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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 a unique rotary hydromechanical actu-
ator, The Bendix DYNAVECTOR :c 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:

" Experimental Model Critical ParameterE Evaluation

* DYNAVECTOR Actuator Demonstration Model

* Experimental Model Design and Fabrication

* Experimertal Model Performance arid Life Test

S'Program Direction and Reports

Exp,,.rirnental a-nd analytical studies will be conducted in
parallel, to aclieve the objectIves of the program. Earlr development
tests will be conducte6d c . cl >ical compo-:ents to obtain confirmation
of the pa;ameters establishe'. for the design-_of the Engineering Model

Trademark of The Bendix Corporation.

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 wf'ar characteristics, motor performance factors,

and seal and bearing characteristics. Analytical studies paralleling

the experimental tests will also include a failure mode study to provide

maximum assurance that the critical design 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 of 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-I--5606 hydraulic fluid und,- .oon
temperature conditions. When the performance characteristics are

evaluated and considered satisfactory, the actuator will be tested ,<,r

the specified life test conditions (Reference Section 2.3.2) using Oronite

Fluid 70.

Z.2.2 Technicu Approach

The DYNAVECTOR actuator is an integral high speed motor

and high ratio transmission without high velocity mechanical elements.

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 a much simpler and more 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 does 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 Etages. The transmission also

has zero backlash Without using preloaded members.

The integration of the power element and epicyclic trans-
mission 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.

2-3



The operation of the DYNAVECTOR motor is illustrated

by Figuie 2-2. The basic components are the ring gear, the ground gear

).nd housing, the center output gear, and the unique vanes. The displace-

maent chambers are formed 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 considered as a loose spline but is a true involute gear mesh.

The int.;rnal portion of the ring gear forms the ransmission between

the mot-r 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

P2 SUPPLY PORT (STATIONARY

ON DIOPLPLATEST

STATION'ARY

IGR OUND)

P 2 P SUPPI. PORTR

DISPLACDISPLACCEMENT

CHAMBER
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three pressurized chambers wnile simultaneously venting the diainetri-

cally opposite one. If t" . force \rector on the ring gear is located at

approximatcly 90 degrees to the ring and output gear contact point, the

ring gear will move, causing the output gear to turn and the contact

point to move. If the force vector is also rotated and remains 90 degrees
to the contact point, the irotion 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 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 1 and P 2 must be commutated to the proper displacement

chambers to produce a rotating force vector in phase with the ring gear

motion. To ensure that this phase relationship always holds true, the
j mnotion or position of the ring gear is used to pro\ide this commutation

through a series of ports. Each displacement chamber has a pair of

supply ports or a P 1 and P 2 port associated with it. The Pl ports are

I all interconnected in the housing and brought out to a single inlet port,

as are all the P 2 ports. These ports are in the housing and, therefore,

stationarv with re.pect to the displacenien chambers. They are also

I located under the rinc gear face, as shown in Figure 2-2.and a port
connecting the displacement chamber to the ring gear face is located

opposite them.

By locating these P1 and P- ports a shown in Figure 2-2,
the ring geai ports will open P, ports to half the isplacenient chambers
and P_ ports to the remaining half. The resulting pressure force on the
ring gear fror. the displacement chanibers coinected to P 1 is 180 degrees

opposite P 2 and 90 degrees from the output gear contact point. Therefore,
D ... . 1 d . , rJ Lation in one direction, whiie

interchanging pressure and return recerses the motor. This also satis-

fies the desired relationship bttween force vector and ring ear position.
Because this commutation is created by the dcspla:ement member or
ring gear itself, it will always rotate in phase with the motor, producing

maximum efficiency.

The number of vanes or displacement chambers only deter-
mines the very lo'.V s-eed torque ripple present. The number of chambers

need not be odd or even since the starting torque is only a f, nction of the
force vector angic which varies through an angle equal to th angle in-
cluded by one displacement chamber.

!I2-_



For the most compact motor, vanes are used to form the
A- displacement chamber. However, most common methods used in fluid

motors may be applied. Radial pistons, bellows, flexible diaphragms,
etc., could be used to form displacement chambers and generate the

required ferce vector from applied pressures.

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 all 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

I 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 functioz: of the eccentricity,

which is usually less than one-tenth of an inch, times the angular velocity.
Whiereas, in a conventional motor, there are usually components with a
radius more than an inch rotating at the same angular velocity. This
also holds true for the transmission which does not have the conventional
input gear running at high pitch line velocities. The relative velocities
between the m( sning teeth correspond to those found in the last stage of
a conventional transmission.

The absence of high relative velocities results in:

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

reduced.

U (2) Because of low friction losses, high mechanical efficiencies

can be obtained.

I (3) 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 speed motrs, the motor inertia
resulting from significant mass rotating at higi angular velocity has
always limited the motor acceleration or response- capabilities The
small volumes under compression have generally made up for lack of
response due to inertia and have placed rotary servos on equal terms

a
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with piston-cylinder servos having very little inertia. Howrver, the
spring rate of the transmission has in some cases presented unwanted
decouplng between the load inertia and the motor inertia, resulting in
load resonance. The problem is usually solved by stiffening the trans-
!riission 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 for cc 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-A 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 present day systems.

1 2.3 ACTUATOR DESIGN AND TEST REQUIREMENTS

The design and test requirements for the Experimental Model
actuator as specified bN, the Air Force Aero Propulsion Laboratory under

Contract AF 33(615)-3431 are defined as follows:

I2 .3.1 General Design Requirements

& Actuator Rate The actuator output rate shall be 30 degrees per

second.

0 Hinge Moment: The hinge moment shall be 200,000 in-lbs.

* Pressure: The actuator shall operate with pressure received

from a 4,000-psi hydraulic system.

*5 "At ...-,, TraVei. The aLLLLLur travel shall be zt30 degrees.

| * Vibration: The operation of the actuator shall be unaffected:
by sustained acceleration forces of 10 g's in all

directions.

* Temperature: The actuator shall be designed to operate in a
temperature range of -65°F to 500'F.

* Fluid: The actuator shall operate with F-50 versilube

or its equivalent.
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- ~*Leakage: The external leakage from the actuator shall be

I [ held to the minimum acceptable fo~r aircraft

actuators. Designs utilizing hermetic scaling

iund/or c3,narrnic seals at low s,.irface speeds should

be considered.

