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SECT N ]

INTRODUCTION

1ne work covered by this report was accomplished of the Zondia
Kescarch Laboratories Division under Contract AF 33{615}-3431, during
the [ 2riod from 3 January 196€ to 3 April 1966. This work is being
pertormed under the spunsorship of 'aec Air Force Aero Propulsion
Lavoratory, Rescarch and Technutogy Division, Air Force Systems
Command, United States Air Force.

This report is being published and distributed prior to Air Force
revicew  The publication of this report, therefore, does not constitute
approval by the Air Force ot the findings or conclusions contained
herein, It is published {or the exchange ana stimuluation of idcas.

Foreign annocuncement and distribution of this repcrt is not
authorized.

The distribution of this report is limited because it cortains
technology identifiable with items on the strateg:i- cmbargo lists
excluded from export or re-export under U.S. Export Control Act of
1949 (63 STAT 7}, as amended (50 U.S.C. Apn. 2020-2031), as im-
plemented by AFR 400-10.
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SECTION 2
PROGRAM DEFINITION

2.1 PROGRAM OBJECTIVE

This program is intended to provide the technology necessary for
the integration of hydraulic/mechanical interfaces so that rotary actu-
ators may be utilized for fast response, long endurance applications,
such as vehicle flight control surface actuation. This is an exploratory
program for the investigation of 2 unigque rotary hydromechanical actu-
ator, The Bendix DYNAVECTOR™ Actuator’

This rotary actuator technology will be demonstrated by the fabri-
cation and life endurance testing of an Engineering Model DYNAVECTOR
actuator designed to meet an assumed set of flight test performance re-
quirements as defined in Section 2.3.

2.2 DEVELOPMENT APPROACH

2.2.1 Task Definitions

The program milestone chart, shown in Figure 2-1, defines
the program tasks into five major activities:

e Experimental Model Critical Parafncters Evaluation
e DYNAVECTOR Actuator Demonstration Mode.

e Ixperimental Model Design and Fabrication

e Experimentzal Model Performance and Life Test

¢ Program Direction 2nd Reports

Expzrimental and analytical studies will be conducted in
parallel, to achieve the ubjectives of the program. Early; development
tests will be conducted ¢ ¢rltical compo.ents to obtain confirmation
of the parameters established for the desigrn.of the Engineering Model

3
Trademark of The Bendix Corporation.
Sheoe .
The Bendix Corporation has a patent application pending on this device.
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DYNAVECTOR Actuator. Primary areas of investigation will include
gear strength and wfar characteristics, motor performance factors,
and seal and bearing characteristics. Analytical studies paralleling

the experimental tests will aleo include a failure mode study to provide
maximum assurance that the critical desigﬁ parameters will be recog-
nized early in thc design effort. The results of the component develop-
ment tests and parameter studies will be utilized .~ conduct a critical
design review, prior to initiation of the fabrication uof an Experimental
Model of the servo actuator. Upon completion of the fabrication of the
Experimental Model, preliminary performance evaluation tests will be
performed, using standard MIL-H-5606 hydraulic fluid undi room
temperature conditions. When the performance characteristics are
evaluated and considered satisfactory, the actuator will be tested unor
the specified life test conditions (Reference Section 2.3.2) using Oronite
Fluid 70.

2.2.2 Technicul Approach

The DYNAVECTOR actuator is an integral high speed motor
and high ratio transmission without high velocity mechanical eiements.
The major components of the DYNAVECTOR actuator assembly consist
of a series of displacement chambers, a unique integral epicyclic trans-
mission, and commutation porting. The transmission and motor use
elements common to both, resulting in a2 much simpler and mcre reliable
design.

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 dis-
placement 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 dces not contain a rotating porting plate
or spindle. The absence of high velocity members in the motor sig-
nificantly reduces the inertia, resulting in high acceleration 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 backiash without using preloaded members.

The integration of the power element and epicyclic trans-
mission into an integral actuator design results in an ideal serve actuator
with a high torque-tc-inertia ratio and high constant efficiencies for both
smail and rated loads.



The operation of the DYNAVECTOR motor is illustrated
Iy Figuie 2-2. The basic components are the ring gear, the ground gear
and housing, the center output gear, and the unique vanes. The displace-
ment chambers are formead between the ground gear and the ring gear
mesh by the vanes. #This gear mesh provides displacement motion with-
out rotation because both gears have exactly the same number of teeth.
It may 4~ considered as a loose spline but is a true involute gear mesh.
The int_.rnal portion of the ring gear forms the iransmission between
the motor and the output shaft and represents the epicyclic transmission.

A force vector is generated by pressurizing three adjacent
displacement chambers and venting the remaining three. The vector is
made to rotate by pressurizing a vented chamber adjacent to the original

Py SUPPLY PORT (STATIGNARY
ON SIDT PLATES)

STATIONARY
(GROUND)

DISPLACEMENT
CHAMBER

OUTPUT GEAR
8 SHAFT

P, VECTOR
¥ Py VECTOR

<4

|

CAPTURED VANE

DISPLACEMENT CHAMB ER
ADMISSION PORT
(¢ RING GCAR)

Figure 2-2 - Basic @peration and Design of DYNAVECTOR Actuator



(L] Moy o -————y s e —— oy ‘A [ ] —— L] —

) wow OER O RBR O

three pressurized chambers while simultaneously venting the diametri-
cally opposite one. If ti.: force vector on the ring gear is located at
approximately 90 degrees to the ring and output gear contact point, the
ring gear will move, causing the output gear tc rurn and the contact

point tc move. If the force vector is also rotated and remains 90 degrces
to the contact point, the motion will be continuous and the output shaft
will turn continuously but at a much lower speed than the force vector.
The ratio will be detcrmined by the difference in number of teeth be-
tween the ring gear and the output gear. The gears in Figure 2-2 have
30 and 32 teeth: thus. the reduction ratio is 15:1.

The available differential pressure in the form of two motor
port pressures P; and P, must be commutated to the proper digplacement
chambers to produce a rotating force vecior in phase with the ring gear
motion. To ensure that this phase relationship always hclds true, the
motion or positicn of the ring jear is used to provide this commutation
through a series of ports. Each displacement chamber has a pair of
supply ports or a P| and P, port associated with it. The P} ports are
all interconnected in the housing and brought out te a single inlet port,
as are all the P, ports. These ports are in the housing and, therefore,
stationary with respect to the displacemen chambers. They are also
located under the rine gear face,as shown in Figure 2-2.and a port
connecting the displacement chamber to the ring gear face 1s located
opposite them.

By locating these Py and P3 ports a< shown in Figure 2-2,
the ring gea: ports will open P1 ports to half the lisplacement chambers
and P, ports to the remaining half. The resulting pressure force on the
ring gear {ror: the displacement chamb.vs connected to Py is 180 degrees
opposite P, and 90 degrees from the output gear contact point. Therefore,
presesurizing P and venting Iy pioduces roiaiion 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 c¢reated by the d'splacement member or
ring gear itself, it will always rotate in phase with the motor, preducing
max:mum efficiency.

The number of vanes or displacement chambers only deter-
mines the very locw 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 in-
cluded by cne displacement chamber.
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For the most compact motor, vanes are used to form the
displacement chamber. However, most common methods used in {luid
motors may be applied. Radial pistons, bellows, flexible diaphragms,
etc., could be used to form displacement chambers and generate the
required force vector from applied pressures.

One cf the prumary advantages of the DYNAVECTCR
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 cperation. The relative velocities between dynamic
and static members are very small, because of the small amplitude
epicyclic motion. Jn a DYNAVECTOR actuator, the relative velocity
between the ring gear and the housing is only a functicn: 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

e

UL ] -] (- ] - [ 1] - an ——— S —y R [ — | e oy

radius more than an inch rotating at the samc angular velocity. This
also holds true for the transmission which does not have the conventional
input gear running at high pitch line velocities. The relative velocities
between the me sning teeth correspond to those found in the last stige of
a conventional transmission.

