once. 
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U.3.U   Frequency Response 

The actuator shall be checked for frequency response when 
subjected to the cprlng rate load characteristic as defined in Figur«      B.    Tests 
shall be ccnducte' with 50 psig air supply at both room temperature and at kjOPf, 

k  1.5    Jhatt-pr and Instability 

The unit shall operate smoothly without chatter or instability 
under all conditions during the qualification teets specified. 

U.3.6   Humidity 

The unit shall be subjected to th< Humidity Tests of 
MIL-E-5272, Procedure I. 

U.3.7   Vibratioa 

The unit shall be vibrated in accordance with MIL-E-5272, 
Procedure I. 

5.0   APPLICABLE DOCUMENTS AND DRAWINGS 

5.1    Applicable Documents 

The following documents of the issue in effect on date of contract form 
a part of this specification to the extent specified herein: 

MIL-P-856U      Pneumatic System Components, Aeronautical General 
Specification for 

MIL-P-5518C   Pneumatic Systems, Aircraft; Design, Installation, and 
Data Requirements for 

MIL-E-5U00     Electronic Equipment - Airborne General Specification for 

MIL-E-5272C   Environmental Testing, Aeronautical and Associated 
Equipment, General Specification for 
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«L-S-UOUOC Solenoid, Electrical, General Sped fleet Ion for 

MZL.A.8629 Airplane Strength and Rigidity 
(AER) 

KIL-P-^^l^B Packings, Initallatlon and Gland Design of Aircraft 
Hydraulic and Pneumatic 

5.2 Applicable DrawingB 

The following drawings, incorporating the revisions noted, shall fons 
a part of this specification to the extent specified herein; 

BRLD 2l6o673 Layout, PlOlBAlrplane Rudder Control System, 
Power Cylinder Linkage 

BRLD 2161066 F101B Rudder Dynavector Actuator 
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PKOJtCT   NO. 

2835-311 

THE BCNMX CORPORATIOH 
RESEARCH LABORATORIES DIVISiOM 

SOUTHFIELD, MICHIGAN 

COOK (OKNT. 

11272 
»F«CIFIC*TIOM NO. 

DB - 7^3 

«•V. 

ENGINEERING SPECIFICATION 
TITt« 

Pneuaatlc Rudder Control Actuator Available Power Supply 
DAT! 

March 15, 1966 

1.0    OERERAL 

This «peclficatlon defines the available pnematlc paver supply for the 
Pneumo-Mechanleal Servomechanlsm applicable to F101B aircraft rudder control. 
The power Is derived from bleed air of the compreasor section of the Pratt and 
Whitney JT3 turbojet engines which Is also the power supply for the cockpit 
pressurlsatlon and air-conditioning system.    This specification is to serve as 
Information for the preliminary design of the pneumatic rudder control actuator. 

2.0    PCWKR SUPPLY CHARACTERISTICS 

2.1 Supply Pressure 

The pneumatic rudder control actuator shall be capable of performance 

as specified In 06-7^2 with a supply pressure variation of 30 to 200 palg. 

Based on the engine compressor discharge characteristics In Figures  A and C 

the availability of this supply pressure Is Halted to normal engine 

operation to an altitude of approximately 1*0,000 feet at flight speeds greater 
than Mich 1.0 and for throttled down or idling engine operation to 10,000 feet. 

The pneumatic control actuator can operate with supply pressures less than 50 
pslgj however, degraded performance can be expected. 

2.2 Supply Temperature 

The temperatur- of the supply gas nay vary from 1000F to ^50 F as 

Indicated in the flight envelope sunoary presented in Figure  C. The apparent 

discrepancy between the data presented in Figure C and Figure B is due to 

different locations in the engine bleed air duct. The curves of Figure B are 
included to allow extrapolation for aircraft operating conditions not presented 

in the flight envelope suamary of Figure C. 

2.3 Supply Flow 

The m'"Hi"i» available supply flow is obtained from the table In Figure 

C. This varies from a minimum of 0.5 lb/sec for the aircraft In the descent mode 

at an altitude of 30,000 feet to 3.5 lb/sec for sea level take-off. The primary 
function of the engine bleed air la to provide flow for cockpit presaurisatlon and 
air-conditioning system; therefore, actuator flew requirements mat be kept to 
a minimum.  

'^jftZc*/^ CMICNKO BY 

NIVIMOMS 
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2635-511 

THE ■RNDIX COIPORATIOM 
lEKAtCM LAMMATOmES Dl viyoN 

JOUTHFIELD  MICHIGAN 

cooa toe» T. 

11272 
»PtClPI CATION NO. 

DB - 7^3 

««v. 

ENGINEERING SPECIEICATICN 
■ ■ • 

tie Rudder Control Actuator Available Power Supply 
OATH 

Iferch 15, 1966 

Flight Oondltlon 
Alt. 

i        (ft) 
Mach 
lo. 

Bleed Air 
P8 

(P«lg) 
1     ?8 
|    (P-l*) 

1    t 1       v              1; 
(lb/sec) 

Take-off 0 0 108.3 123 < 100 3,5             i 
Cllab 1X),000 0.50 86.89 91 < 100 3.1 

CUab 15,000 0.50 62.71 91 < 100 2.U 

Cllab 50,000 0.71 61.63 66 1H5 1.8            j 

Lerel ko,ooo 1.05 52.28 55 595 1.2 

38,800 1.03 5-,3.12 59 530 1.2 

Level ->,6oo 0.87 1+1.24 kk U86 0.9 

1    Deecent 30,000 0.86 21.63   1 26 U90 0.5 

|   DM^aot 16,200     1 0.62 52.11 60 <. 100 1.2 

1   Tending 
j       Approach 

1,000   j <0.1f0       1 37.81 52 <. 100 0.8            j 

J 

8 
Static bleed pre»sure 

Flight tevelope CoBpreaaor Bleed Air CbaracterlBtlca 

FI0ÖRE    C 

P«IP»-tD jpHtZ^Z— 
CNlCKkOBY AfeNOVCD ST 

«■VMM 
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»•OilCt  WO. 

2835-JUO 

TNI IIMMX CORPOtATIOM 
RIMAICN UtOVATORIII MV1M0N 

MNITNPIILO, MICMICAH 

t*mm io«Mf 

11272 
»»■CloiCATMW   «•» 

D8-7»»7 

• . 

ENGINEERING SPECIFICATION 
*"*•" njOHTWOPffHI PHBUMATIC DnUVuCTOFTwrDOER ACTUATOR 

»ATI 

*y 13, 1966 

1.0 DtSCMPT-» a 

Thli dchip» t •elfIcatlon covert th« requlr«a»nt« for • fllghtworthy low- 

inreatur« high rm^-unf  poauaBtio rudder control «otuator haying «n equal output 
in each direction and with the capability of operation in four different aodea. 

(a) • Moual operation siailar to that of a conventional Integrated 

hydraulic power cylinder. 

(b). Operation equivalent to that of a noraal autopilot teriei aervo 

plua power cylinder. 

(o). Manual operation with itability augaantation in Monitor. 

(d). Manual operation vlth atability augaentation operative. 