* Weight: The weight shall be held to a minimumn, consistent[~ with got d aircraft de sign practice.

* Eiffciency: An efficicncN- of 80 percent or better i-, desired at
maximum eesign cot-ditions. The effciency shall

be defined as the ratio at nowe r output to the power

inpu-t to the actuator.

a. B acklas-: The actuator design slall incorporate meth.-ds -foi-
achieving zero backlash.

* Life: ihe actuator shall be desied lor a ]ifze of 3000I hours with a duty cycle similar to that specified
in the 1000-hour life test. (Reference Section 2.3.2

0 Lubrication; All parts oi the actuator requi ring lubrication shall
ujtilize the working fluidl for lubrication. An excep-

t tion to this may be made for those parts which can
be dry-film lubricated, providing that such dry film

does not need Lo be re-applied during the life of the

actuator.

2.3.2 Experimental Evaluation Requirements

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

jcycle tests, a 3-hour roomn ambient tesi and a 1,000-hour life endurance
test consisting cf 188 room temperature cycles and 62 cycles at 500*F.

o Thermal Cycle Test: The actuator shall be operated at -65*F for

a period of Two hours. !During this test the
actuator shall be cycled as follows:

I (1) The output travel shall be *t30 degrees.

F (2) The travel frequency shall be 30 * 5 cprn.
(3) The momnent at the actuator shall bie

200,000 in-lbs.

LZ -8



After two hours cold test, with the actua, *r still operating,

the fluid and ambient temperatures shall then be immediately raised to
a temperature 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.

* Room 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 frequen-y

and load torque conditions defined in the
thermal cycle test defined. above.

* Life Endurance Test: The actuator shall be operated in repetitive

.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 aI rate of 120 * 5 cprn for a travel of h3
degrees.

(2) Cycle the actuator for 3 hours at a rate
of 60 ± 5 cpm for a travel of ±15 degrees.

(3) Cycle -he actuator for 0.5 hour at a rate
of 30 * 5 cpm for a travel of ±30 degrees.

(4) The hinge moment at the actuator during
the life tests shall be Z00,000 in-Ibs.

(5) During thp 1.000-ho1ur life endurance
testing, every fourth cycle shall be con-
ducted at a temperature of 500*F.

I- I.
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SECTION 3

PROGRAM ACCOMPLISHMENTS

The program schedule of tasks and task accornpiishrnents throti
3 April 1906 are as shown in Figure Z-1. Prog rain activities have buciiIinitiatci in the Experimiental Model Critical Pararretcrs Evaluation and
Experimental Model Analyses. The activity for the fabrication anid de-
livery of the DYNAVFLCTOR Actuator Demonstration Model has been[ comnplcted as scheduled.

3.1 DYNA VECTOR DEMONSTRATION MODEL

T1xo poorhsof the plastic DYNA VECTOR actuator tiernonstra -

this contract are shown in Figures 3-1 and 3-2. The assembly drawing

for this model is shown in Figure 3-3. The actuator consists of a 6 -vane
chamber pneumatic powe,,r clemer-t driving a 1 5:1 epicyclic transmission.I The major comnponcnts of this model are the output shaft and
gear (5), ring gear (2), ground gear (8). the cover plates (3), captivej '.anes; (I), output shaft bearings (4), and housing (7).

Low pressure pneumatic stall and froquency response tests have
been conducted o n an CQMialent Bendix plastic: model design, ModelINo. PL-01 5-Ul. The unit has produced stall torques up to 60 in-lbs at
50 psig air supply pressure.

j Under no-load frequency res ponse tests (reference Figure 3-4)
with velocity limits of 30 RPM, at 50 psig supply, the unit demonstrated
zero dropoff in amplitude ratio up to 50 cps .%,tth the 90-degree phaseI shift occurring at 36 cps. With a supply of 1 5 psig, the -3 db pok..*
occurred at 18 cps with the 90-degree phase shift at 17 cps.

I WVith a load inertia of 0.40 in-lb-soc 2 and with a velocity limit of
30 RPM, at 60 psig supply, the -3 db point occurred atl I I cps and the
90 -degree phase shift occurred at 7.6 cps. ReSDorise test results with
this inertia load are shown in Figure 3- 5.

I. 3-1
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E.-L PINM1.N IAL MODELL CR11 ICAL PAIAMETER EVALUATION

3.2. 1 Criti~cal Comnpo.nentts and Pararreters

U 'Ihe corr'pone n's of thc DYINA VECTOR ak tualor wvhich are
considercd critical to guarai~iee success of the actuator in meeting the
perfo rmance and 1life enduran' e requiiumciots of di i particular appi i-Ication are defined in Table: 3 - 1. The paramneters of these components

n i ch dare (.urrentl1y being inycstigatted and opt ini~ed fo r this actuator

design are also summarized in Table 3-i. The more crtical of theseIparameters will be verified expe r im-en tally as discussud in Section
3.2.2, ;in addition to the analytical study 01 all parameters listed in

3.2.2 Critical Parameter Evaluation Plan

' I The components and /or paran-ieters to be experirmentally
evaluated are listed in Table 3-2, along with the purpose for the experi-

mental evaluatioa. Emphasis of the critical parameter study is oniiimotor vane, corm-mutator and ring gear configuration, and epicyclic
tra-.3rnission desig;n because of their effect on the actuator promne

Bearing rc-quirements (i.e., load, DN, lubrication, anid life) art: statc-of-

the-art and nee& only be established to select th, proper size bearing
Seal recuircments of leakage, pre~-sure, anid unviroinent are also

state-of-the-art and, therefc're, oniy preliminary analysis and design

is required.

The 200,000 in-lb DYNAVECTOR actuator dicsign will beIscaled down to a test unit size capable of 20,000 n-lU output torque

nt th"e irtr cn f( 30 A rtsRe niar Qprnri n the - ~ ~ ~
resulting in a 1 .6 rated horsepowMer output. A scale model will be used

=to, facilitate experimental evaluation by use of existing test equipment

and designing the actuator to a coiftgu rationi readily assembled andJ ripa~sembled, permitting easy modification of the critical components.

This scale model test unit will be designed for 1000 psi hydraulic supply

ope ration. Tests will be conducted up to 3000 psi supply conditions toI establish the maximum torque and stress capability of the actuator, to
provide design optimnization data for theExperirnental MIodel.