The absernce of high relative velocities results in:

(1) Friction losses at high motor input speeds are significantly
reduced.

(2) Because of low friction lesses, high mechanical cfficiencies
can be obtained.

(3) Wear is greatly reduced, resulting in longer life of the
actustor.

The other factor significantly reduced is the actuator
or motor inertia. In conventional high speed moters, the motor incrtia
resulting {rom significant mass rotating at high angular velocity has
always limited the motor acceleration or response capabiilties. The
small volumes under compression have generally made up for lack of

-

response due to inertia and have placed rotary servos on equal terms

hagsnnnd fmusnny
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with piston-cylinder servos having very little inertia. However, the
spring rate of the transmission hag in some cases presented unwanted

Jemimbe—

decoupling between the load inertia and the motor inertia, resulting in
load resconance. The problem is usually solved by stiffening the trans-

P aiiod
'

mission at the expense of added weight, as it is 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-
force, it has an inertia equal to a similar capacity piston-cylinder actu-
ator and a volume under compression equivalent to a conventional similar
capacity rotary servo. This combination results in a servo with a response
potential many times that obtained by presernt day systems.

2.3 ACTUATOR DESIGN AND TEST REQUIREMENTS

The design and test requirements for the Experimental Model
actuator as specified by the Air Force Aero Propulsion Laboratory under
Contract AF 33(615)-3431 are defined as follows:

2.3.1 General Design Requirements

0| \J‘
et NN RN BUD RN Pcaa e

® Actuator Rate The actuator output rate shall be 30 degrees per
second.
e Hinge Moment: The hinge moment shall be 200,000 in-1lbs.

Pressure: The actuator shall operate with pressure received
from a 4,000-ps1 hydraulic system.

D ey
.

; & Actuaior Travel: The aciuaivr travel shail be =30 degrees.
I e Vibration: The operation of the actuator shall be unaffectec
. by sustained acceleration forces of 10 g's in all
! _ directions.
!
e Temperature: The actuator shall be designed to operate in a
temperature range of -65°F to 500°F.
} e TFluid: The actuator shall operate with F-50 versilube

or its equivalent,




e Leakage:

e Weight:

g

e Efficiency:

@ DBacklash:

Life:

e Lubrication;

The external leakage from the aciuator shall be
held to the miniinum acceptable for aircrart
actuators. Designs utilizing hevrmetic sealing
and/or dynamic seals at low surface spzeds should
be considered.

The weight shall be held to a minimum, consistent
with go.d aircraft design practice.

An efficiency of 80 percent or better is desired at
maximum design conditions. The efficiency shali
be defined as the ratio of power output to the power
input to the actuator.

The actuator design shall incorporate methods for
achieving zero backlash.

The actuator shall be designed for a life of 3000
hours with a duty cycle sirnilar 1o that specificd
in the 1000-hour life test. {Reference Section 2.3.2 )

All parts of the actuatur reguiring lubrication shall
utilize the working fluid for lubrication. An excep-
tion to this may be made for those parts which can
be dry-film lubricated, providing that such dry film
does not need to be re-applied during the life of the
actua‘or.

2.3.2 Exrerimental Evaluation Requirements

et pu GEE0 PN G O e e
®

The requirements for the experimental evaluation of ths
servo actuator Experimental Model consist of three 2.5-hour thermal

s

cycle tests, a 3-hour room ambient tesi and a 1,000-hour life endurance

’m

“test consisting cf 188 room temperature cycles and 62 cycles at 500°F.

o Therrnal Cycle Test: The actuator shall be operated at -65°F for

a period of two hours. During this test the

oo

actuator shall be cycled as follows:
(1) The output travel shall be £30 degrees.
- {(2) The travel frequernicy shall be 30 £ 5 cpm.

{3) The rnoment at the actuator shall be
’ . 200,000 in-lbs.

2}
1
o




After itwo hours cold test, with the actua' .r still operating,
the fluid and ambient temnperatures shall then be immediately raised to
a temperaturc of 500°F within a 30-minute period, until the actuator
has reached a stabilized temperature.

This thermal cycle shall be repeated two additional times.

¢ Rcom Ambient Test: Following the thermal cycling of the above

§ test requirements, the actuator shall be
cycled for three hours at room ambient
temperature per the travel, travel frequency
and load torque conditions defined in the
thermal cycle test defined abuve.

e Life Endurance Tesat: The actuator shall be operated in repetitive
I " ‘cycles as defined below for a total of 1,000
hours operation. Each cycle shall consist
of the following:

(1) Cycle the actuator for 0.5 hour at a
rate of 120 £ 5 cpm for a travel of 3
degrees.

{2) Cycle the actuator for 3 hours at a rate
of 60 + 5 cpm for a travel of £15 degrees.

(3) Cycle the actuator for 0.5 hour at a rate
of 30 25 cpm fcr a travel of 230 degrees.

e - B T B B )

- {4) The hinge rmoment at the actuator during
the life tests shall be 200,000 in-ibs.

(5) During the 1,000-kour life endurance
testing, every fourth cycle shall be con-
ducted at a temperature of 500°F.

2-9
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SECTION 3
PROGRAM ACCOMPLISHMENTS

The program schedule of tasks and task accompiishments thraugh
3 April 1966 are as shown in Figurc 2-1. Program activities bave been
initiated in the Experimental Model Critical Parameters Evaluation and
Expcrimental Model Analyses. The activity for the fabrication and de-
livery of the DYNAVECTOR Actuator Demonstration Model has been
complcted as scheduled.

31 DYNAVECTOR DEMONSTRATION MODEL

Two photographs of the plastic DYNAVECTOR actuator demonstra-
tion model! (Model No. PL-015-U3, Serial No. 1) built and delivered under
this contract are shown in Figures3-1and3-2. The assembly drawing
for this model is shown in Figure 3-3. The actuator consists of a 6-vane
chamber pneumatic power c¢lement driving a 15:1 epicyclic transmission,

The major components of this model are the output shaft and
gear (5), ring gear (2), ground pear (8), the cover rlates (3), captive
vanes (1), output shaft bearings (1), and housing {7).

Low pressure pneumatic stall and {requency response tests have
been conducted on an cquivalent Bendix plastic mode! design, Modei
No. PL-015-Ul. The unit has produced siall torques up to 60 in-ibs at
50 psig air supply pressure.

Under no-load frequency response tests (refcrence Figure 3-4)
with velocity limits of 30 RPM, at 50 psig supply, the unit demonstratcd
zero dropoff in amplitude ratio up to 50 cps with the 90-degrce phase
shift occurring at 36 cps. With a supply of 15 psig, the -3 db po..
occurred at 18 cps with the 90-degrece phase shift at 17 cps.

2

With a load inertia of 0.40 in-lb-sec” and with a velocity limit of

30 RPM, at 60C psig supply, the -3 db point occurred at 11 cps and the
90 -1degrce phase shift occurred at 7.6 ¢ps. Response test results with
this incrtia load are shown in Figure 3- 5.
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Figure 3-2 - DYNAVECTOR Actuator Demonstration Model PL-015-U3
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SERVOVALVE llwul MODEL 1%
=l 15 P3G
SUPPLY PREJSURE ~Omeee 59 PHE
LOAD "NERTIA NONE
YR b TUAL

5
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2

tCPy
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Figure 3-4 - No-Load Frequency Response - DYNAVECTOR
Madel PL-015-U1
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LOAD INERTIA D40 N L sEC? |
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|
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Figure 3-5 - Inertia Load Frequency Response - DYNAVECTOR
Actuator Modei PL-015-U!l
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3.2 EXPRRIMENITIAL MODEL CRITICAL PARAMETER EVALUATION

3.2.1 Critical Components and Parameters

The components of the DYNAVECTOR actuator which are
considered critical to guarariee success of the actuator in meeting the
performance and life endurance regquirements of this particular appli-
cation are defined in Table 3-1. The parameters of these components
whitvh are currently being anvestigated and optimized for this actuator
design are also summarized in Table 3-1. The more critical of these
parameters will be verified experimentally as discussced in Section
3.2.2, in addition to the analytical study ot all parameters listed in
Table 3-1.