The pne 
oft 

(•). 
(b). 
(o). 
(d). 
(•). 
(f). 
(«)• 
(h). 
(1). 
(J). 
00. 
(1). 
(•). 

umtlo actuator In conf 

Load .'.mit aechaniaB 
Manual valve lever 
Power actuator 
Single point engageaent pneuoatio clutch 
Rudder hum adapter 
Actuator-rudder interlock valv - 
Actuator-manual valve latch 
Autonatic valve 
Automatic valve aqplifler 
Automatic actuator 
Fluldlc poeltion transducer 
Clutch, power supply, and latch switches 
Mlacellaneoua Monitoring Instrumentation 

ce to the specifIcation requirements conaiata 

The design and perforaance characteristics of the above actuator are eunmarlzed 
In Table Z. 

T-ademark of The Bendlx Corporation 

IK H. Keri Kerska 
cNicRie at APPMOVBO BT 
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PMOIICT NO. 

2835-3110 

TNS IINMX C0RPORATIOH 
RIUARCH UtORATORCIS DIVISION 

SOUTHPIILD. MICHIGAN 

COOt tDINT. 

11272 
»P«CiriC»T(ON HO. 

De-7^7 

ENGINEERING SPECIFICATION 
TITLI 

FLIOHTWOHTHY PNEUMATIC DYNAVECTOR RUDDER ACTUATOR 

RIVIMONt 

• C/BLO-«)« 

May 15, 1966 

TABUS I 

DUIAVECTOR Model 

Stall Torque 

No-Load Speed 

Maxlnan Horsepower 

Weight 

Deelea Life 
i     o MaxlniB Fuel Convuuqptlon 9 450 F 

Supply Preisure 

Q«B Temperature 

Manual Input 

Aut 

Aut 

tic Input 

tlj Output 
(Relative to Manual Position) 

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

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

PH-370-B1 

10,200 ln-lbs 

60 deg/sec 

0.405 hp 

Xk lbs 

3,000 hours 

0.018 lbs/sec 

50 pslg 

1000F to U500F 

t 1.65 In. (* 25 deg 
rudder motion) 

t 2 paid « 15 pslg 

- 5 deg 

25 cps 

6.2 cps 

D. H. Kerska 
CNICRSD •» APPHOWID IT 
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*M(Wicr NO. 

2835-3110 

TNI IINMX C0»f ORATION 
RIUAiCN LAIORATOillS MVISIOM 

«JUTHf (ILD, MICHICAM 

coot iDiMT. 

11272 
»PiCiriC»TtOH MO. 

D6-7^7 

■ 1». 

ENGINEERING SPECIFICATION 
TITLt FUOHTWORTHY FNEIMATIC DYNAVECTOR FBUDDER ACTUATOR 

OATI 

May 15, 1966 

2.0   DESIfflJ RBQUIRIMENTS 

2.1 MatTial and Workamahip 

2.1.1 Materials and vorkaanihlp ahall be at stated In Specification 
MIL-T-856»«:, MIL-P-551ßC, and MIL-E-5U00. 

2.1.2 Metals 

All metals used in construction shall be corrosion resistant 

and/or suitably protected to resist corrosion during the expected service and 

storage life of the unit. The use of dissimilar materials shall be avoided 

whenever practicable. 

2.1.3 Weight of tfcterials 

Materials of the Lightest possible weight, consistent with the 

service and strength requirements, shall be used. 

2.1.U Hon-Standard Material Approval 

Approval for the use of non-standard parts and oaterlals shall 

be in accordance with Specification MIL-T-85640. 

2.1.? Strength 

The following safety factors shall be applied to the stress 

analysis of the unit: 

(a) Yield Strength      - 1.3 x Design Yield Strength 

(to) Ultimate Strength   - 1.5 x Design Ultioate Strength 

2.2 Dimension 

The unit shall conform to the envelop* drawing 2162309 and the design 

data noted thereon. 

2.3 Installation 

The pneumatic rudder control actuator shall be installed in parallel 

to the present hydraulic rudder control system per the installation drawing 

2l6l693 and shall incorporate design features such that the following operational 

modes are posslbla. 

D. H. Kerska 

CHIGKieBT 
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2835-3110 

TNI MHDIX COHPOHATIOH 
IIUAiCN LAlORATOiilS DIVIUOH 

lOUTHFItLD, MICHIGAN 

COOl IDINT, 

11272 
•riCIPICATtOM NO. 

D8-7U7 

MIV. 

ENGINEERING SPECIFICATION 
TITLI 

FLKnQVORTHY PNEUMATIC DYNAVECTOR RUDDER ACTUATOR 
OATI 

May 15, 1966 

(a) Disengagement of the pneumatic control actuator package when 
operation In the hydraulic mode Is comranded. 

(b) Disengagement when a hard over signal In the automatic mode 
Is experienced by the pneumatic servo package. 

(c) No occurrence of transients vhen switching modes of operation, 
(e.g., pneumatic to hydraulic and hydraulic to pneumatic) and 
the capability of the passive control system to follow the 
active control system. 

2 A Weight 

The pneumatic control actuator weight shall not exceed fourteen (ik) 
pounds. The control actuator.consists of the power actuator, automatic 

actuator, manual and automatic servovalves, the fluldlc transducer and fluerlc 

servoauqpllflers and the Input linkage lever. 

2.5 In«tr-«ntatlon 

Instrumentation shall be Incorporated Into the actuator deslpi to 
monitor the following parameters; 

(a) Power actuator position relative to ground. 
(b) Automatic actuator position relative to power actuator. 
(c) Manual valve body relative to power actuator output. 
(d) Input linkage lever relative to power actuator output. 
(e) Automatic valve spool position relative to automatic 

valve body. 
Clutch engagement and dlsengngement positions. 

2.6 

(f) 

Marking of Ports 

Al] ports shall be durably and legibly marked as to function. 
Decalcomanlas 'hall not be used.    Single letters, such as "P" for pressure, 
will not be acceptable. 

D. H. Kerska 
CHICNIOaV 
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P«OJ«CT  NO. 

2835-3110 

THE BIHWX CORPORATION 
RISiARCH LABORATORIES DIVISION 

SOUTHPIILD. MICHIGAN 

COOl IOINT. 

11272 
»P«CIFlC*TION MO. 

DB-7U7 

"IV. 

ENGINEERING SPECIFICATION 
TITLI 

FLIOHEWOFtrref PNEUMATIC DmAVECTOR RUDDER ACTUATOR 
DATB 

May 15,  1966 

3.0    OPERATIONAL RBQUIREMEHTS 

3.1 Environmental Operating Conditions 

The actuator system shall be designed to operate under the following 

ground and/or flight conditions: 

(a) Temperature - das Temperature of 100 to U50 F 

Ambient temperature of -650 to 270o^^ 

(b) Supply Preasure - Supply pressure shall vary fro« 50 to 200 

pslg. If It Is necessary to operate at a fixed pressure level, 

consideration shall be give«; to implementing an accumulator and 

conventional pressure regulation subsystem. 

(0) Altitude - Sea level to 50,000 feet. 

(d) Flight Acceleration Leads - The unit shall be structurally able 

to withstand without failure a 17.0 g ultimate acceleration in 

any direction and shall operate satisfactorily without malfunction 

under a 12.0 g acceleration in any direction. 