I ~. : 'ccadvantageous, comnponent test articles will be
fabricated and tested so that a specific perkorrnance parameter may be

experin-entally and analy tical ly i-olated from! the oteI componients of the actuator.



Table 3-1 -Critical Componunts anid Paramexiters

Compone ntsPa -aile tt' r a

MotorI

V ane a Nutriber, velocities, leatkage, configuration, materialI ~ ~cmmitto- Area, tiQleakdge ,ufig

Ring Gear Mass balance. pressure balince, leekagr, Llr~ra-nce,I c onfiguratiun, amsenibi)

'I ranunus~inri

Ring Gear Luoid capaicity, reaL lion loads. tooth i ontiguration., inter -

fe rertc v, I-acklakil,, in,11,rrial, I:fe , Idibri. dat~on, btitfnecbs

Bearings Lead caplacty: ON, lbrn. atiuri, Weal, life

Output, Shaft & Geamr Configuration

MiscellaneousISeal Lie-ikagc, life, presburc ,niaterIial

Structure Weight, tabricability. pressure

Acitor Weight, ratio, torque: apat ity .kh bicability. ite. per-I t~ormnilde pres sure

ITablu 3-2 -PLraniter Test Evaluat:on

Cc~pt/a~a Horpos e

N-umber of Vanes Minimize torqie ripple

ICunmitation A rea Opairnize effiiciency and speed
Commutator Timiing Minimize torque ripple arid optinia

8 i u cdIRing Gear Clearance Rudmu~ !eakage and etfect oi ttrnperaturc
gradi.-ntr, imroverL%' effictncv

Ring Gear and Output Up! IrIiize torque-!wvight ratio andFShaft Load Capacity rfticicncy

Actuator ';-al.' Kle . .iae ~qvs*d aracterislt aj rid. ovt rall jl.-l!-rrance

1 3-6



Preliminary deus ijr of the scale model JCtLdatkl %k will.

reflec t the eXpu ricrnce ,)f Rescarch Laboratories in th(- ar-eAo D1 1X'A-

VECTOR~ actuato r development. I he oiuta!()r plates arid 1iiiutuI
con'rf igu rat ion vwill be desigzned it) allow. modif~icat ion ofl the corivnt t or

area and timing arid a c.hangc in thec nuniiber Of Vanes" to opt ilnil~ a, lualor
performance. Steady state torque -speed, pre~isore -f~loxk and f ruqriio v -

response characte rist ics wkill be LISed to optimnize the powAer element

critical components.

1 3.3 ILXPERIMENIAL MODEL ANALYSIS

Engineering analyses have been initiatcd on, the Experimerital
M odel of the DYNAVECTOR act~uator to be fabricated and bywtil

endurance life tests performance will be demonstrated. Fo_- this period

of activity, these anialyses conflist of:

.'Defining actuator design requirements (referen-c DS-7-44.
Appendix A).

I(2) Defining check-out and life test plan (reference PS3-71,
Appendix B).1(3) Establishing computer program for optimization of
DYNA VECTOR gear derign (reference Appencix C.),

1(4) Initiating design of mass balance :onceptc,

(5) Jnitiating design of porting a 'commutation corepts.

£The actuator design requirements have been analyzed and are
defined in Engineering Spr.cification DS-744 entitled 'Preliminary

Design Specification for a 200,000 in-lb Hydraulic Actuator" dalt-rl

i 5 March 1'Thb, which is ptesented as Appendix A. This specification
Z dtfines the design, environmental and performance requirements of

the actuator, based on vehicle flight control surface actuaticrn applications

requiring fast response and an endurance opurational capability.

The actuator functional check-out an~d life test reqirements
I have been analyzed and are defined in Engineering Specification PS-3-1I

entitled 'Preliminary Check-Out and Life Tvqt Plan: 200,000 in-lbs

liyd raui ic DYINA VECTOR Actuator', date6 Ilb March 1966, vwhich is
prest-nted as Appendix B. This bpecification defines the functiald

check,-out and life endurance tests to be imposed on the DYNAVECTIOR

a-tuator. The funct'unal check-out tests will be conducted both btjf2:c

3-7



life testing and after actuatoi refurbishment at the conclusion of the life
tests before delivery to Wright-Patterson Air Force Base in August, 1967.

Appendix C, "DYNAVECTOR Gear Design Computer Program",
presents the mathenatical relationships describing the geornetry of

involute gears required for the DYNAVECTOR transmission design.
These relationships are applied to the problem of optimizing the pro-

portions of non-standard gear designs. In particula-:, insideand outside
radii of internal and external gears, respectively, are found which have

Ithe following properties:

{1) The gears operate at maximum efficiency.

1 (2) The duration of contact betwecn gear teeth is maximum.

(3) The gears are interference-free during operation.

For the optimum gear proportions, expressions have been derived
;' I 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

Sexpressions have been programmed for evaluation on the Bendix Research
Laboratories' G-Z0 Digital Compucr, by which a series of gear design
tables have been derived.

The ring gear design for the Experirnental lodel will be of a

mass balance coniiguration. Al mass eccentricities and dynamic
couples will be completely balanced, so as to assur, high performanct.

operation. Analytical trade-off studies are being conducted on the
four balance configurations as shown in Figures 3-6 througli 3-9. The

I rnthods of mass balanciug may be classified in two categories, depending
on the rotor gear mesh configuration, i.e., internal mesh or external
meh. 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
onpoaite 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 the mesh with the output
shaft an-d therefore produces -o work. Proper balance gear design

will eliminate tooth interference, yet maintain balance gear mesh

with the output shaft gear to prevent the balance gear from falling out
ci engagement.

I iigure 3-7 shows an internal mesh balance configuration with
the pressorized vau, chambers betv.een ring gear A and ring gear B.
Both gears, therefore, produce work and because their center of

3-8



.- VANE CHAMBER

RIGGA

GEARS

I Figure 3-6 -Internal Mesh Balance Configuration (idling-
Balance Gear)

I'VANE CHASBERS
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/ -RING GEAR (B)

'42"AU~GROUND
GEAR

SHF

SHAp 3737

Figure 3-7 -Internal Mesh Balance Configuration

(Both Gears Working)
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I. -OUTPUT BALANCE

SHF ER

_,RNGGA

IIFigure 3-8 -External Mesh Balance Configuration
(Idling Balance Gears)

d.