3.2.2 Critical Paramecter Evaluation Plan

The components and/or parameters to be experimentally
evaluated are listed in Table 3-2, along with the purpose for the experi-
mental evaluation. Emphasis of the critical parameter study is on
motor vane, commutator and ring gear configuration, and epicyclic

tra..smission design because of their effect on the actuator performauce.

Bearing requirements (i.e., load, DN, lubrication, and life) arv state-of-
the-art and need only be established to select the proper size bearing
Seal reguirements of leakape, pressure, and environment are also
state-of-the-art and, therelore, oniy preliminary analysis and design

is required.

The 200,000 in-1b DYNAVECTCR actuator design will be
scaled down to a test unit size capable of 20,000 in-lu output torque
at the rated epeed of 30 degrees per second of the Evperimental Model,
resulting in a 1.6 rated horsepcower output. A scale model will be used
tc facilitate experimental evaluation by use of existing test equipment
and designing the actuator to a configuration readily assembled and
disassembled, permitting easy modification of the critical components.
This scale model test unit will be designed for 1000 psi hydraulic supply
operation. Tests will be conducted up to 3600 psi supply conditions to
establish the maximum torque and stress capability of the actuator, to
provide design optimization data for the Experimental Model.

P

V.- over advantagecus, component test articles will be
fabricated and tested so that a specific periorrmance parameter may be
and analytically igolated from the interaction with other

ompunents of the actuator.
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Table 5-1 - Critical Components and Parawmeters

Components

Parameters

Mutor
¥anes Number, velocities, leakage, configuration, material

Commutator

Ring Gear

1 ransnuission

Ring Gear

Bearings

Arca, timming, leakage, configurat:un

Mass balance, pressure balance, leekage, clearance,
configuration, assembly

fererce, tacklash, material, life, lubrication, stiffness

Load capacity, DN, lubrication, weas, life

Output Shaft & Gear | Configuration

Misccellanecus
———

Seal Leakage, life, pressurc, n.aterial

Structure

Weight, fabricabihity, pressure

Actuator Weight, ratio, torque capacity, fabricability, lite, per-

formance pressurce

Louad capacity, reaction loads, tooth configuration, inter -

Table 3-2 - Pararecter Test Evaluation

Purpose

Number of Vances
Cummutatijon Area

Commutater Timing
Ring Gear Clezrance
Ring Gear and Output

Shaft Load Capacaty

Actuator Scale Madel

e e -

Minimize torque ripple
Op‘1mize efficiency and speed

fimimize torque ripple and optimize
spced
Rediuce Yeakage and effect of temperature

gradients; improve efficiency

Optimize torquce/weight ratio and
efficiency

™
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Preliminary design of the scale maoadel actuator will
refiect the expericnce of Rescarch Laboratorics in the arca of DYNA -
VECTOR actuator development. The commutator plates and motor
configuration will be designed to allow modification of the commutator
area and timing and a change in the number of vanes to optimize actuator
performance. Steady state torque-speed, pressure-flow and frequency -
response characteristics will be used to optimize the power elemeni
critical components.

3.3 EXPERIMENTAL MODEL ANALYSIS

Engineering analysces have been initiated on the Experimental
Model of the DYNAVECTOR actuatur to be fabricated and by which
endurance life tests performance will be demonstrated. ¥or this period
of activity, these analyses consist of:

71} Defining actuator design requirements (reference DS-744,
Appendix A).

{2) Defining check-out and life test plan {reference PS5-371,
Appendix B).

{3) Establishing computer program for optimization of
DYNAVECTOR gear deeign {(reference Appencix C).

{4) Initiating design of 1mass baiance concepts.

(5) Imitiating design of porting a ! commutation concepts.

The actuator design requirements have been analyzed and are
defined in Engineering Specification DS-744 eatitled "Preliminary
Design Specification for a 200,000 in-1b Hydraulic Actuator’ dated
i3 March 1v66, which is presented as Appendix A. Thisg specification
defines the design, environmental and performance requirements of
the actuator, based on vehicte flight centrol surface actuaticn applications
requiring fast response and an endurance operational capability.

The actuator functional check-out and life test requirerncats
have been analyzed and are defined in Enginecering Specification PS-371
entitled 'Preliminary Check-Qut and Life Test Plan: 200,000 in-l1bs
Hydrauiic DYNAVECTOR Actuator', dated 15 March 1966, which is
presented as Appendix B, This specification defines the functional
check-out and life endurance tests to be imposed on the DYNAVECTOR
actuator. The functional check-outl tests will be conducted both hefore




life testing and after actuato: refurbishment at the conclusion of the life

tests befcre delivery to Wright-Patterson Air Force Base in August, 1967.

Appendix C, "DYNAVECTOR Gear Decign Computer Program', -
presents the mathematical relationships describing the geometry of
involute gears required for the DYNAVECTOR transmission design.
These relationships are applied to the problem of optiumizing the pro-
portions of non-standard gear designs. In particulav, inside and outside

radii of internal and external gears, respectively, are found which have
the following properties:

(1) The gears operate at maximum efficiency.
(2) The duration of contact between gear teeth is maximum.
(3) The gears ave interference-free during operation.

For the optimurn gear preportions, expressions have peen derived
to obtain the thickness at the tips of the gear teeth and to calculate the
measurement of the gear over pins or rolls. These mathematical
expressions have been programmed for evaluation on the Bendix Research
Latorateries' G-20 Digital Coemputer, by which a series of gear design
tables have been derived.

The ring gear design for the Experiraental Model will be of a
mass balance configuration. Al! mass eccentricities and dynamic
couples will e completely balanced, so as to assure high performance
operation. Aunalytical trade-off studies are being conducted on the
four balance configurations as shown in Figures 3-6 througih 3-9. The
m-thods of mass balancing may be ciassified 1n two catégories, depending

on the rotor gear mesnh configuration, i.e., 1nternal mesh or external
mesn., Figure 5-6 shows an internal ring gear mesh balanced by a
balance gear. The center of gravity of the balance gear is 180 degrees
onposite the center of gravity of the ring gear, thereby producing com-
plete mass balance. The ring gear is driven by the fluid pressure
vector, whereas the balance gear is driven by thc mesh with the output : u
shaft and therefore produces =n work. Proper balance gear lesign :
will eliminate tooth interference, yet maintain balance gear mesh
with the output shaft gear to prevent the balance gear from falling cut
C1 engagement,

fosas )y s SR S RS TR SRR BN OER AR AR Aas et e

Tigure 3-7 shows an internal mesh balance configuration with
the pressurized van. chambers betv.een ring gear A and ring gear B.
Both geurs, therefore, produce work and because their center of

- procuse
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gravities are 180 degrees apart the system is balanced. A double set
of vanes is required as shown for this configuration.

Figure 3-8 shows an external mesh balance configuration with a
single ring gear producing work and balance gears providing balance
but no work,

Figure 3-9 shows an e. ernal mesh balance configuration with
two ring gears, both of which are driven by the pressure vector and
are therefore producing wo:'-. A double set of vanes is required as
shown for this configuration.

As indicated in the discussion of the critical parameters in Section
3.2, optimization of the commutation technique, i.e., timig and flow
passage sizing, is considered to be critical to the actuator performance.
Design layouts have been initiated to investigate various types of porting
arrangements, compatible with the motion relationship between the side
faces of the ring and ground gear.

LI
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APPENDIX A

PRELIMINARY DESIGN SPECIFICATION
FOR A 200,000 IN-LB
HYDRAULJIC ACTUATOR
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#ROJECT :O. THE BENDIX CORFORATION COOE IDENT, SPECIPICATION NO.