3.2 Torque-Speed Requirements 

The pneumatic control actuator shall be capable of operation in 

accordance with the curve of Figure A with a supply pressure of 50 pslg. 

3.3 Output Motion 

The output motion of the control actuator shall be consistent with 

the following requirements: 

(a) Manual Operation Output - t 20 degrees with * 1 degree accuracy. 

Angular velocity 60 deg/sec. 

(b) Automatic Operation - ^ 5 degrees with - C.25 degree positional 

accuracy. Angular velocity of 60 deg/sec. 

(c) Maximuffl surface deflection velocity shall be 60 deg/sec for 

bo .h manual and automatic operation. 

D. H. Keraka 
CNICRBDBV APPROVIO ST 
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^ROJICT MO. 

2635-3110 

TMI MNDIX COXPORATWM 
RIIIARCH LAKORATORIRt OIVIJIOM 

SOUTMf IlLD. MICHIGAN 

COOl IDINT. 

11272 
»^■CtriC »TIOH NO. 

DS-7U7 

■ »y. 

ENGINEERING SPECIFICATION 
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(d) Maximum surface deflection acceleration shall be 150 deg/sec 

for both manual and automatic operation. 

3.U Output Torque 

The control actuator shall deliver a rotary output stall torque of 

10,200 t 500 ln-lbs. 

3.5 Chatter and Instability 

The unit shall operate smoothly without sustained chatter or 

Instability under all operating conditions. 

3.6 Dynamic Response 

The unit, under a linear spring load as shown In Figure B, shall 

operate within the limits specified in Figure C Lead Inertia Is negligible. 

3.7 Duty Cycle 

The unit shall have a design life of 3,000 hours. A typical four- 

hour flight envelope which the unit must be capable of withstanding is shown 

in Tables 11 and III. 

Table II - Stall Torque During Four-Hour Flight 

[ Stall Torque 

(ln-lbs) 
i Load 

Amplitude 

(degrees) 

Duration 

(minutes)    ! 

5,U00 

^,860 

2,^30 
1,620 

810 

100 

90 
90 
60 
60 

20 

20 

10 

10 

5 

10 

10 

30 

Total Time 58 minutes 

RIVIMOM 
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Table III - OeclUatory Conditions During Four-Hour Flight 

Node 
Aa^Iltude 

(* degree«) 
Frequency 

(cp.) 
Torque Variation 

(ib-ln) 
Tlas 

(mlnuteB) 

Autonatlc 

Autoaatlo 

5 

0.8 

0.871 

2.18 

0 to 810 

0 

35 

63                 1 
Total Time In Automatic Mode 98 mlnutee 

Manual 20 0.«*35 0 to l»,860 81* minutes 

U.O    QUALIFTCATION RiQUlREMENTR 

h.\   Data Required 

The following data «hall be supplied a« part of the qualification test: 

(«•)   (friallf leatlon Teat Procedure - Fire (5) cople« of the proposed 
Qualification Test Procedure shall be submitted to the Contracting 
Agency prior to testing. 

(b) Bearing Failure - A history of bearing failure and aalfunctlons 
during qualification testing shall be provided. 

(c) Stre«B Report - Two (2) copies of a   stress analysis of 
the unit shall be provided. 

(d) Effects of Flight Inertia Loads - Two (2) copies of an analysis 
of the unit considering the effects of "g" loading as specified 
in Paragraph 3.1 (d) shall be submitted. 

(•)   Clearance Analysis - An analysis of clearances, certifying that 
binding will not occur at extreme temperatures with worst tolerance 
build-up shall be supplied. t 

2> J^Z* 
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^.2   Te»t Conditiona 

k.2.1   Jbarironmnt 

The qualification teats «hall be accoapllshed with the unit 
■ubjeeted to the enrironaental conditiont specified In Specification P8-U12. 

k.2.2   Valve Operation 

Operation of the control valve «hall be accos^llshed Hnualljr 
in all of the teat« unleaa apccificall^ noted othervia«. 

^.3   Qualification Teata 

The unit shall be subjected tc the functional and endurance teata as 
apecified in Specification PS-^12. 

5.0    APPLICABLE DOCUMBITS AMD DRAWINOS 

5«1   Applicable Docuaenta 

The following documents of the issue in effect on date of contract 
for» a part of thia apecificp.ion to the extent apecified herein: 

MIL-P-856UC Pneumatic System Coqponenta, Aeronautical General 
Specification for 

MIIi-P-551ßC 

MIL-£-5^00 

MIL-E-5272C 

MIL-S-JKAOC 

MIL-A-8629 
(AER) 

KrL-P-551,*B 

Pneumatic Systems, Aircraft)   Design,   Installation, 
and Data Requirements for 

Electronic Equipment - Airborne General Specification for 

Environmental Testing, Aeronautical and As sedated 
Equipment, Qenert.l Specification for 

Solenoid, Electrical, General Specification for 

Airplane Strength and Rigidity 

Packings, Inatallation and Gland Design and Aircraft 
Hydraulic and Pneumatic 

D. H. Keraka 
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5-2    Applicable Drmwlngi 

Th« following dravlnga,   Incorpontin« ths revision« noted,  shall for« 
• part of this specification to the extent specified hereint 

H<U> 2161696      Layout, P101B Airplane Rudder Control Systea, 
Power Cylinder Llnka^s 

BRU) 2162309      P101B Rudder DYHAVBCTOR Actuator 

9 naviroNS 
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Manual Servovalva Design Specification 
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May 15. 1966 

1.0      DESCRIPTION 

Thl« deilgn ipecification presents the requirements for a manual servovalve 
for use in a pneumatic rudder control system described in Specification DS-747. 
The valve shall accept a command input by direct mechanical linkage to the pilot 
and a mechanical command from the stability augmentation/autopilot system. 

2.0      DESIGN REQUIREMENTS 

2.1 Material and Workmanship 

2.1.1        Materials and workm.   'hip shall be stated in Specifications 
MIL-P-8564C, MIL-F.5518C, and MIL-E-54 ,0. 

2.1.2 Metals 

All metals used in construction shall be corrosion resistant 
and/or suitably protected to resist corrosion during the expected service and 
storage life   of the unit.   The use ox dissimilar materials shall be avoided when- 
ever practicable. 

2.1.3 Weight of Materials 

Materials of the lightest possible weight, consistent with the 
service and strength requirements, shall be used. 

2.1.4 Non-Standard Material Approval 

Approval for the use of non-standard parts and materials shall 
be in accordance with Specification MIL-P-8564C. 

2.1.5 

analysis of the unit: 

Strength 

The following safety factors shall be applied to the stress 

(a) Yield Strength -    1.3 x Desijn Yield Strength 

(b) Ultimate Strength    "    1.5 x Design Ultimate Strength 

nvitioHi 
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 TT—^rn  
The unit ahall conform to the dlmenelonal envelope of drawing 216230P 

and the design data noted thereon. 

2.3 Installation 

The manual tervovalve shall be Installed per drawing 2162309 and «hall 
be adaptable to the correepondlng power actuator.   Installation must be performed 
In such a way as to meet the following requirements: 

(a) The force applied by the pilot or automatic valvi   o the manual 
valve aa seen by the manual valve to obtain 1.0 In/sec output 
velocity shall not exceed 0.5 pound. 