I N. VANE CHAMBERS

GRUN
GEAR

Figure 3-9 -External Mesh Balance Configuration

(Both Gears Working)
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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., timi ig 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.

I II
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PRoJC THE BENDiX CORPORATION CooE DEN. .SPECIICATION MCI. WEV.

8~37-31-10 RESEARCH LABORATORIES DIVISION 1l 122 D6-7
2 SOUTHFIELD, MICHIGAN I

ENGINEERING SPECIFICATION
ITL E Preliminary Design Specification for a 200,000 D laT1

In-Lb Hydraulic Actuator March 15, 1966

Thi specif.c-tion defines the desrig, environmental and performance

requirements for a rotary hydraulic actuator. The actuator sha.l b- capable

of driving a spring rate type of load and shall be deslgned to demonstrate

fast response and an operationat endurance capability required for vehicle

I flight control surfa-e actuation ,hppliations.

2.0 DESIGN RUIREMENTS

2.1 Design 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

SI (Reference MIL-A-8860)

2.2 Installation and Volume Dimensions

The installation and volume dimensions for the actuator are open
and undefined, However, materials of the l1ghlest p bic .. c- ln
with the service and strength requirements, shall be used so as to assure

compliance with the weight d=I gn goal defined in 2.3.

2.3 Weight

The actuator shall have a welght de3ign goal of 150 pounds.

2.4 Marking of Ports

All ports shall be durably and legibly rarkud as tD function.

Decals shall no' be used. Single letters, such as 'P" for pressure, will not
be a-ceptabl-.

I a IC"FC i a, AOVED By

OiNl.Ol . -Itl ORIGINAL FILED IN P'ODUCT DESIGN SECTION S0.Wb.iE)
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ENGINEERING SPECIFICATION
fTL& Preliminary Design Bpecification for a 200,000 .6

FIn-Lb Hydraulic Actuator I~Mrh1,16

3.0 EVIROMMMAL RESUIRD4EMS

3.1 Suppl~y Pressure

The maximum available supply received from the hydraulic system
@hall be 4,0Oo paig.

t 3.2 Fluid
The act'ator shall operate with r-50 Versilube, Oronite TO or an

equivalent.

r 3.3 Temperature

The actuator shall be designed to operate in an air ambient and

fluid temperature range of -65<'? to 50007. For a cold start therinl transient,
the actuator shall be designed to operate with an air ambient of -(507 and
f laid temperature rise from -650F to +5000? in 0.5 hours.

3.4 Lubrication

All parts of the actuator requ:iring lubrication sball utilize the
V working fluid for lubrication. An exception to this my be made for those

parts which ran be dry -f ilm lubr14c&1_-', providing that such dry film does
not need to be re-applied during the life of the actuator.

3.5 Vibration

The operation of the actuator shall be unaffected by sustained
acceleration forces of 10 g's in all directions.

t FC/11LO-1O ORIGINAL FILED INd PRODUCT DEIGN SECTION
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~4.o FEHFoRW.NjC R,;5unu240TS

4 1Leakage1 The external leakage from the actuator shall be held to the minimum
acceptable for aircr- ^ " actuators. ybramic seal desigs utilizi~g seals at
low surface speeds should be employed vherever possible. The le kage desig
goal for actuator dynamic pcrformance shall be a waximum of 12 drops per hour
(0.60 cc). The shaft seal leakage design goal for actuator static performance
shall be 2 drope per hour (0.10 cc).

External leakage through static gasket seals, other than a slight

vetting insufficient to form a drop, is unacceptable.

1~4.2 Actuator Rate

The actuator output rate capability ehall be at least 30 degrees per

I econd at any torque load specified in Paragraph 4.3.

4.3 Actuator Torque Load

The actuator torque load shall be a spring rate type load of 6,670
in-lb per degree with a maxim m torque of 200,C. in-!b nt 30 degre o travel.

Inertia and friction type loads are zero.

4.4 Actuator Travel

The actuator travel shall be _1 30 degrees maximu=.

4.5 Efficiency

1 An efficiency of 80 percent or better is desired at rximum designi
_ conditions. The efficiency shall be defined as the ratio of paver output to

the power Input to the actuator.

PII 
(NIcodC I D IV 
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ENGINEERING SPECIFICATION
,TTLE PreliLi~nary Design Specification for it 2001(W0 DATE

rn-Lb Hydraulic Actuator March 15, 19(66

4 .6 Backlash

x -- The actuator design shall incorporate methods for achievir.6 zero

6'

!

backlash.

I The actuator shaft be designed for a life of 3,000 houre with a dutyr
cycle si.milar to that specified in the 1,000O hour life tect (Reference PS-3T1).

Jht I4.8 a~clic Torque-Speed Requirements"

~The actuator shall be designed to meet the following cyclic torque-
speed requirements (Reference Appendix A).•

i 4 .8.1 Cycle frequency 2.0 -pa Cycle amplitude 6 degrees peak to

peak against spring -ate load of 61670 in-lb per degree
I (load variation zero to #-20,000 in-lb).

4.6.2 Cycle frequency 1.0 cps: Cycle axPlitude 30 degrees peak to
i peak agatinst sprirn6 rate load of 6,67" ln-lb per degree

~(load variation tero to t 100,000 in-lb).

4-0.3 Cycle rrequency 0.5 cps: Cycle amplitude 60 degr -es peak to

~peak against spring rate load ctf 6,670 in-lb per degree
(load variation zero to t 200,000 in *ib).

mA IV O C O K a EP 10my

€, PLC-# IS OR GINAL FIL O AT PRO UCT OESIGN roN
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I PRELIMINARY CttECK-OUT AND LIFE TLST PLAN:
200,000 IN-LB HYDRAULIC DYNAVECTORI ACTUATOR
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ENGINEERING SPECIFICATION
,,,LI Preliminary Check-O t and Life Test Plan: DAT9

200,000 In-Lb H!draulc r)YAVECTOR Actuator March 15, 1966

This preliminry test plan defines the functional check-out tests and life

* endursnce testa to be isiqosed on a rotary hydraulic 200,000 In-lb torque

capacity IM7NAYEcTOR. The functional check-out tests will be conducted both
prior to life testing and after actuator refurbishment at the c'Xiclusion of the
life test befor? delivery to Wright-Pitterson Air Force Base under Contract

AY 33(615)-3431. in Aurust 196".