REV,

RESEARCH LABORATORIES DIVISION
11272

2837-3110 SOUTHEIELD, MICHIGAN D6 - Thi

ENGINEERING SPECIFICATION

WILE  preliminary Design Specificetion tor a 200,000 oave
In-Lt Hydraulic Actuator March 15, 1966

1.0 DESCRIPTION

Thic specificntion defines the design, environmental and performance
requirements for a rotary hydraulic actuator. The actuator shail be capable
of driving & spring rate type of load and shall be designed to demonstrate
fast response &nd an operational endurance capability required for vehicle
flight control surfacc actuation xpplications.

2.0 DESIGN RBQUIREMENTS

2.1 Design Strength

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

(a) Yield Strength = 1.3 x Design Yield Sirength
(v) Ultimaie Strength = 1.5 x Design Ultimate Strength
(Reference MIL-A-8860)

2.2 Installation and Volume Dimensions

The installetion and volume dimensions for the actuator are cpen
and undefined. However, materials of the lightest poescidlc wolght couslislent
with the service and strength requirements, shall be used sc &8s to assure
compiiance with the weight de<ign goal defined in 2.3.

2.3 Weight
The actuator shall have s weight design geoal of 150 pounds.

2.4 Marking of Ports

All ports shall be durably and legibly marked as t> function.
Decals shall no' be used. Single letters, such as “"P" for pressure, will not
be acceptable.

PREPARFD 8Y CHECKED AY AREPROVED BY
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3 B PROJECT NO. THE SENDIX CORPORATION COOR IDENTY, SPECIFICATION NO. Rev,
F RESEARCH LABORATORIES DIVISION 1 2
- 2837-3110 SOUTHFIELD, MICHIGAN 1M272F - 7
ENGINEERING SPECIFICATION
g WIS preliminary Design Specification for a 200,000 oave
11 In-Lb Hydraulic Actuator ’ March 15, 1966
E
3 3.C ENVIRONMENTAL REQUIREMEFTS
1 3.1 Bupply Pressure
The mAximm available supply received from the hydraulic system

£ball be 4,000 poig.

3.2 Fluid

LG IR L

The actuator shall operate with ¥-50 Versilube, Oronite 70 or an
equivalent.

3.3 Temperature

The actuator shall be designed to operate in an air ambient and
fluid temperature range of -65°F to 500°P. For a cold atart therml transient,
the actuator shall be designed to cperate with an air ambient of «{.5°F and
fluld temperature riee trom -65°F to +500°F in 0.5 hours.

3.4 Lubrication

All parts of the actuator requiring lubrication sball utilize the
working fluid for lubrication. An exception to this may be made for those
parts vhich can be dry-f£1l= lubricatsd, providing that such dry film does
not need to be re-applied during the life of the actuator.

3.5 Vibrationm

The operaticn of the actuator shall be unaffected by sustained
acceleratfon forces of 10 g's in all directions.
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PROJECT WO, THE BENDIX CORPORATION CODE IDENT, SPECIFICATION NO,

neEv,
RESEARCH LABORATORIES DIVISION
- Tl
2837-3110 SOUTHFIELD, MICHIGAN 11272 s -7
nree  Preliminary Desigu 3pecification for a 200,000 cave
In-Lb Hydraulic Actuator March 15, 1966
4.0 PERFORMANCE REQUIREMENTS
4.1 Leakage
The external leakage from the actuator shall be held to the minimum
acceptable for afrcra”" actuatcrs. Dyramic seal deeigns utilizimg seals at
low surface speeds should be enmployed wherever possible. The legrage design
goal for actuator dynamic performance shall be a maximum of 12 drops per hour
{0.60 cc). The shaft seal leakage design goal for actuator static performance
shall be 2 drops per hour (0.10 cc).
External leakage through static gusket seals, other than a slight
vetting insufficient to form a drop, is unacceptable.
L.2 Actuator Rate
The actuator output rate capability ehall be at least 30 degrees per
second at any torque load specified in Paragraph L.3.
L.3 Actuator Torque Load
The actuator torque load shall be a spring rete type load of 6,670
in-1b per degree with a maximum torgue of 200,000 in-ib at 30 degroes travel
Inertia and friction type loads are zero.
L4 Actustor Travel
The actuator travel shall be * 30 degrees maxisur.
L.5 Efficiency
An efficiency of 80 percent or better is desired at maximum design
conditions. The efriciency shall ve defined as the ratio of pover ocutput to
the pover input to the actuator.
PRAEFPARED §Y CHECKED BY APPROVED GY
A L lard
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4.6 Backlash

The actuator deesign shall incorporate methode for achieving zero

backlash.

L.T Life

WW"I’Wm‘!m”N""”"AN“F'\PiH!WHMWWWYM!WMWW“‘ A1 T O TR
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The actuator shal® be designed for a life of 3,000 houre with & duty
cycle similar to that specified in the 1,000 hour life teet (Reference PS-371).

4.8 Cyclic Torque-gpeed Requiremerts

The actuator ehall be designed to meet the following cycllic torque-
spred requirements (Reference Appendix Aj.

£
=
&
£
€

=

L.8.1 Cycle frequency 2.0 cps: Cycle amplitude 6 degrees peak to
peak against spring rate load of 6,670 in-1b per degree
{load variation zero to t 20,000 {n-1b).

MR

ff

4.8.2 Cycle freguency 1.0 cps: Cycle amplitude 30 degrees peak to
peak against spring rate load of 6,670 in-1t per degree
{load variation tero to t 100,000 in-1ib).

5.8.3 Cycle trequency 0.5 cps: Cycle amplitude 60 degr=es pesak to
peak sgalnst spring rate load of 6,670 {n-1b per degree
{1cad variation rero to t 200,000 in-1t). -
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APPENDIX B

]

PRELIMINARY CHECK-OUT AND LIFE TLST PLAN:
200,000 IN-LB HYDRAULIC DYNAVECTOR ACT UATOR
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- PROIECY NO, TNE IEND!X CORPDRATION CODE 1OENY. SPECIFICATION MO nEv,

: RESEARCH LABORATORIES DIVISION
: 2837-1130 SOUTHFIELD, MICHIGAN M27 -3
ENGINEERING SPECIFICATION
. "Nt preliminary Check-Out and Life Test Plan: parve
200,000 In-Lb Hydraulic DYNAVECTOR Actuator March 15, 1966

- 1.0 PURPOSE (F TEST PLAN

- Thie preliminary test plan defines the functlonal check-out tests and 1life
endurance tests to be imposed on a rotary hydrsulie 200,000 in-1b torque
capacity DYNAVECTOR. The functional chzack-out tests will be conducted both
prior to life teating and after actuator refurbishment at the conclusicn of the
life test befors delivery to Wright-Patterson Air Force Base under Contract

+ A¥ 33(615)-343L in August 1967.

"y

e ey

2.0 LOG BOOK DOCUMENTATION

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

2.1 Title Page: Log Book Rotary Hydiaulic DYNAVECTOR Model .
Serial Mumber , BRID Project 2827-1110, Wright-Patterson
Air Force Base Contract AP 33(615)-3431

2.2 Table of Contents

2.3 Eection I, Equipment Complement

Bpecify the following as applicadble documentc:

(a) DYNAVECTOR Assembly Drawing .

() Check-0Out Test Fixture Schematic and Equipment Lists.
(c) Life Test Fixture Schematic and Equirmeni Lists.

(a) Ds-T4h Preliminary Design Specirication.

Bis 2l (B

e LI A i e e B

)
-

Sectiun I, Taspeciion Reports

: All inspecti~n reports pertaining to the actuator ~ssembly deliver-
. able hardvare are to be compiled in this scction. I any part initiaily
rejected by inspection is used in the actuator assembly, a copy of the report
i defining part disposition and statement of subsequent acceptance (rework,

: vaiver, etc.) s to be incorporated in Section II.