(b) In manual mode, the manual aervovalvo shall be capable of 
controlling the power actuator output displacement at amplitudes 
up to A 27 degrees.   When responding to automatic mode commands 
the manual servovalve ahall llrr.lt the power actuator output to 
an amplitude of A 5 degrees. 

(c) The manual valve shall be the controlling valve of the servomotor/ 
actuator assembly. 

2.4 Weight 

The manual servovalve shall have a weight goal of 0.9 pound. 

2.5 Instrumentation 

The valve ahall be compatible with suitable Instrumentation to monitor 
valve spool position and Input signal. 

3.0      PERFORMANCE REQUIREMENTS 

3.1 Environmental Operating Conditions 

The manual eervovalve shall he designed to operate under the following 
ground and/or flight conditioner 

(a)    Temperature - Gas temperature of 100*F to 450*F 
Ambient temperature of -65*F to 270*F 

•JM££«J> «p^novao sr 
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(b) Working Fluid - The working fluid »hall be air. 

(c) Supply Pre»»ure - 50 ptig * 5 paig. 

(d) Altitude - Sea level to 50.000 feet. 

(e) Flight Acceleration Loada - The unit shall be able to withstand, 
without failure, a 17.0g ultimate acceleration force in any direc- 
tion and shall operate satisfactorily without malfunction under 
12.0g loa^accderation. 

3.2 Input Characteristics 

(a) Signal - Position Demand. 

(b) Rated Input - ± 0.020 in.* ± 0.180 lost motion. 

(c) Maximum Input Force - 1.0 ± 0.1 lbs at spool centerline. 

3.3 Output Characteristics 

(a) Blocked Port Pressure Cain - 10 psi per percent of rated input 

(b) Maximum Blocked Port Pressure Differential - (min.) 48 paid 
at 50 psig supply pressure. 

<c)     Rated No Load Flow - 0.048 ± 0.004 lbs/sec at 50 psig supply 
pressure, (TO'F gas temperature). 

3.4 Input-Output Characteristics 

(a) Hysteresis - ± 3 percent. 

(b) Linearity - A 5 percent. 

'V^ A prHoveo SV 
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1.0      DESCRIPTION 

This design specification presents the requirements for an automatic servo- 
valve for use in a pneumatic rudder control system described in Specification DS-747. 
The unit shall accept an input from a fluid interaction amplifier and shall be con- 
sistent with the requirements set forth in this specification. 

2.0      DESIGN REQUIREMENTS 

2.1       Material and Workmanship 

2.1.1 Materials and workmanship shall be as stated in Specifications 
MIL-P-8564C, MIL-P-5518C, and MIL-E-5400. 

2.1.2 Metals 

All metals used in construction shall be corrosion resistant 
and/or suitably protected to resist corrosion during the expected service and 
storage life of the unit.   The use of dissimilar materials shall be avoided when- 
ever practicable. 

2.1.3 Weight of Materials 

Materials of the lightest possible weight, consistent with the 
service and strength requirements, shall be used. 

2.1.4 Non-Standard Material Approval 

Approval for the use of non-standard parts and materials shall 
be in accordance with Specification MIL- P-8064C. 

2.1.5 Strength 

The following safety factors shall be applied to the strese analysis 
of the unit: 

(a) Yield Strength ■   1.3 x Design Yield Strength 

(b) Ultimate Strength  ■   1.5 x Design Ultimate Strength 

APPBOV1D SV 
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2.2 Site 

The unit »hall conform to the envelope shown on drawing 2162309 and 
the design data noted thereon. 

2.3 Installation 

The automatic servovalve shall be installed per drawing 2162309 and 
shall be compatible with the corresponding automatic actuator. 

2.4 Weight 

The automatic servovalve shall have a weight goal of 0.5 pound. 

2.5 Instrumentation 

The automatic servovalve shall be provided with suitable instrumenta- 
tion to monitor the input signal to the valve and the valve spool position. 

3.0      PERFORMANCE REQUIREMENTS 

3.1      Environmental Operating Conditions 

The automatic servovalve shall be designed to operate under the follow- 
ing ground and/or flight conditions: 

(a) Temperature - Gas temperature of lOO'F to 450^. 
Ambient temperature of -65^ to 270^. 

(b) Working Fluid - The working fluid shall be air. 

(c) Supply Pressure Range - 50 psig 4 5 psig. 

(d) Altitude - Sea Level to 50,000 feet. 

(e) Flight Acceleration Loads - The unit shall be able to withstand, 
without failure, a 17.Og ultimate acceleration in any direction and 
shall operate satisfactorily without malfunction under a 12.0g 
load acceleration in any direction. 

(0   Natural Frequency - The automatic servovalve shall have a natural 
frequency of  30 cps.   minimum. 
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3.2 Input CharacteritticB 

(a) Signal - Differential presnure *5 ptid 

(b) Quietcent Pressure - 40 psia * 5 psi 

(c) Rated Flow - 0.0002 lb«/«ec 

3.3 Output Characteriitic» 

(a) Blocked Part PreB^ure Gain -  10 psi per percent of rated input. 

(b) Maximum Blocked Part Pressure Differential (min) - 40 paid 

(c) Rated No Load Flow - 0.0015 ± 0.0004 lbs/sec 

3.4 Input - Output Characteristics 

(a) Hysteresis - The valve shall have a hysteresis limit of 1 percent. 

(b) Linearity - ±5 percent 

(c) Frequency Response 

(a) -3db Amplitude - 80 cps 

(b) 90* Phase Shift - 50 cps 

(d) Resolution - 1 percent rated input. 

fe&gga^i 
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1.0  DMcrlpClon 

Thl» design «pacification prtscnta tha raqulreaant* for a pneumatic tooth 
clutch for u«e In tha pneumatic rudder control «yataa daocrlbad In Specification 
DS-747. The dutch will provide for disengagement of th« pneumatic eervo- 
machanlem when operation In the hydraulic mode Is comanded and shall be consistent 
with tha requirements set forth In this specification. 

2.0  Design Requirements 

2.1  Material and Workmanship 

2.1.1 Materials and workmanship shall be as stated In Specif Icatlona 
MIL-P-8564C, M1L-P-5518C, end MIL-E-S400. 

2.1.2 Heta^s 

All metals used In construction shall be corrosion resistant 
and/or auitably protected to resist corrosion during the expected service and 
storage life of the unit. The use of dissimilar materials shall be evolded whenever 
practicable. 

2.1.3 Weight of rtaterlels 

Meterlals of tha lightest possible we.   it. conelstent with the 
service and strength requirements ( shall be uaed. 

2.1.4 Won-Standard Material Approval 

Approval for the use of non-standard parts and materials shall 
be In accordance with Specification MIL-P-8364C. 

2.1.5 Strength 

The following safety factors shall be applied to the stress 
analysis of tha unit« 

(a) Yield Strength 

(b) Ultimate Strength 

- 1.3 a Design Yl.Id Strength 

• 1.5 x Design Ultimate Streng h 

D.  H. Kerska 

«rpaoveo sv 

«■VIWOMS 

• C/«LO-»H ORIOINAL FILED IN PRODUCT DrSION SCCIOM 

^Aoe    I     OF     i 

189 



► »OJiCT  MO. 