I 2.0 LOG BOOK DOCIAKEN2ATIC

An equipment log shall be compiled for the PNAVET Actuator and shall

contain the following items:

2.1 Title Page: Log Book Rotary Hydraulic DYAVMCR Model
Serial Number _ BRLD Project 283T-1110, Wright-Patterson

Air Force Base Contract AF 33(615)-3431

2.2 Tnble of Contents

2.3 Section I, Equipment Complement

[ Specify the following as applicable documentc:

(a) DMNAVECTOI1 Assembly Drawing .
(b) Check-Out Test Fixture Schematic and Equipment Lists.
(c) Life Test Fixture Schematic and Equipment Lists.
(d) DS-T7i4 Preliminary Design Specification.

nReports

All inspecti'-i reports pertaining to the actuator -snembly deliver-
able hardware are to be compiled in this section. If any p~rt initially
rejected by inspection is used in the actuator assembly, a copy of the report

Vdef ining part disposition and statement of subsequent acceptance (re'work,

waiver, etc.) is to be incorporated in Section II.

IIAC yCL ._ .OB I ....E 5
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ENGINEERING SPECIFICATION
Preliminary Check-uut and Life Test Plan:
200,GO In-L ItRdra-llc DYNAVECT(I Actuaor March 15, 1966

1 2.5 Section III, Calfbratton Data

State test equipo.ert oued and calibration history of said equipment.

- 2.6 Section IV, Functional Chck-Out Test Data

A eominlation of all check-out deta prior to life tests and

1ob,;ervatonr of tost articles an- test stand functioning shall be entered in
L- this Section.

- 2.7 Scctirn V, Life Test Dta

2 1A compilation cfE all life t:It data accumulated and observations
of test aiticles and test stand functioning shall be ent,.red in this Section.

| 2.8 Section VI, Refurbished Assembly Functional Check-Out Test Data

A compilation of all chec-cit data recorded on the rEfurbished unit
prior t: fehipmnt to the customer and observations cf said unit and test stand

I functioniPg shall be *iitercd in this Section.

2.9 Sictinon VII Envlneer.ng lease ioti e e Change Notices, and E1. Forms

Copies of all drawing rclease notices, change notices and engineeringI instructicn forms of dc' erable hardware are to be Included in this Section.

2.10 Section VIII, tional Check-Out Operating Eventr

Record cach t i, deliverab.le hardware )s tested during check-out
testi' prior to life tests and define adjustments or modifications required to

op!rstP oeJ lverao!t hardo'arc -and/or tect cquipncr.t (repairs, re'ork, inspections

a.o maintenance Teot data is to te :'corded in Se:cion IV.

2.11 Section D, Life T-st OpeatngEento

Record reqwuonce of life tests and define adjustments or mdifications

requlred to operate del1iv-rble Lardware and/or test equipment (repairs, rework,

inspection, and rintunaihcv). Tuet data is to be recorded in Sectic V.

A -LPa-. II ORI 4AL FILED- IN PPOCJUCT tESIL.. N SLCTION *,~I.ioote,
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ENGINEERING SPECIFICATION
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200,000 In-Lb Hydraulic DYNAVE71TO7 Actuator

2.12 Section X, Refurbished Assembly Functional Check-Out Operating Fyeents

Record each time deliverable hardware is tested and define adjustments
1|i or modifications required to operate deliverable hardware and/or test equip-

ment (repairs, rework, inspection, and mintenance). Test data is to be

recorded in Section VI.

r 2.13 Section XI, Failurc Repor'_s

A copy of BRLD failure data report BC-RLD-47 shal l be filed in this
section in the event of catactrophic or degradation failure of deliverable

hardware during any deliverable hardware Iects.

3.0 WIRVHNO TAL CONDTIOS

I All functional check-out tests will be conducted at room temperature

conditions with WrL-0-5606 oil.

k Life endurance tests will be conducted with Oronive High Temperature
Hydraulic Fluia 70 at the temperature conditions (-650F to +51'2°F) as defined

in the Life Teat Requirements Section 4.2.L
4.o TEST RDIUIEKZT,_

A torsion tube load fixture with a spring rat! characteristic of 6670
in-lbs per degree '-ith a t 30 degree travl capability will be used as the

torque load mechanism for the aMplicable tests defined below.

L 4.1 Functional Check-Out Test-

All tests are to be conducted under room tempeiature conditions
using MIL-0-5606 fluid. Tests 4.1.1 and 4.1.2 are to be performed in the proper

I sequence as indicated. Tests 4.1.3 through 4.1.8 nay be performed in any

sequence as is conrvenivnt.

PIIPARE D V C. (ED 91 'pPCV EIC 8

I J nI l#a II VIIlM I

gC/M., 09i ORIINAL FILED IN PPODOCT DENION SECTION llOIOO-111
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2(x,000 In-Lb HXydraulic DYNAVEC70H Actuator Marc~h 15, 1966

14.1.1 Exardnatloni of Actuator

z The actuator Ishall be examined. to determine cunformance

I with the applicable asserbLy drawingn and all requirements of design
s' ecification DS-744 and ".13 opecification.

4 241.2 Break-In RFui

The break-jr. run shall be for a duration of one (1) hour
minimum. Shaft torque loading nvmiy be ciiistant or vary sinusoidally so as to
impose a peak actuator pressure differentlal of 25% mximum required pretsla-eIdifferential to produce 2XC,000 in-lb torque ,Shaft speed my be constant
at a luinimum of 30 defees Per skr-ond or vary sinusoidally fror. zero to 30

k ~degrtees per second maximum.

After tht: broak-in run, the- actuator shall be disssembled eurd
examined. If all pairts are in acceptable conditio~n, the actuator shall be
reassembled and tests continued per 4.1.1. if w~orking parts require replace-
ent , the actuntor sh-all be reassembled using tnoe replacement parts, and the

break-in run and subsequent disssembly, examirnation, and reassembly Tepeated.

1. 4.1.3 Proof rt
A proof pressure of 1-.5 timec. the maimum required act.atwr

supply pressure necessary f--r the actua-o to -eet the rerforr-ice requirenoonts
defined In DTX74 shall be Eimulitan..uely applied to both prussure ports at
leat 'o sucessive times and held two(2) mnute ororkh~ c o

applcaton. he ctuac~rshall be oeae r412btenApiaino

tbproof tetpressure.