‘
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f PROJECT NO. THE .END'X CORPORATION CODE IDENT, LPECIFICATION NO, "EY,
H RESEARCH LABORATORIES DIYISION
2837-1110 SOUTHFIELD, MICHIGAN 112712 »-m
. .
i B "ree  Prellpinary Check-Cut and Life Test Flan: DA™
200,000 Yn-Ib Hydraulic DYNAVESTCR Actumtor “Mareh 15, 1966
% - 2.5 Secticn IIT, Calibration Data

Stete test equipment used and calibration history of said eguipment.

2.6 Section IV, Functional Check-Out Test Data

A compilation of all check-out deta prior to life tests and
observations of test articles ani test gtand funciioning shall be entered in
this Section.

2.7 Secticn V, Lire Test Data

A compllution cf all life tect data accumulated and observations
: of test articles and test stand functioning shall be entcred in this Section.

: i 2.8 Section VI, Refurbished Assembly Functional Check-Out Test Duta

A compilation of all check-cut data recorded on the refurbished unit
prior to chipment to the custiomer and observations cf said unit and test stand
functioning shall be 21lered in this Section.

2.9 Soction VIi, Engincering Rrlease Noticee, Change Notices, and E.X. Forms

Coples of all Arawing relcese notices, chenge notices and englneering
L instructicrn forms of do' erable hardware are to be included in this Section.

2.10 Section VITI, *tional Check-Out Operating Events

Record cach %tir.: deliveradle nurdware 15 tested during check-out
tesls prior Lo life tects and detfine adjustmente or modifications required to
oparate aeliveranle hardwarc andjer tect equipment {repairs, revork, inepections
g meintenance )} Test data is to te recorded in Sectiovn IV.

FTRRR T IAR

s

2.11 Section IX, Life Test Operating Events : r

wona.

Record seguence of 1life tests and define adjustiments or modifications
required to operate deliverable lurdware and/or test equipment (repatirs, rework, .
inspection, and maintenance). Test daia is to be recorded in Section V.

PREPAREDOY CHLCRLD BY LFPROYLO BY
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BROJECT NO. ] THE BENDIX CORPORATION COOE IDENT, SPECIFICATION NO.

REV,

RESEARCH LABORATORIES DIVISON g 1272
2837-1110 SOUTHFIELD, MICHIGAM PS-371

ENGINEERING SPECIFICATION

e preliminary Check-Out and Life Test Plan: oate 15, 1966
200,000 In-Lb Hydraulic DYNAVECTON Actuator Marc 5, L9

2.12 Section X, Refurbished Assembly Functional Check-Out Operating ¥vents

Record each time deliverable hardware is tested and define adjustments
or modifications required to operate deliverable hardware and/or test equip-
ment (repairs, rework, inspection, and meintenance). Test data {s to be
recorded in Section VI.

2.13 Section XI, Fatlurc Repor's

A copy of BRLD failure data repoert BC-RLD-U7 shall te £iled in this
section in the event of catastrophic or degradaticn fallure of deliveratvle
hardware during any deliverable hardware lests.

3.0 ENVIRONMENTAL COWDITIONS
All functional check-out testa will te conducted at room temperature

conditions with MfL-2-560€ otl.

Life endurance tests will be conducted with Cronite High Temperature
Hydrauiic Fluia 70 at the temperature conditions (-65°F to +500°F) as defined
in the Life Test Requirements Section 4.2.

L,0 TEST RDQUIREMENTS

A torsion tube lomad fixture with a spring rate characteristic cf G670
in-1bs per degree =ith & t 30 degree trev:l capabiiity wiil be used ms the
torque lced mechanism for the apnlicable tests defined htelow.

4.1 Punctiona) Checx-Cut Tests

All tests are to be conducted under rocm tempeiature conditions
using MIL-0-5605 fluld. Tests L.1.1 and 4.1.2 are to be performed in the proper
s'equence as indicated. Tests 4.1.3 through 4.1.5 ray be performed in any
sequence as is convenivnt.

FPREPAREO BV CHECKED B8Y APPROVED BY
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PROJECT NO,

2837-1110

b

THE BENDIX CORPORATION
RESEARCH LABORATORIES DI VISION
SCUTHFIELD, MICHIGAM

CODE IDENT, SPECIPICATION NO, eV,

11272 rs-3n2

aalat

ENGINEERING SPECIFICATION

-

TITLE

Prellminary Check-Out and Life Test Flan:
200,000 In-Lb Hydraulic DYNAVECTOR Actuator
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L.1.1 Examination of Actuater

After
examined. If all parts are in ecceptable conditinn, the actuator shall be
reassembled and tests continued per L.1.3%.
mnt, the actuator shall be reassembled using ihe replacement parts, and the
break-in run and subcequent disacssembly, examiraticn, and reasscmbly repeated.

The actuatcer shall be exemined to determine conformance
with the applicable assembly drawings and all requirements of design
s,ecification DS-Thl and *'.is specification.

L.1.2 Break-In Fu

The break-in run shall be for a duration of one (1) hour
minimuy. Shaft torque loading may be constant or vary sinusoidally so as to
impose a peak actuator pressure differentlal of 25% maximum required preasgure ,,,4
differential to produce 20C,000 in-1b torque. Shaft speed may be constant
at a minimum of 30 degrees per sccond or vary sinusoidally {$rom zero to 30
degrves per second maximum.

L.1.3 Proof Test

A precof pressure of 1.5 times the maximum reguired actuator
supply pressure necessary for the acluatcr to meet the performiace regquiresents ‘{
defined in DS-Thh shall be simultan..usly applied to both pressure ports at
least * 0 successive times and held two (2) minutes for each precour
application. The actuator shall be operated per 4.1.2 btetween application of
the proof test pressure.

During appilcation of the proof test pressure there shall be
no evidence of external leakage, other than a slight wetting insufficient '

to form a drecp, excessive distoertion, ovr rermanent set. 1
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the break-in run, the actustor shall te disassembled and
Xf working parts require replace-
-
—1

€

PR

PREFARED DY CHECRED BY APPACVED BY

{ Hapesn L |
-(’a'k o FA s o - -vr..,,/ :
AFVISIONS 5‘
1
|

LIS A ORIGINAL FILED I8 PRODUCT DESIGN SECTIO!. A0C8.000-18)
|
H
B-4 |
_ I P ]
4
- _ - _ o e ]

) B I




$ il

Lt AT

m——

PR

Py e e MBS fumS PRGN et P e

PROJECTY NO, THE BENDIX CORPORATION CODE IDENT, IPECIFICATION NO. ®EY.
RESEARCH LABORATORIES DIVISICTN ‘ 1 2 7 2
2837-1110 SOUTHFIELD, MICHIGAN PS - 371
o
ENGINEERING SPECIFICATION
nree  preliminary Check-Out and Life Test Plan: pAvE »
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b.1.b No-Load Breakout
Record pressure differential and supply pressure at instant
of actuator output shaft rotation for both directions of rotation with zero
torque load applied.
4.1.5 No-Load Speed
Record actuator output shaft speed and hydraulic supply flow
rete for actustor pressure differentials of 10%, 25%, 5C%, 757 and 100%
aximum required pressure differential with zero torque load appiied. Record
for both directions of rotation.
k.1.6 stall Torque
Aesemble torsion tube load mechanism to actuator output shaft.
Record etall torque and leakage consumption at actuator pressure differentials
of 10%, 25%, 50%, 75% and 100% maximum required pressure differential to
produce 200,000 in-1bs torque. Repeat for opposite torque direction.
4.1.7 Cyclic Torque - Speed Tests
The following cycliz torque-speed conditions shall be imposed
on the actuator outpat shaft for a minimum of 8 hours tes: time. External
leakage, actuator flow consumpticn and actuator efficiency are to be recorded
in additicen to load torque and speed:
(a) Cycle the actuator for 025 houvrs at a eyele frequency
of 2.0 ava, Cvala seplitnde shall be edy (A) dearsen
A 2 R e g - v o ==
peak to peak against a spring rate load of 6670 1in-ibs
per degree (load variation zero to t 20,000 in-1vs).
(b) Cycle the actuator for 1.5 hours at a cycle frequency
of 1.0 cps. Cycle amplitude shall ve 30 degrees peak
to peak against a spring rate load of 6670 in-lbs per
degree (load variation zero to t 100,000 in-lbs).
PREPARED BY CHECKED BY 1 APPAGYVED BY
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(c) Cycle the actuator for 0.25 hours at a cycle frequency
of 0.5 cps. Cycle amplitude shall be 60 degrees peak
%o peak against a spring rate 1nad of 6670 in-lbs per
degree {load variation zero to ¥ 200,000 1n-1bs).