2835-3110 

TNI tWMX COrPOHAl K)N 
•IHAICH LABOHATOklll 01 V!«OH 

SOUTHFIELD. MICHIGAN 

coo« letNT. 

11272 
»►•t iriC»TION MO. 

DS-750 
"IV. 

ENGINEERING SPECIFICATION 
TIV ■ 

PiMwMtlc Tooth Clutch Design Specification OAT* 
May 13, 1966 

2.1.6  B««rlnai «nd Se«la 

Bearing« and aaala Incorporated Into the clutch design shall 
be capable of operation under the environmental condltlona set forth In Section 3.1 
of thla specification. 

2.2 Slae and Weight 

The unit ahall conform to the dimensional envelope Indicated on 
drawing 2.162309 and the dealgn data noted thereon nnd have a weight goal of 
8 pounds. 

2.3 Installation 

The pneumatic tooth clutch ahall be installed per the installation 
drawing 2161693. 

2.4 Instrumentation 

The pneumatic clutch ahall be provided nlth Instrumentation to 
indicate engagement and disengagement. 

3.0   Performance Requiremente 

3.1  Environmental Ooeratln« Conditions 

The clutch ahall be designed to operete under the following ground 
and/or flight condltlona: 

(a) Temperature - Caa temperature of 10^* to 650*F 

(b) Supply Gas -  Air 

(c) Supply Pressure - 50 pslg minimum 

(d) Altitude    - Sea level to 50.000 feet 

(e) Flight Acceleration Loads 

Tue unit shall be structurally able to wlthatand without 
failure a 17.0 g ultimate acceleration force in auy direction and shall operate 
satisfactorily without malfunction under a 12.0 g acceleration force la any directio 

0. H. Keraka 
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3.2 Qparatlonal Requlrepient» 

Tlia clutch «hall incorporata design feature« auch thatt 

(a) The pneumatic aarvonachaniam can ba disengaged when operation 
in the hydraulic mode i« cooaandad. 

(b) The pneumatic «ervo lechanlam can be disengaged when a 
hard-over signal it experienced by the pneumatic servo 
package in the autonatii. mode. 

(c) Clutch engagement can occur only when the pneumatic «ervo- 
■cchaniam output position ia in phase with rudder poaitlon. 

(d) The clutch will diaengage mechanically when loss of supply 
preeeure occura. 

3.3 Torque Capacity - 10,500 in-lb 

3.4 Power Capacity  - 1.54 up 

vz*s3z r"'"' iMie^ANeo 
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1.0  Description 

This design «pacification presents the requirements for a pneumatic poaition 
t ransducer for use in a pnauMtic rudder control system described in Specification 
D8-747.  The poaition transducer will ha used in the automatic valv«. poaition 
control loop and shall conform to thu raquiraaanta aat forth in this spscification. 

2.0  Design Raquiraaanta 

2.1  Hatarial and Workmanship 

2.1.1 Materials and workmanship shall ba as statad in Specifications 
MIL-P-B564C, MIL-P-3518C, and MIL-E-5400. 

2.1.2 Matala 

All metals   used  in const ruction «hall ba  corrosion  resistant 
and/or suitably protected to reaiat corrosion during tha «apectad service and 
storage life of the unit.    The uae of diaaimilar materials «hall be «voided 
whenever practicable. 

:.1.3      Weight of Materials 

Material« of the lighteat possible weight,  consistent with 
tne  service end «trength requirements,  «hall be need. 

2.1.4 Non-Standard Material Approval 

Approval for the uee of non-standard part« and materials «hail 
be in accordance with Specification MIL-P-8364C. 

2.1.5 Strength 

The following aafety factora «hall b« applied to the stress 
analysis of tha unit: 

(a) Yield Strength    - 1.3 x Design Yield Strength 

(b) Ultimate Strength  - 1.3 x Design Ultimate Strength 
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2.2 Dipnalon 

Tha unit ahall ba of ainiaua alia capabla of parforaanca par 
3.2, 3.3, and 3.4. 

2.3 Installation 

Tha tranaducar ahall be daaignad directly Into tha actuator houalng 
and output ahaft and doea not add weight to the unit. 

3.0   Perforaance Requireaente 

3.1 tovironaental Operating Coqditlooa 

The position tranaducer ahall ba deeigned to operate under the 
following ground and/or flight conditional 

(a) Teaoerature > Gee teaperature of 100* to 450*F 

(b) Working Fluid - The working fluid ahall be air. 

(c) Supply Preaaure - SO paig t 3 paig 

(d) AJ^t^^de - Sea level to 30,000 feet. 

(e) Fliaht Acceleration Loada - The unit ahall be atructurally able 
to withetand without failure a 17.0 g ultiaate acceleration in any direction and 
shall operate aatiafactoril^ without malfunction under a 12.0 g acceleration In any 
direction. 

3.2 Input Charecteriatlca 

(a) Signal - Angular Poaition 

(b) Rated Input -   J 5' 

3.3 Output Charftcteristics 

(a) Output Preaaure - 20 pale * 3 pal 

D. HTKerska 
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3.3 Output Charactarlitlc»    (Contlnuad) 

(b) Output Seixaitivity - 1 paid t    .1 pal par da^raa of rotation 

(c) Avaraaa Output Flow - 0.0001 Ibt/aac 

3.4 Input-Outtfut CharacteriBtica 

(a) UnaarltY    -   t 51 

(b) Raaolutlon -       11 
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May 15, 1966 

1.0      DESCRIPTION 

This design specification presents the requirements for a fluid interaction 
servo amplifier for use in a pneumatic rudder control system described in Specifi- 
cation DS-747.   The amplifier is to consist of a proportional vortex summing ampli- 
fier with isolated Inputs consisting of position, demand, and amplifier feedback signals 
and a Jet type amplifier that raises amplifier output pressure level and allow it to 
be fed back for gain adjustment and possible servo compensation. 

2.0      DESIGN REQUIREMENTS 

2.1      Material and Workmanship 

2.1.1 Materials and workmanship shall be as stated in Specifications 
MIL-P-8564C, MIL-P-5518C, and MIL-E-5400. 

2.1.2 Metals 

All metals used in construction shall be corrosion resistant 
and/or suitably protected to resist corrosion during the expected service and 
storage life of the unit.   The use of dissimilar materials shall be avoided whenv 
ever practicable. 

2.1.3 V>ight of Materials 

' '.aterials of the lightest possible weight, consistent with the 
service and strength requirements, shall be used. 

2.1.4 Non-Standard Material Approval 

Approval for the use of non-standard parts and materials shall 
be in accordance with Specification MIL-P-8564C. 

2.1.5 Strength 

The following safety factors shall be applied to the stress analysis 
of the unit: 

(a) Yield Strength »   1.3 x Design Yield Strength 
(b) Ultimate Strength "   1.5 x Design Ultimate Strength 

TfikUA 
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2.2      SUe and Weight 

The unit «hall conform to an envelope dimsr.aion of 0.5 in square by 
0.75 in and shall have a weight goal of 1.0 ounce. 