Duiring applicz-tion of the proof test pressure there shall be
no evidence of external leakagu, other than a slight wetting insufficient
to form a drop, excessive distortion, or rermanent se.

ORIGINAL rILIED I' PROQUCT DESIGN SECTIOn I.*8
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.I.4 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
rate for actuator pressure differentials of 10%, 25%, 5C%, 75% and 100%

axirmun required pressure differential with zero torque load applied. Record

) Ifor both directions of rotation.

4.1.6 Stall Torque

3 Assemble torsion tube load mechanism to actuator output shaft.
Record stall torque and leakage consumption at actuator piessure differentials

of 10%, 25%, 50%, 75% and 100$ maximum required pressure differential to

I produce 200,000 in-lbs torque. Repeat for opposite torque direction.

4.1.7 Cyclic Torque - Speed Tests

The following cyclic torque-speed conditions shall be imposed
on the actuator output shaft for a minimum of 8 hours test ttme. External
leakage, actuator flow consumption and actuator efficiency are to be recorded

in addition to load torque and speed:

(a) Cycle the actuator for 0.25 hours at a eyel- frequency

peak to peak against a spring rate load of 6670 in-lbs

per degree (load variation zero to t 20,000 in-lbs).

(b) Cycle the actuator for 1.5 hours at a cycle frequency
of 1.0 cps. Cycle aplitu@° shall be 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).

I; RS PAREDS a LL jICAS APPhOV90B S ________I i
I REVISION$

1ICIRL 13-1 ORIGINAL FILEO IN FROOUCT OESIGN SECTION
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L ENGINEERING SPECIFICATION
TITLE Preliminary Check-Out and Life Test Plan:

200,000 In-Lb ydraulic D fAVFFCTR Actuator

(c) Cycle the actuator for 0.25 hours at a cycle frequency

of 0.5 cps. Cycle amplitude shall be 60 degrees peak
to peak against a spring rate load of 6670 in-lbs per
degree (load variation zero to t 200,000 in-lbs).

4.1.8 Frequency Rcsponse Tests

Frequency response tests shall be conducted under no-load

conditions (actuator decoupled from load mechanism) and against a torque load
(actuator driving load mechanism spring rate and inertia about a zerj deflec-
tion null).

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

1 4.2 Life Endurance Tests

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 a 1000 hour life endurance test consisting of 188 room temperature cycles

and 62 cycles at 500oF. All tests are to be cc.nduc ted at the temperature
conditions as specified below using Oron'te KTKF 70.

I The test procedure for the life endurance tests is as follows:

(a ~~~~~ USA...., iz fAes -. a )6 It

(b) Maintain ambient temperature at -65°F with hydraulic fluid at

100 . 20oF. Cycle the actuator for two hours at a 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 t 2C,000 in-lbs).

(c) While still operating as defined in (b) above raise the ambient

and fluid temperature to 500 F within thirty (30) minutes and
continue test until actuator has reached a stabilized temperature.

01 'L-1 1. e OFOGINAL FILED IN PRODUCT OLSIQN SECTION 84C4 00N IBa
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(d) Repeat paragraphs (a) through (c) tvo additional timee.

(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 peak

a inst u spring rate load of 6670 In-lbs per degree (loadLvariation zero to t 200,000 in-lbs).

(f) The actuator shall then be operated in repetitive cycles for a-r total of 1000 hours of operation against a spring rate load of
6670 in-lbs per degree. Each cycle shall consist of the
following:

1. Cycle the actuator for 0.5 hours at a cycle

frequency of 2.0 cps. Cycle amplitude shall be
six degrees peak to peak. Load variation shall

be zero to t 20,000 In-lbs.

2. Cycle the actuator for 3.0 hours at a cycle
frequency of 1.0 cps. Cycle amplitude shall be
30 degrees peak to peak, Load variation shall be

zero to t 100,000 in-lbs.

3. Cycle the actuator for 0.5 hours at a cycle

frequency of 0.5 zPa. Cycle amplitud-2 shall be
60 degrees peak to peak. Load variation shall be
zero to t 200,000 in-lbs.

Th: abuve Lvntb bjiil. be peifored at ambient temperature and 100
t 20OF fluid temperature for three repetitive cycles followed by a fourth

cycle performed at 500!F ambient and fluid temperature to the completion of a
total of 1000 hours of operation

O/L-MORIGINAL FILED IN PRODUCT DESIGN SECTION 58-19 41
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I •APPENDIX C

DYNAVECTOR GEAR DESIGN COMPUTER PROGRAM

1.0 SUMMARY

'ihis 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.

I (iii) The gears are interference-free during operation.

For the optimum gear proportions, expression:- arc 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 mathematical expressions have been programmed for

numerical evaluation on the Bendix Research Laboratories Division G-20

Digital Co.nputer. This appendix contains a discussion of the numer-

j ical methods employed in computing the optimum gear proportions.

2.0 INTRODUCTION

2.1 General

In the designing of intc:rnal-external involute gear pairscertain

physical characteristics are sought. The engineer requires that the
gears be efficient, have a relatively high contact ratio and be intf.rference

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 non-

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 irternal and external teeth zh'-! be e u-i. A s the teth

come into and go out of mesh, the equal tooth thicknesses will tend to

balance the stresses between the internal tooth and ihe external tooth.

I
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Finally, when the exact proportions of the involute tooth profiles

are established, the quantity "measurement over rolls" can be dcter-

mined. During the machining ot the gears, t1 .e measurement over rolls

assures -roper tooth spacing and a proper involute tooth form. Two

pins of known dimensions are placed. diameti ically, between gear teeth

and the distance from one pin to the other is i.easured. '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

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- -

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 eh the length of the

arc of approach (i.e.. the arc from the poi:vt %& n, re tne teeth come into

contact to the pitch point of the gears and tne le-ngth of the arc of re-4 cess (i.e., the arc length from the pi- _h po: it to the last point of contact)
affect the eff.ciency.

Clearly, power Iraisrr.ssiao, :s directly related to efficiency and,

thereforehgh levels of ef .,ien(,: are desirable. Since relationships

between gear geometry and efflcency can be established, it is possible

to select gear proportilns wit'i cff:cienc as a design parameter. In

addition. li is poss-b64 to maximi-nze the etficiency of invohute gears by

an appropriate choi.e of ge -r proportions.