RORRLHL (T1TE

R

L.1.8 Frequency Response Tests

Frequency responge tests shall be conducted under no-load
conditionas (actuator decoupled from load mechanism) and against a torque load
(actuator driving load mechanism spring rate and inertia about a zer. deflec-
tion null).

[EETE N

During all tests the actuator output shaft speed shall be
velocity limited to 30 degrees per second. Tests shall be conducted to
estavlish the frequency to effect a 90 degree phase shift and amplitude decay
of 3 db.

L.2 Life Endurance Tests

T I TR

The requirements for the life endurance evaluation of the actuator
consist of three 2.5 hour thermal cycle tests, a three hour room ambient test
and 8 100C hour 1ife endurance test consisting of 188 room temperature cycles
and 62 cycles at SC0°F. All tests are to be condutted at the temperature
conditions a8 specified below using Cronite HTHF T7O.

R R

e

The tecst procedure for tne lifc endurance tests is as foliows:
0
{v) Maintain ambient temperature at -65 F with hydraulic fluid at
100 * 20°F. Cycle the actuator for two hours at & frequency
of 0.5 cps, amplitude of 60 degrees peak to peak against a

spring rate load of 6670 in-lbs per degree (load variation
zero to ¥ 200,000 1n-1bs).
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{c) wWhile still operating es defined in {b) mbove raise the ambient
and fluid temperature to 500°F within thirty (30) minutes and
continue test until actuator has reached a statilized temperature.
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(4) Repeat paragraphs {a) through (c) two additional times.

{e) At the conclusion of third thermal cycle, stabilize the actuator
at room ambient temperature and cycle for three hours at a
frequency of 0.5 cps, amplitude of 60 degrees peak to peek
againet & spring rate load of GA70 in-1bs per degree (load
variation zero to t 200,000 in-1lbs).

(r) The actuator shall then be operated in repetitive cycles for a
* total of 1000 hours of operation ageinst a spring rate lomd of
6670 in-1bs per degree. Each cycle siall consist of the
following:

1. Cycle the actuator for 0.5 hours at a cycle
frequency of 2.0 epa. Cycle anplitude shall be
8ix degrees peak to peak. ILoad variation shall
be zero to t 20,000 in-1bs.

2. Cycle the actuator for 3.0 hours at & cycle
frequency of 1.0 cpa. Cycle amplitude shall be
30 degrees peak to peak. Load variation shall be
zero to t 100,000 in-1bs.

3. Cycle the actuator for 0.5 hours at a cycle
frequency of 0.5 2ps. Cycle amplitud2 shall be
60 degrees peak to peak. Load variation shall bte
zero to 1 200,000 in-1bs.

The abuve Leols simil be performed at embient temperature and 100
¥ 20 flutd temperature for three repetitive cycles followed by & fourth
cycle performed at SO0°F ambient and fluid temperature to the completion of a
total of 1000 hours of operation.

PREPARED SY CHECKED BY APPROYED BY
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AFPFENDIX C
DYNAVECTOR GEAR DESIGN COMPUTER PROGRAM

1.0 SUMMARY

1his appendix presents the mathematical relationships describing
the geometry of involute gears required for the DYNAVECTOR trans-
mission design. These relationships are applied to the problem of
optimizing the proportions of non-standard gear designs. In particular,
inside and outside radii of internal and external gears, respectively,
are found which have the following properties:

{i} The gears operate at maximum efficiency.
{(ii) The duration of contact between gear teeth is maximum.
(i1i) The gears are interference-free during operation.

For the optimum gear proportions, expressions are derived to
obtain the thickness at the tips of the gear teeth and to calculate the
measurement of the gear over pins or rolls.

The mathernatical expressions have been programmed for

‘numerical evaluation on the Bendix Research Laboratories Division G-20

Digital Comnputer. This appendix contains a discussion of the numer-
ical methods employed in computing the optimum gear proportions.

2.0 INTRODUCTION
2.1 General

In the designing of intcrnal-external involute gear pairs.certain
physical characteristics are sought., The engineer rcquires that the
gears be efficient, have a relatively high contact ratio and be interference
free. In addition, dimensions such as base radii, pitch radii and center
distance, are specified. The problem becomes to find inside and outside
radii which will satisfy the design requirements. No particular difficulty
is encountered for conventional gear specifications. However, when nen-
standard designs are required as in the DYNAVECTOR design, the requi-

site gear proportions must be obtained from a systematic search program.

Having the proportions of the gears, the exact tooth form can be
determined. Load considerations lead to the conclusion that the thickness
of the tips of the internal and extcrnal tceth should be ¢qual. As the teeth
come into and go out of mesh, the equal tooth thicknesses will tend tc
balance the stresses between the internal tooth and (he external tooth.

e e e = - o _ .
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Finally, when the exact proportions of the involute tooth profiles
i are e¢stablished, the quantity ''measurement over rolls" can be deter-
mined. During the machiming of the gears, the measurement over rolls
assures nroper tooth spacing and a proper involute tooth form. Two
: pins of known dimensions are placed., diametrically, between gear teeth
: and the distance from one pin to the other 1s measured. This is the
measurement over rolls which must be maintained throughout the cir-
cumference of the gear.

In the remaining paragraphs in this section, the design character-
istics will be discussed in greater detail. Section 3 presents the basic
H elements of involute trigonometry and of involute gear geometry, For-

mulas for various and pertinent properties of involute gears are derived
in this section, Section 4 presents a discussion of the numerical evalu-
L2 ation of involute gear geometry as an aid to the engineering design of
such gears.

- 2.2 Gear Design Objectives

' 2.2.1 Efficiency

In general, the efficiency of gears is expressed as a ratio of the
: ¥ -~ work input to the driven gear and the work output cf the driving gear
- over the arc of contact of a pair of gear teeth. The efficiency can also
; be expressed in terms of the proportions of the internal and external
: gears. Factors such as the relative number of t:e'h the length of the
arc of approach (i.e., the arc from the pout wae re tne teeth come into

- contact to the pitch point of the gears’ and tne longth of the arc of re-
cess (i.e., the arc length from the pi:i -h poiit to the last point of contact)
affect the efficiency.

Clearly. power transmr . ssion 15 directly related to eificiency and,
therefore. migh levels of effi.1ency are desirable. Since relationships
Do between gear peometry and effic ency can be established, it is possible
: to select gear proportinns witlhi efficiency as a design parameter. In
addition, 1i is poss:vic to maxirze the etficiency of involute gears by
: an appropriate choi ¢ of ge :r proportions.