3.0      PERFORMANCE REQUIREMENTS 

3.1 Environmental Operating Conditions 

The amplifier shall be designed to operate under the following ground 
and/or flight conditions: 

(a) Temperature - Gas temperature of 100'F to 450*F 
Ambient temperature of -65*F to 270*F 

(b) Working Fluid - The working fluid shall be air. 

3.2 Input Characteristics 

(a) Input No. 1 - 

(1) Input Signal - Differential Pressure 

(2) Input Pressure - *2 psid 

(3) Input Quiescent Pressure - 20 psia ± 5 P<1 

(4) Input Impedance Characteristics - The unit shall conform 
to the input characteristics of Figure 1. 

(b) Input No. 2 - 

(1) Input Signal - Differential Pressure 

(2) Input Pressure - ±2 psid 

(3) Input Quiescent Pressure - 20 pcla * 5 pst 

(4) Input Impedance Characteristics      The unit shall conform 
to the Input characteristics of Figure 1. 

PStPAMOSV 

/^^r, /3&& 
• IVIMOM 

sc/sLo-ati ONIOiNAL FILED IN PRODUCT OtMON SECTION 

PAoe _JL_OF L 

196 

•—-""  r—»-r ■ I ■——'■— 



»ilOJIC* HO. 

2S35-3110 

TNI MHWX COIfOKATION 
■IMARCN UBORATORIIS OIVIMOH 

SOUTNFIILD. MKHIOAN 

BCIIEaB •PICiriCATIOM MO. 

11272 D5-752 

NIV. 

ENGINEERING SPECIFICATION 
TITLI 

Serve Amplifier Design Speclflcetlon 
Oft 

May 15, 1966 

3.3     Output Char*cteri>tlct 

(»)   Output 81«n>l - Olfferentlel Preieure 

(b) Output Preeeure - *5 paid minimum 

(c) Output Quleacont Pre saure - 40 paia * 5 pal 

(d) Output Inapedanco Characterlatica - The unit a hall conform 
to the output characterlttlcs of Figure 2. 

(e) Abaolute Preaaure Gain - 5 pal/pal A 50 percent 

3.4 Linearity 

A 5 percent. 

3.5     Frequency-Re aponse 

The reaponae of the unit shall be within the range indicated in Figure 3. 
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1.0  DEscRipriai 

Thlc design ipeclflcatlon presents the requlrenents for a pover supply 

rrgulator for use In a pneumatic rudder control system described In Speelfl- 

eatlcn DG-T^T- The regulator shall be desisted to maintain a constant supply 

pressure to provide a constant naxlmum actuator output force. 

2.0   DES ION RHiumHranr, 

2.1   Material and Workmanship 

2.1.1 Msterlals and vcrkasuiship shall be as stated in Specifications 
iaL-P-856i»C, HIL-P-551ÖC, and MTL-E-5^00. 

2.1.2 Metals 

AU metals used in construction shall be corrosion resistant 

and/or suitably protected to resist corrosion during the expected service and 

storage life of the unit. The use of dissimilar materials shall be avoided 

whenever practicable. 

2.1.3 Weight of »htterialj 

Matertals of the lightest possible weight, consistent vith 
the service and strength requirements, shall be used. 

2.1.^   Won-Standard Material Approval 

Approval for the use of non-standard parte and materials shall 
be in accordance with Specification MIL-P-fl56Uc. 

2.1.5    Strength 

The following safety factors shall be applied to the stress 
analysis of the unit: 

(a) Yield Strength -    1.3 x Design Yield Strength 

(b) Ultimate Strength ■    1.5 x Design Ultimate Strength 

2>Hf*<J" 
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2.2 olte 

The unit shall be of Blninun size and weight consistent with 
aircraft design. 

2.3 Installation 

The regulator shall be installed per the installation drawing 
2161696 and shall be capable of controlling supply pressure to the pneuaatic 
■ervoaechanisB. 

2.k    Inetrumeniation 

Suitable instrumentation shall be provided to monitor regulator 
output. 

3.0    PERPORMAHCE RHlUlflH"G«TS 

3.1    teviroruaental Operating Conditions 

The regulator shall be designed to operate under the following 
ground and/or flight conditions: 

(a) Teaperature 

(b) Working Fluid 

(c) Supply Pressure Range 

(d) Asfeieat Pressure Range 

(e) Flight Acceleration Loada 

o     o 
Oas temperature of 100 to 450 F 
Aabient te«q>erature of -65 to 270^ 

The working fluid shall be air. 

50 tc 200 peig 

lU.7 to I.69 psla 

The unit shall be able to 
withstand, without failure, a 17.0 g ultimate acceleration 
force in any direction and shall operate satisfactorily 
without Malfunction under a 12.0 g load in any direction. 

3.2 Output Characteristics 

(a) Regulatfed Outrut Pressure Range 
(b) Output Flow Range (70^) 

50 i 5 IHiig 
0.1 lbs/sec to 0.01 lbs/sec 

D. H. Kerska 
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1.0      DESCRIPTION 

This design specification present! the linkage and installation requirements 
for a pneumatic rudder control -i/stem described in Specification DS   747. 

Z.O      DESIGN REQUIREMENTS 

2.1 Linkage Requirementa 

All linkage of the control unit and of the control unit to input and output 
members of the aircraft shall be consistent with the following requirements: 

(a) Linl age members shall operate in an environmental temperature 
range of -65T to 270^. 

(b) Materials used in linkages shall be capable of transmitting forces 
specific to each linking member without: 

(1) undue stress or strain on linkage or system components. 

(2) exek.   sive friction or interference. 

(c) All linkage systems shall be consistent with the drawing 2161698. 

2.2 Installation Requirements 

Installation shall be performed per the installation drawing 2161698. 
Care should be taken that all fastening and/or locking materials are functional at 
all environmental conditions of the unit. 

The entire rudder control system shall be so designed as to allow for 
installation through the compartment doors« 54 and 56. shown on Macdonnell Con- 
struction Drawing 20-34204. 
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10,200 In-Lb PNEUMATIC DYNAVECTOR ACTUATOR 

I)«T» 

May 15,  1966 

1.0    PURPOSE OF TEST PLAM 

This preliminary teet plan definea the lunctlonal check-out testa and life 
endxurance teste to be imposed on a rotary pneumatic 10,200 In-lb torque 
capacity DYNAVECTOR.    The functional check-out tests will be conducted both 
prior to life testing and after actuator refurbishment at the conclusion of the 
life test before delivery. 

2.0    LOO BOOK DOCUMQITATK» 

An equipment log shall be compiled for the DYNAVECTOR Actuator and shall 
contain the following items: 

2.1 Title Page:      ,og Book Rotau-y Pneunatic DYNAVECTOR Model ■ 
Serial Number                            , BRLD Project                      , Wright-Patterson 
Air Force Base Contract  . 

2.2 Table of Contenta 

2.3 Section I, Equipment Complement 

Specify the following as applicable documents: 

(a) DYNAVECTOR Aaaembly Drawing • 

(b) Check-Out Test Fixture Schematic and Equipment Lists. 

(c) Life Test Fixture Schematic and Equipment Lists. 

(d) Preliminary Design Specification. 