I 2.2.2 Contact Ra-io

, Thy. ,untdtt ratio. or duration of contact, of gears is the ratio be-

tween the length ci the arc through which mating teeth come into and

r -
I. c -?.



so 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
I of an arc of approach and an arc of recess.

As a function of gear proportions, the contact ratio ranges from
a lower bound of zero tl an upper bound which depends upon the radii
at which the gear teeth , one to a point. In practice. the upper bound
for the contact ratio depends upon tooth interference conditions. If thejgear teeth are to be free of interference between the profile of one tooth
and the tip of the o'her tooth, then the contact ratio is limited to gear
proportions which batisly non-interference conditions.

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 conl act ratio and the

gear efficiency. It is well to note that these two quantities maximizedI together do not necessarily represent individual maxima. Thus, it may
be possible to achieve a higher contact ratio at the expense of lower

I 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 tooth oricntaticpis at variuus angles of rotation. The out-
side radius, Ro, of the external gear tooth and the inside radius, Ri, 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 o . R i andC. Given an inside radius and a center distance,
interference will occur it the ou.tside radius is too large. Similarly,

mgiven 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 l-rofile of the internal tooth, its corner traces a tro-Ii choidal path. This path exists, because the centers of rotation of the
two gears are displaced. Analysis of the interference characteriatncs
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
proportions can be obtained which satisfy the design requirements.

C-3
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the Figure 1f inolt gears. Te eton forettiontcrai

Tdietion oprtient thle msabiheaTiee relatiosdsribing

wil! be used to obtain the inside raci~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

are combined in- a single relatiunship. The relattonbhip it; constructed
undcr th--c coi-iaiuii that the internal and external tooth tip thickness is

the same.
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Finally, the equation;t for 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 th gears to assure

the proper tooth configuration and dimension.

3.2 Involute Gear Geomvetry

3. 1 The Involute Function

The involute curve is generated from a base circle 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 is illustrated in Figure Z.

W it- t6

f

r l~'iglI rc -,volkit, Ocomel~ry
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Referring to Figure 2:

0 ~t a' 1- 4 in v (1

Note that the arc 1) is the length of the cir currnfurencc on the circle over

the angle 0 4 b if the tangcnt functio-,n is expressed as a ratio, this i-

- F seen imm~nediately.

R -
F b

b

or

R [ O + 42 Rb

It ;,AlowS, that the radius of curvature of the involute curve at any point
[ jis the length if the generating line, Rb [o) + 'I, at "iat Point.

3.Z.2 Th rochioid Function

A trot hoid is the path of a point in- a mnoving plane as it progress e s

along a fixed curve. For example, the trochoid of a circle a'- it rolls on

a straight line is illustrated in Figure 3. The point p) on the radius ofII the circle traces the troehoid path. shown. With r,-6pe(ct to guar teeth,
trochoid action occurs b(tecte mating tc-cthi as the y prog res~s along a

pathi of contact. 'Iwo cases w;Lill bc coi side red:IL The trorhoid of the corner of ani cxternal ge ar tooth at the root of
an internal gear tooth is de ~crilcd by the geonetry in Figure 4(a).

1igirt A u'1ilIe.d of a dc -
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Figure 4(a) - Tiochoid Ge oretry Figure 4,b) -Trochoid Geom dry

L E R outsidc radius of xternal gear

C =center distance

a =rotation an-gle of externat arK rotatioa angle of inturnal gear

R radius to truchoid an the internal gear

0. vctoialangle of trochoid

I From Figure 4(,A) the geo'mntrical conditions arc,

T, R~~j + C + R(CCos(a (4)

I 'T2 ne0 Arcsin{' Bill sa (5)

I C-7



Lwhere

D= R  .
iipi

R p pitch radii of external and internal gears, respectively.
p0 pi

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

Let R denote the inside radius of the internal gear.

2 2
R \R + + 2R.C cos P (6)

II T

0- 1T Arcsin R sin (7)
TT

whe re RR .- .i .. .. ..
po

1 3.3 The Contact Ratio

The duration of contact between internal and extevnal gear teethIis 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 veomrntry

for obtaining the contact ratio is shown in Figure 5.

[ Let

R = base radius, external gear
bi

Rb = base radius, internal geai-
b2

Centur distance

r - pitch radius, cxtcrnal gear

Rp. pitch radius, internal gear

B 0 t outsUt ,adiu, external gear

[. ( -5
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I1

NZ numder radteus, itrnal gear
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it
SThe contact ratio.,, ispb

1. 2 2 z 2 2

C sin4,+ AR - -R -R

o bI

N
sio Rbl Y Rb2

bZ

o| Nz

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

contact ratio and the involute functions at the radii, R o and R i . Thus,

NI C R
n. sin + (inv °  bl

I = -- sin + - (inv + inv ( P 4i (9)Rb

3.4 Efficiency of Gears

The maximum efficiency of inter-al and external involute gear

is taken to be the condition the R- intercept arid the P, - intercept
ua, Lhe line of action are equidistant from the pitch point. From Figure 5

it is seen that this condition is inct when

22 2 2
-I, t \ R = ( R ) sin 4 (10)

o bl i b2 P pi

In terms of the involute fun. tions the maximnum efficiency occurs fo±

the condition

I Rbl (inv o 4 + ) (inv . 4,.) 4 (R 4 ) sin 4 (11)

i -

[ -l

c -1'a'.



Substitution of equation (I1) ivto ,quation (9) y 'I lds an expr siiojin -,

oclving the thercnact ratio as a function of the involute valu at thy tip
of the external gea-r tooth. Th,- rcsult is.

-T 4) 2 p211Vrn- - 2 sin *~ 2 (imv 4j + (i')

[i p 2" blo

3.5 Tip Interference

Tip interference occurs when the trochoid of the path of the corn,'r

of the external -,ear tooth interste.ts th? involute profile of the internal

gear tooth. If the trochoid is outside of the tooth ior,.., th,,n no tip

interference will exist.

In terms of angles, the angle to the tip of thu iuternad tooth is

-given by the involute function at the mnsid, radius. R,, that is.