2.2.2 Contact Ralio

The contact rauvo, or duration of contact, of gears is the ratio be-
) tween the length of the arc through which mating teeth come 1nto and

,'
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: %0 out of contact and the arc length between successive teeth on the
gear. The former is called '"the arc of action,'" and its length consists
of an arc of approach and an arc of recess,

s

As a function of gear proportions, the contact ratio ranges from
a lower bound of zere to an upper bound which depends upon the radii
at which the gear teeth come to a point. In practice. the upper bound
for the contact ratio depends upon tooth interference conditions. If the
gear teeth are to be free of interference between the profile of one tooth
and the tip of the o‘her tooth. then the contact ratic 1s limited to gear
proportions which satisfy non-interference conditions,

”

H

Since the contact ratio involves the arc of approach and the arc
of recess, and since gear efficiency is also related to these quantities,
the condition that the gear operation be free of interference may be im-
posed in such a manner as to maximize both the contact ratio and the
gear e{ficiency. It is well to note that these two quantities maximized
together do not necessarily represent individual maxima. Thus, it may
be possible to achieve a higher contact ratio at the expense of lower
efficiency.

2.2.3 Tooth Interference

Tooth interference is the condition where the teeth cannot pass
freely out mesn as the gears are in operation., Figure 1 shows typical
involute gear teoth oricntalions at varivus angles of rotation, The out-
side radius, R, of the exte rnal gear tooth and the inside radius, R,, of
the internal gear tooth are marked, as is the center distance, C.

Tooth interference occurs as a function of the combined magni-
tudes of R,, R; and C. Given an inside radius and a center distance,
interterence will occur it the outside radius is too large. Similarly,
given an outside radius and a center distance, interference will occur
if the inside radius is too small.

During the operation of the gears the involute profiles of the
teeth are in contact only along the arc of action, As the external tooth
moves down the profile of the internal tooth, its corner traces a tro-
choidal path. This path exiats, because the centers of rotation of the
two gears are displaced. Analysis of the interference characteristics
of gears involves a comparison between the simultaneous paths of the
tips of the internal and external teeth. When this comparison is made
for all combinations of inside and outside radii ranging from the base
radii to the radii at which the teeth come to a point, the optimum gear
L proportions can be obtained which satisfy the design requirements,
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Figure 1 - Involute Gear Tooth Orientation

3.0 ANALYSIS

3.1 Gene r-al

This section presents the mathematical relationships describing
the geometry of involute gears. The equations for the contact ratio
and tip interferenze wil) be developed. The maximum efficiency con-
dition for gear operation will be established. The three reslationships
wil! be used to obtain the inside rad:us of the internal gear and the out-
side radius of the external gear for the highest possible contact ratio.

The arc tooth thickness geometry will be derived. The tooth
thickness required for the teeth to mesh tightly at a given center dis-
tance, and the thickness at the tips of the internal and external teeth
arc combined 1n a single relationship. The relationship is coastructed
under the conditiun that the internal and external tooth tip thickness is

[ ¢
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Finally, the equatione fnr the diameter of a gear ''"over rolls"
will be derived for internal and external gears, The measurement

over rolls is a quantity used during the machining of the gears to assurc

the proper tooth configuration and dimension.

3.2 lnvolute Gear Geometry

3.2.1 The Involute Function

The involute curve is generated from a base circie according to
the following construction: The path traced by the end of a perfectly
flexible line drawn tangent to a circle is called the ""involute of the
circle." The geometry 1s illustrated in Figure 2.

-c‘.,.l

e,

Figure J - Involute Geometry
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Referring to Figure 2:

It

) 0=tan ¢ - ¢ = inv ¢ (13

Note that the arc ¢ is the length of the civcumferences on the circle over
the angle D+ ¢. if the tangent funclion is expressed as a ratio, this i3
seen immediately.

Tiks
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0+ ¢ -

— (2)

Whae L4 N
o

ar

T

e TG e puens B pue s

~ 2 2
R, {o+ ¢] = \/R" - R (3)

It ‘oliows that the radius of curvature of the involute curve at any point
is the length of the generating line, Ry [O + cp} ., at that paint,

3.2.2 Th rochoid Function

A trocheid is the path of a point in a moving plane as it progresses
along a fixed curve. For exampile, the trochoid of a circle ac< it rolls on
a straight line is illustrated in ¥Figure 3. The point p on the radius of
the circle traces the trochoid path shown. With respect to gear teeth,
trochcid action occurs between mating teeth as they progress along a
path of contact. ‘Iwo cases will be cor-sidered:

The trochoid of the corner of an external gear tooth at the root of
an internal gear tooth is described by the geometry in Figure 4{a).

[
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Figure 3 . Trovhuid of a Circel-
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Figure 4{a) - Trochoid Geometry Figure 4{b) - Trochoid Geom=:try
L=t S -

R = ocutside radius of external gear

C = center distance P
a = rotation angle of externa’ '* ar

f = rotaticn angle of internal gear

e

R_ = radivs to trecnnid en the internal gear

0, = vectorial angle of trochoid
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From Figure 4{a) the geometrical conditions are:
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where
R 0
p = §E~ . a
j2
R , R = pitch radii of external and internal gears, respectively,

pe  pi
The trochoid of the corner of the internal gear tooth at the roct
of the external tooth is described by the geometry shown in Figure 4(b).

Let R, denote the inside radius of the internal gear.
1

R_ = .2+C +2RCcosﬁ (6)
T i
and
9’1 Arcsin {—-— sinf ) -a (7)
where R ;
a-= ——&R . B
po

3.3 The Contact Ratio

The duration of contact between internal and external gear teeth
is defined on the line of action. Formally, the contact ratio is given by
the length of the path of contact between its intersection with the inside
radius of the internal gear and its intersection with the outside radius

of the external gear divided by the base pitch of the gears. The geomeatry

for obtaining the contact ratio is shown in Figure 5.

Let

R, . = base radius, external gear
R, . = base radius, internal gear

= center distance

Cy
'

R - pitch radius, external gear
R_, = pitch radius, internal gear

outs:de radius, external gear
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Figure 5 - Contact Ratio Geometry

insi1de radius, internal gear
vperating pressurc angile at the pitch line
number of teeth, external gear

number of teeth, internal gear

ST T




AR VR

f jewa ame R PEER BB BMER  DREN DU PR o e pesag el

IR A

A

il

" ..,:A,ﬂwq@.v._’vjw g uwm“mqmplml“ ‘uqmwmmw";[ug:q“ e, "m:"\w", "\H"ilt'mw‘“k'ww‘\',ﬂtl\' WW'W

1 T AR |

LTI

A ) A R

ety | 1o

RO T YT R INTRNTERIPRT RIS INEYY

e peen

B Aoy s me

The contact ratio, mp. is given by

] > 2
C sin ¢ + R0 -RI— Rl-RbZ
m =
5
p ..Terl
N
1
C ¢ + “\/ 2 V
sin
b [l
- 7nR &

Nﬂ
b4

Substitution of equation (3) into the above yields a relation betweern the

_contact ratio and the involute functions at the radii, Ry and Rj. Thus,

m_Nl[C sind + (inve ¢ b sz“nqb“b)]
= = |- si nv t ) W V@ ;
p 27 Rbl 0o 0 Rbl H 3
N, r . R :
= £ I-&— sin ¢ + B! (inv ¢ +d ) -(nveé. -o¢.) (9)
2w | b2 sz o o 1 1

3.4 Efficiency »f Gears

The maximum efficiency of internal and external invelute gear
is taken to be the condition: the R_ - intercept and the R; - intercept
vn the line of action are cquidistant {rom the pitch point. From Figure 5
it is seen that this condition i mct when

R r_z—+ R R -=(R +R i (10
Ryt VR TR PR e t10)

In terms of the involute functions the maximum cfficiency occurs foq
the condition

Rbl (inv¢0+ ¢,o) (m\,¢> +¢, ) = "{p2+ R )s.n¢(l))

C-1¢
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.. gear tooth. If the trochoid 1s outside of the tooth fowi..

 given by the involute function at the inside radius, R

--gear tooth is given by

e vrToa

S

Substitution of equation (11) irto cquation (3) yields an expression -
velving the contact ratio as a function of the 1nveolute value at the tip
of the external gear tooth. The result is:

N C -R - R

1 2 1
m = - P sing +2(nveég + ¢ ) {i2) :
o
bl ° \

|34
P n R

3.5 Tip Interference

Tip interfevence occurs when the trochoid of the path of the corner
of the external qear tooth intersccts thz involute profile of the internal
. then no tip
interlerence will exist,

In terms of angles, the angle to the tip of the internal tooth is
,» that s,

y = 1nv m] {13)

Referring to Figure 4(a), the trochoid of the path of the tip of the extefnal

R
0, = Arcsin EBSJna - B (14)
1
e re 2 2 2
where R _c® R
1 (O]
= CCoe
Q arcces 201‘
N - °
1
s — . a
N
2

The angle O i1s measured with respect to the axis of symmetry of the
trochoid. The axis of symmetry is at an angle g,. with respect to the
linc¢ of centers, given by

0 = — [‘.-v ¢ - anv c:] tinv o (15)
o

Deline




: 1t follows that no tip interference occurs for any gear proportions R,
! and R, such that x > y.