2.U Section II, Inspection Reports 

All inspection reports pertaining to tue actuator assembly deliver- 

able hardware are to be compiled in this section. If any part initially 

rejec ed by Inspection is used in the actuator assembly, a copy of the report 

defining part disposition and statement of subsequent acceptance (rework, 

waiver, etc.) is to be Incorporated in Section H. 

D.  H. Kerska 
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2-5    Section HI, Calibration Data 

State test equipment used and calibration history of said equipment. 

2.6 Section IV, Functional Cbeck-Out Vest Data 

A corn^ lation of all check-out data prior tu life tests and 
observations i at articles and test stand functioning shall be entered in 
this Section. 

2.7 Section V,  Life Test Data 

A compilation of all life test data accumulated and observations 
of test articles and test stand functioning shall be entered in this Section. 

2.6   Section VI, Refurbished Assembly Functional Check-Out Test Data 

A compilation of all check-out data recorded on the refurbished unit 
prior to shipment to the customer and observations of said unit and test stand 
functioning shall be «rtered in this Section. 

2.9 Section VH, Engineering Release Notices,  Change HotlceS) and S.I. Forms 

Copies of all drawing release notices,  change notices and engineering 
instruction farms of deliverable hardware are to be included in this Section. 

2.10 Section VIII, Functional Check-Out Operating Events 

Record each time deliverable hardware is tested during check-out 
tests prior to life tests and define adjustments or modifications required to 
operate deliverable hardware and/or test equipment (repairs, rework,  inspections 
and maintenance).    Test data is to be recorded in Section IV. 

2.11 Section IX,  Life Test Operating Events 

Record sequence of life tests and define adjustments or modifications 
required to operate deliverable hardware and/or test equipment (repairs, rework, 
inspection, and maintenance).    Test data is to be recorded in Section T. 

•r*»    . 'A 
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2.12 Section X, Refurblahed Aseeably Punctloral Checte-Out Ope    ting Event» 

Record each time deliverable hardware la tested and define adjuataante 
or modifications required to operate deliverable hardware und/or teet equip- 
ment (repairs, rework,  inspection, and Maintenance).    Test data is to be 
recorded in Section VI. 

2.13 Section XI, Failure Reports 

A copy of BRLD failure data report BC-RLD-*»7 shall be filed in this 
section in the event of catastrophic or degradation failure of deliverable 
hardware during any deliverable hardware tests. 

3-0   TEOT CCHDTTiaiS 

3.1 Test Media 

Tests shall be perforaed with ai or nitrogen except that burst 

pressure tests may be performed with a liquid. 

3.2 TenipenitureB 

All room temperature tests shall be conducted with the ambient and 
inlet test media temperatures between 70°? and 120 F.    The temperature tests 
hall be conducted with In the following tenqjerature ranges: 

Gas Ten^rature 100OF to 1*50^ 
Ambient Temperature    -65^ to 275°?' 

3-3   Filtration 

The test media shall be continuously filtered through a filter element 
which is equivalent to a 10-mlcron nominal standard filter element.    The filter 
and element shall be satisfactory for the temperature range encountered and 
cleaned or changed regularly to avoid clogging. 

T). H. Kerska 
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k.O   TEOT RBtUIREMBITS 

All of the teat* except the vibration end shock test will be conducted 
with e load test fixture capable of producing a spring-rate characteristic 
load of 270 In-lbs/degree with a stall torque capability of 10,700 ln-lbs. 

k.l   Functional Check-Out Tests 

All tests are to be conducted under roo« taaperature conditions 
unless specified otherwise. 

I».1.1    Bxamlnatlon of Product 

Bach conponent shall be carefully exasdned to determine 
cooforaance to the requlreaents of MIL-P-856>*C for design, weight, workaanshlp, 
■arklng, conforaance to applicable drawings and for any visible defects. 

•».1.2    Break-In Run 

The breik-ln run shall be for a duration of one (l) hour 
mlnltaia.    Shaft torque loading my be constant or vary slnttaoldally so as to 
lapose a peak actuator pressure differential of 25% madmm required pressiu-e 
differential to produce 10,200 ln-lbs torque.    Shaft speed my be constant 
at a HH^ff« of 60 degrees per seconu or vary slnusoldally fron zero to 60 
degrees per second 

After the break-In run, the actuator shall be disassembled and 
exavlned.    If all parts are In acceptable condition, the actuator shall be 
reasseabled and tests continued per U.1.3.    If working parts require replace- 
ment, the actuator shall be reaasembled using the replacement parts, and the 
break-In run and subsequent disassembly, examination, end reassembly repeated. 

D. iQEEuZZ. 
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U.I.3 Proof Pressure T^at 

A proof pressure of 300 psi shall be applied after the 

■orvooechanlsm has been at a soak temperature of 275 P for a period of 72 
hours for at least two (2) successive tines and held two (2) minutes for each 

pressure application. The unit shall be operated in its normal function 

between applications of the test pressure with ambient temperature of 275°? and 

test media temperature of 1*50°?. There «hall be no evidence of excessive 

external leakage, excessive distortion, or permanent set. 

k.l.k   Extreme Tenperature Punctioning Tests 

U.l.U.l Low Temperature 

The unit shall be connected to a 50 paig supply 

pressure and maintained at a temperature not warmer than -65°? for h  hours 
after the temperature has stabilized at -65 F. After this period the servo- 

mechanism shall be actuated at least 10 times. Variation in torque-speed 

performance shall not exceed * 10^ of design value. Increase in temperature 

during the test owing to operation is permitted. 

h.l.k.2    Intermediate Tenperatures 

Imnediately following the low teqperature test 

(l+.L.U.l) the test arrangement shall be warmed rapidly to a temperature of 

275°?.. Whil B the temperature is being raised, the servomechanism shall be 

actuated at maximum increments of 70oP to determine satisfactory operation 

throughout the temperature range. These check tests shall be made without 

waiting for the temperature of the entire aervomechanisn to stabilize. 

U.1.U.3 High Temperature Test 

The temperature shall be maintained at 275°? for 

a length of time sufficient to allow all parts of the servomechanism to obtain 

the temperature. The servomechanism shall then be actuated at least ten (lO) 

tines at an ambient temperature of 275°^ and test media temperatvire of kyPt. 
Variation in torque-speed performance shall not exceed * 10^1 of the design 

value. 
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•».l.U.U Revere Ion to Hydraulic Mode 

The servomechanlBm shall be checked for Mtlsfactory 

reversion to hydraulic operation upon conmand or loss uf pneuaatic supply 

pressure per DB-T^T during the above roan temperature, low teavarature and high 

tenqperature tests. This test Is to Include actuation of the pneuaatic tooth 
clutch. 

•».1.5 Frequency Responpe Testa 

Frequency response tests shall be conducted under no-load 

conditions (actuator decoupled frcm load mechanism) and against a torque load 

(actuator driving load mechanism spring rate and inertia about a zero deflec- 

tion null). 

During all tests the actuator output shaft speed shall be 

velocity Halted to 60 degrees per second. Tests shall be conducted to 

establish the frequency to effect a 90 degree phase shift and amplitude decay 

of 3 db. 

k.Z    Endurance Tcfcts 

U.2.1 High Temperature Teat 

The servonechanism shall be subjected to sinusoidal operation 

in accordance with the following schedule (Table I) with ambient temperature 

at 275^» test media teaqwrature of ^50^, and a supply pressure of 50 psig. 