Referring to Figure 4(a). the trochoid of the path of the tip of the ixte'%ii

.- gear tooth is given by

0 Arcsin - sin - 13 (14)
TR

-C 2 )-

- "

Sarccos 2 C I, I I

The angle 0T is measured with respect to the axis of syrnrnetry of thu

trochoid, 'Fhe axis of symnetry is at an angle 00. with respect to thI
]inc of centers, given by

N

1 ifi )ne

x-( ) (

C-:



It follows that no tip interference occurs for any gear proportions R.
and R 1 such that x > y.

3.6 Tooth Trhickness

The arc tooth thickness of an involute gear ooth is a funCtion of
the radius of the arc and is a function of the thickness at some other
radius. Figure b illustrates the geometry for an exte rnal gear tooth.

Referring to Figure b, the involute tooth lorm, generated from base

radius Rb. of an external tooth is shown.

Let the arc tooth thickness T, at radius R, 1be knowr.

For all positions on the involute curve,

o= arccos (17

yields values for the argumeits (p and 1 in particular. At R2 the arc
tooth thickness is given by 1 1

T, m 2 [R + 2 inv a1 2 inv 4)(18)

4 2,

I --

C - 12



Fox an internal gear tooth similar analysis leads to the resuit

T 2 = R 2  + 2 inv 2 2 inv ( 19)

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 ard ex-

ternal teeth which is equal for the two teeth and which permits the teeth

E to mesh tightly at the pitch point. In order that the teeth inesh tightly

at the pitch point the arc tooth thickness must be such that
2 Tr 2 7r

1w 2
Tp + Tp2= Pl I= t p 2 (20)

whe re

T I arc tooth thickness of the external gear tooth at the
pl pitch radius, R

U p 1

I 'r arc tooth thickness of the internal gear tooth at the
IP2 pitch radius, p

N 1 , N = number of teeth in external and internal gears, respectively

From equation (18) the arc tooth thickness at the tip of the ex-
l ternal tooth is

JL'I F ' + i v n.|PI
T =R + 2 (inv qb - in" bo)j (21)

and from equation (19) tie arc tooth thickness at the tip of the internal

tooth is

T , p + 2 (in 4 iv (,b2)

whe re

)-1 operating pre3sure angle at R and at R

C- 13 -



Setting T O  T3 T and solving the resulting expression simul.taneously with equation (-0) fur T , substitution of this value iiiio equa-

tion (21) gives the requisite toothptip thickness. After some manipulation
it is found that

P 2 R Inv o+2R inv. -2 R +R )invq
R R 0 0 1 1 0 1 (3

T " - --R-R- +2R (,nv¢' -inVo

l R )Z3)

3,7 Measurement Over ILolls

3.7.1 Internal Gear

I In order to obtain the measurement over rolls for an internal, it
L is necessary to determine the position of the roll in the tooth form.SThe geometry of this case is shown in Figure 7.

II

1C 1

I --

Vi3gn rc 7 - ?vt-a ureiiicvnt of tRolls

!
l ~C-14
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I

Setting T o - T 3 T dnd solving the resulting expression simu -

tanceously with equation (20) for r 1'substitution of this value into equa -
lion~i (21) gi,,'es thc requ sie o tu tlIp th kness .A ,iter s nitn an iulilio

it is found that
SRP

lp3.R + 2 R______D 4 Z R_ +__oZ__R'_-__,Vvo)
R R ~ 12 0 iv 0  12 mnv -ZRR)nc0 ,I~ R R(2

R Rp (23)

3.7 Measurement Over Rolls

3.7.1 Internal Gear

In order to obtain the measurement over rolls for an inlteral, it

is necessary to determine the position of the roll in the tooth fo'mn.

Tht geometry of this case is shown in Figure 7.

I4

}1
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~Lct

IW = radius of the roll

N 2 - number of teeth in internal gear12

I The roll rests in the tooth form at a point such that

T1 ip 2  W
inv + i + P. (24)

R p 2 R b2

I From the geometry of involutes,

Hb
R bZ

When the number o1 teeth, N 2 , is even, the measurement over rolls is

isod, he2~ (P. -W'A) (26)

and whe-n N 2 is odd, the Tneauuren-ent is

M 2 N o . .
1 2

I ~i 3.7.2 External Gear
The analysis for the external tooth form is sinPilhr to that for the

internal tooth. The roll rests in the tooth form at a poi.it such that

inv -- n (28
mv ZR,

[" 4t follow.'s thatIbl (?g)

I Whet the nunbber of i,.ethi Nl , is cvc -1, the n,.asurt-nent over roll. is

:- ] Mo : (R + W,) 1,:

-15



and whvin N is odd, the rncasuremnent is

TV
M 2RCos 4

4.0 NUMERICAL EVALUATION

I ~~~Th- relationships dtorid in Scctj'-.n 3 h'ivc cnroI:id
for numnerical cva iia tiwi on the Ho sear di La u r atory s (;-2,0 1

Cornput or ' coinpute.r routine sear h Fs the dcuvia'ic of adtn iss i bic
gear proportijons irripusin th 0 o f A J. t 1 thadt mn a x In -.u 1) op .2 ra Tg

effisi'cricy andl rinirriim into ne rein. exist, ar-ci arvt vs, a, a s ri'c pair
oi ra~i reu 1 Sc t i , tticptiniin, voar pootoS~eb d

the rnunhb .cf tecib ocn each ge ar, thc (-c""or au,' the oca~~

I ~~The numerical. method for obtaining opium .2c; i-r2pQrtn
ite-iMatic Aij icolr- v'uc tnfrQ'r;& rat :c is sc:t Vu- a!:6 thcf equa, on

n, sin i in

it pphied fc chAtajo Lhz ot radiuls ai "Icu xtu r:)i. r v ii 1 iiF ~~the:i .axitiZu i' fW or th ii\C kn Ot ii' ra~t 1 hrradu

. ;.' eacli' zuro i ec s obtaivi;':d. *1Lii is tlt- radius 1', whi-h

IR

52'.1isxi a ty eut~~t



The contac' ratio mpn, given by

= - sin (inv + + ) b- (inv 4- 4 )
2)Tr 0 0+ bZnlp 2 b 1

is computed. If the relative error

m - Ir

rn
p

is sufficiently small, R., Ri. are retained as the optimum gear propor-

tions. If c > l0-4 , then the new value m p replaces mp and the equations
are evaluated again.

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