Vo
: : 3.6 Tooth Thickness
]

The arc tooth thickness of an involute gear ooth 1s a4 function of
the radius of the arc and 1s a function of the thickness at some other
radius. Figure b iliustrates the geometry for an external gear tootkh.
Referring to Figure 6. the involute tooth form, generated from base
radius Ry, of an external tooth is shown.

Let the arc tooth thickness T at radivs Ry be knowr.

For all positions on the involute curve,

. R

R = - 17
' . © arccos R (17)
RE yields values for the arguments ?, and P in particular. At P‘Z the arc
: tooth thickness 1s given by

T?.:RZ ﬁ—i+2invml~2inv¢2 (18)

|

Figurce ¢ - Tooth Thickness
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For an internal gear tooth similar analysis leads to the result

T

1
T, = R h——+2inv¢2~2inv¢

(19)
2 2 1

1

Given the proportions of an internal and external gear pair, it is
desired to find the arc tooth thickness at the tips of the internal and ex-
ternal teeth which is equal for the two teeth and which permits the teeth
to mesh tightly at the pitch point. In order that the teeth mesh tightly
at the pitch point the arc tooth thickness must be such that

i |

I

fomst  pm st e PN GRS R G e e
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T . T _anm 2w R’ (20
pt p2 N Rpr TN e <0)

where

arc tooth thickness of the external gear tooth at the
pitch radius, R
p

VI IR ‘l'-"lﬂ!’?’h‘\ml“i" LK (\wl“mnqnl‘u u-l_«m\nlllrlw' g1

1
T p T arc tooth thickness of the internal gear tooth at the
p pitch radius, R
4 pe
; Nl' N2 = number of teeth in external and internai gears, respectively

From equation {18) the arc tooth thickness at the tip of the ex-
te rnal tooth is

PR

T T T R L I L T R

¢ = operatling pressure angle at R and at R |
pi pe<

. fr 7
; N = P 1 , - ] . 2]
i 'Io Ro R + 2 {(inv ¢ inv ¢a0) (21
pl
é l and from equation (19) the arc tooth thickness at the tip of the internal
i tcoth is
| T ]
; - pl o . 5
L T =R Fu + 2 (inv ¢ - 1Inv o) (22)
: i 1 1 | F n2 )

where
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Setbng T, = T, = T and solving the resulting expression simul.
taneously with equation (20) for T
tion (21) gives the requisite tooth tip thickness, After some manipulation
1t 18 found that

» substitution of this value into equa-

( R ~

¢ _Plpoizw 2R 2(R +R))

— - \% + v - 2
Ro N. R 5 1 o' %o Tk cb) { o )) nve

4 ¢ P — . »
RN R R >+2Ro()rw¢~-1n\ ¢O)

p! _° ., v
R (23)

. plpe y

3.7 Mcasurement Over Kolls

3.7.1 Internal Gear

In order to obtain the measurement over rolls for an internal. it -
is necessary to determine the position of the roll in the tooth farm. I
The geometry of this case 18 shown 1n Figure 7,

Ta

7

Fagure 7 - Measurement of Rells
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Setting T
tancously with equation (20) for T ., substitution of this value into equa-
{21) gives the regumisite toeth tip thickness,

= T, = T and solving the resulting expression simul-

tion Aiter seme mampulation

1t 18 found that

(217 R 3 w
— —— P2 R+2R1nvm +¢R mve -2Z{R +R )invep
) 2 o ) 1 0 ) .
o 3
:.R q P = S >+ZRO()nv¢ -lnvzpo)
pt (o} 1
R ! R {23
(4
. pl pe -
3.7 Measurement Over Rolls
3.7.1 Internal Gear
In order to obtain the mmeasurement over rolls for an internal, :
is necessary to determine the position of the roll in the tooth form.
The geometry of thyis case 18 shown in Figure 7.
-4

Measure

rligare ment of Rolls 1
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W = radius of the roll
N_ = number of teeth in internal gear

2
The roll rests in the tooth form at a peint such that

T ¥
invég_ = = inv ¢ -3 pl - N (24)
R NZ 2 sz sz

From the geometry of involutes,

RbZ

cos ¢I’

——
hav
~

When the number of teeth, Nj, is even, the measurement over rolls is
given by

M, = 2 (R - W) {26)

and when Np is odd, the measurement 18

™
=2 R o8 o— - W (<
}vi‘ K COs ZNZ (

o
~3
——r

3.7.2 Externa!l Gear

The analysis for the external toath form is similar 1o that for the

internal tooth, The roil reste in the tooth form at a poiat such that

) ., pl W ™ e
1mnv \Pp = >R ‘+ my @ 4 R - 1\— (28)

P l)] |

It follows that
R
bl
R = — (29)
Cos &

When the nuniber of tveth, MNj, 15 even, the measurcment over rolls is

M =2 (R +W) (30;
(o]
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and when N, is odd, the mcasurement 1s
l )

hif
M =2 |R cos —— + W
o 2N

1

4.0 NUMERJICAL EVALUATION

The relationships derived in Scativn 3 have bren progranuned
for numerical cvaluation on the Research Lanoraiery’s (7-25 Digital
Computer. The computer routline searches the domain of admissible
gear proporiions, imposing the conditinong that maxinum op2rating
efficiency and mininvua interference exist, and arvives at a sirgle pair
of radil representing the oplimum gear proponmns The base radn,
the number cf teeth on each gear, the conter distance ans the aperating
preesure angle are given, and serve as inpats o the computer program

The numerical method for ebtaining opumum gerr propurlioas is
ltevative. An initia value for the contact ralio is scivoted and the

cquation

N iJc-RrR _-R “x 1
LAY
n = - l !""*—“'-1"‘——---“—‘\ sin & 4 2 {inv ¢ 4 ¢ )
p I L\ R ) o] o

LY

apphied te cbhiain the outside radius of the external gear which vicids

is
the marumum ciliciency for the given contect ratio. The inside radius

for exactly zero inicericrence is obtained. This is the radius R’— which

satisies the equat.or

‘ , (1
. i:rvq;‘-n“ QJ} 1\'“.¢‘1'f\‘;:ﬁ——i‘\%i:l<Y ,a> ‘-l’U
K t i I
Wi e
I




. X . e .
I'he contact ratio mp s ogiven by

W Nl X{bz
sing + (invd +4 ) - —= (invd + ¢)
1 ]

P P Rbl 0 0 Rbl

m

is computed. If the relative error

s e
m - m
¢ = P P
e
m

p

is sufficiently small, R, R; are rctained as the optimum gear propor-
4 ;

tions. If ¢> 104, then the new value my replaces my, and the equations

are evaluated again.

Having the radii R and R;, equation (23) is evaluated directly
to obtain the tip thickness, T. Finally, the measurement over rolls is
calculated by choosing the appropriate formulas in Sections 3.7.1
and 3.7.2.
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