After conclusion of the above test, soak the unit at 275°? for two (2) hours. 

Pressure is to be maintained during the first hour and reduced to approximately 

zero psi for the second hour. 

D. HTKerska 
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TABLE I 

Mod« Aavlltude Frequency Ruaber of Linear Load 
(degrees) (CP«) Cycles Variation  (lb-In) 

Manual 20 0.^35 125,000 10 Load 

20 O.H35 2,500 0-W60 

10 O.615 7,500 0-2430 

10 0.615 7,500 0-1620 

0.871 25,000 0-810 

AutOBBtIC 0.871 75,000 lo Load 

1.3T 175,000 No Load 

0.8 2.18 500,000 Ro Load 

0.871 2,500 «UOO-6700 

1.372 2,500 

• 

V900-5900 
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 10,200 In-Lb PNEUMATIC DYNAVECTOR ACTUATOR 

DAT! 

my 15, 1966 

U.2.2 Low Teaqperature and Rapid Wann-Up Teat 

Repeat the low tea^wrature test specified in U.l.U.l at -65^ 

and the Intermediate and high temperature teats specified in U.l.U.2. and 

lt.l.U.3 »t 70°? to 120*^. 

U .2.3 Hi^h Teaperatiire Test 

Repeat the h'.gh temperature test as specified in U.2.1 except 

increase the number of eyelet by a factor of three (3). At the conclusion of 

this test, repeat the low temperature test (It.l.b.l). At the conclusion of this 

test, the unit shall operate satisfactorily and leakage shall not be excessive. 

The unit shall be disacseribled and carefully inspected; there shall be no 

evidence of excessive wear in any part. 

k.l   Vibration Test 

The unit shall be attached to a rigid fixture capable of transmitting 

the vibration conditions specified herein. Attachment of the unit to the 

fixture shall be made through the service mounting which represents dynamically 

the most adverse service mounting possible. Ihe unit shall be subjected to 

no-load operation including clutch actuation during the vibration test. Bach 

resonant and cycling period shall be divided into two (2) parts; the first 

part being conducted ac room temperature and the second part at an ambient 

ww^perature of 273 f «nd a test media temperature of 1+50oF. Tests shall be 

conducted under both the resonance and cycling conditions specified herein. 

The aaplitude of applie' vibration shall be monitored on the test fixture near 

the unit mounting points. At the end of the test, the unit shall be subjected 

to room temperature function test. 

T. H. Kertika 
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»MOJICT MO. 

2835-3110 

TNI IINMX COiPORATION 
tlllARCN LAIMATORIII MVIUOM 

KHITMPIILD. itfCNWAN 

COOt I DINT. 

11272 
IFtCIPlC.TIOM   MO. 

P8-IH2 

MV. 

FNGINEERING SPECIFICATION 
TlTll 

PRELIMINARY QUAUFICATIGM TEST PIAI: 

10,200  In-Lb PlfBUMATIC DYHAVECfOR ACTUATOR 

OATI 

Itey 15, 1966 

TABU II 

Vibration Test Bchedule 

(TIJWS shewn refer to one axle of vibration) 

1     Number of resorw-nces 0 1 2 3 k 

Total vibration time 
at resonance* 

- 30 Nln 1 hr 1-1/2 hr 2 hr 

Cycling time 3 hr 2-1/2 hr 2 hr 1-1/2 hr 1 hr 

* 30 minutes at each resonance 

U.3.1 Resonance Teats 

Resonant modes of the unit shall be determined by varying the 

frequency of applied vibration sluvly through the spedrled range at vibratory 

accelcrntiooe not exceeding those shown in Figure 1. Individual resonance 

surveys sball be conducted with vibration applied along each axis of any set of 

three witually perpendicular axes of the unit. The unit shall be vibrated at 

the indicated resonant conditions for the periods shewn in the Vibratico Test 

Schedule (Table II) and with the applied double amplitudes of vibratory 

accelerations in Figure 1. These periods of vibration shall be accompUshed 

with vibration applied along each of the three Mutually perpendicular axes of 

vibration. When more than one resonance is encountered with vibration applied 

along any one axis, each resonance shall be sustained for the period shown in 

the applicable portion of the vibration test schedule. If more than four 

resonances are encountered with vibration applied along any one axis, the four 

it severe resonances shall be chosen for test. 

D. H. Kereka 

*prnovae sv 
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II. -■ 

^«ejict MO. THE IENDU CORPORATION 

RIIIAICN URORATORIII MVIIION 
lOUTMPIILD. MICMIGAH 

COOt IOHNT. »^■CiriCATiON M«. Ml«. 1 

1         2835-3110 11272 PS-»»12 
1 

1             ENGINEERING SPECIFICATION             | 
1 T,Tt,           PRELIMIHARY QUALITICATICII TEST PUW: 

10^200 In-Lb PIfEUMAnC DWAVBCTOR ACTUATOR 

OAT« 

May 15, 1966           | 

•». 3 «2 Cycling Teat> 

The unit shall be vibrated under the cycling condition* 

•pacified herein for the applicable periods listed in the vibration schedule 

(Table II). The frequency shall be cycled between 5 and 500 cycles per second 

at an applied double aapiltude of O.036 inches or an applied acceleration of 

* 10 g whichever is the lower value. The rate of change of frequency shall 

be logarithmic, and such that 15 ainutes are required to proceed fro« 5 to 

500 back to 5 cp*. When there is no provision for logarithmic cycling, a 

linear rate of frequency change any be used. 

k.k   Humidity Test 

Moisture resistance shall be established by humidity test Procedure 

I of Specification MIL-E-5272. At the conclusion of this test, the unit shall 

operate normally through twenty-five (25) cycles. 

V.5 Pailure of Parts 

If during the ieulgn Integrity program (qualification testing) the 

teat is terminated because of a part failure, the actmtor shall be replaced 

or repaired using a redesigned part(s) or in the case of faulty oaterlal or 

workmanship the procuring authority may authorise the insteliation of a 

part(s) of the original design and the defect overcome. 

The program shall be considered complete when all of the parts 

within the actuator have been completed without failure and the requirements 
of the program as specified in the applicable sodel specification. Should 

the actuator teat be continued from the point of failure with repaired or 

replaced parts, subsequent failure of parts that have successfully completed 

the total endurance raqulremsnui will not be considered cause for rejection. 

Baraa •»'^iy./^*» c/ija_ 
D. H. Kerska 

CNICHIOST A^PMOVKO av 

^£^2 
nivMieM* 

■ C/HLO-IH ORIOINAL FILtO IN PRODUCT OCMON ttCTION 

P*o._^or    "_ 

11 

212 



ii mtmi 
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RESEARCH LABORATORIES DIVISION 
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11272 
|»iCIHC»TIOt<  MO. 

PS-4J2 

■• v 

ENGINEERING SPECIFICATION 
Tittt  Preliminary Qualification Test Plan: 

10.ZOO In-Lb Pneumatic Dynavector Actuator 
OATI 

May 15. 1966 
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