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INTRODUCT ION

This project provides the computer programs needed to compare
the efficlency of fure-reluted gear trains operatinyg in a spin
environment., Specifically, two and three pass stop-up computer
models with both involute and oglval (clock) tooth shapes were

developed.

By using appropriate moment input-output relationships, the
computer programs allow the determination of point and cycle
efficiencies. Pivot friction, partly due to the centrifugal
forces on the gear and pinion combinations, is considered in
addition to tooth-to-tooth contact friction, The models derived

allow a wide variety of parsmeter variations,

The main body of this report consists of nine appendixes,
each of which contains a detailed analysis of each combination
of tooth forms, the number of passes, and the spin environment,
The derivation of moment relationships, pivot friction, gear
tooth geometry, and the direct-contact mechanism kinematics are
also included, The computer programs used are listed and instruc-

tions in their use and in interproting the results are given,
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POINT EFFICIENCY AND CYCLE EFFICIENCY

The point efficiency €p is defined am

MoREF

€p = m (1)

in

where Min represents the instantaneous input moment to the
gear train. MoREF stands for the instantaneous equilibrant
output moment Mo after it has heen referrad to the input shaft

by way of the instantaneous angular velocity ratio

K . (2)

RATIO *

In the above,
[ ]
V = instantaneous angular velocity of the output gear

$ = instantaneous angular velocity of the input gear
EBquation 1 <+<hen becomes

M ,
K . — (3

£ ut
P RATTO Min

The cycle efficiency €g represents the ratio of the work
availlable at the output shaft to that done by the input

moment during one tooth cycle of the input gear. Thus,
Jroav "
[ L]
¢ Sry, ae

The quuntities dy and de¢ represent infinitesimal rotations

of the output and input gears,respectively,
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DESCRIPTION OF STUDY

Appendix A

S T e sl PP e L

Appendix A furnishes the background, as well as the deriva-
) tions, for the moment input-output expressions for two and three
: pass step-up gear trains (where in each mesh the gear is the driver)

with involute teeth and unity contact ratio. i

Section 1 shows the development of a sign convention for the
direction of the contect point friction force. It is based on the

direction of the relative velocity hetween the contact points on

the gear and pinion teeth, Section 2 discusses how to deal with

the normal and friction forces at the gear and pinion pivots of . ﬂ

Sl

single and multiple mesh truins. Section 3 shows the application

of the above results to the moment input-output analysis of a

single mesh. The frame is assumed stationary for this case, and

the external loads are confined to the driving input moment and the

equilibrating output moment.

o
IO I RNV S

The basic geometry of the three pass step-up gear train,

mounted on a rotating fuze body, is formulated in section 4 for

LAZIZIi hemees iime o .

use in the moment input-output analysis. Force and moment equilibria
of the individual component gears, which also account for the cen-

\ , trifugal forces, lead to the desired expression. Section §

includes a similar derivation for a two pass step-up gear trailn with

Y
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involute teeth, In order to be able to continuously compute the
moment relationships for these trains, a method for determining
the simultaneous locations of the contact points of all the meshes
had to be worked out, Such a method is given in section 6 to-

gether with certain angular relationships of the pivot locations

on the model fuze bady,

The kinematic relationships in involute gear trains are
relatively simple compared to those in ogival trains because of
the constant transmission ratio and the invariant direction of

the line-of-action in each individual mesh,

Appendix B

To avoid the severe undercutting of pinions which generally
is associated with step-up gear meshes, it is necessary to use non-
standard involute gearing. Appendix B shows both the theory and
the necessary steps for the design of unequal addendum gears and

pinions of unity contact ratio. In addition, a numerical example

is given,

Aggendix c_

This appendix contains four computer programs which make it

possible to determine the point and cycle efficiencies of three

gear combinations containing unequal addendunm involute meshes with




.;’ unity contact ratio. In each case, the structure of the program is
A thoroughly discussed and a sample run is used to interpret the
8y results. The names of these programs and their relationship to

work described in the other appendixes are given below:

B 1, Program INVOL 1 : Design of unequsl addendum in-
' volute gear and pinion set with
unity contact ratio.

This program is based on the work
in Appendix B.,Five sample computa-
. tinns,which are used in other pro-
' Rrams,are shown,

. 2. Frogram INVCL 2 : Point and cycle efficiencies for
j single pass involute step=-up gear
! mesh with unity contact ratio. -
0 This program is based on the ; q
- ; work in section 3 of Appendix A, }ﬁ

| 4 3, Progrem INVOL 3 : Point and cycle efficiencies for
thrse pass involute step-up gear
train in spin environment.(All

3 meshes have unity contact ratio). ,
_, This program is bosed on the §
} work in sections 4 and 6 of Appen :
dix A, i

i 2

4, Irogram INVOL &4 Point and cycle efficlencies for
two pass involute step-up gear i
train in epin environment.(All
meshes have unity contact ratio). .

This program is based on the ‘ %

! work in sections 5 and 6 of Appen- i

_" dix A.

S o




Appendix D

s Tl Lo

This appendix : describes the geometry of an ogival tooth in

which each side of the tooth profile has a circular arc blending

it o, L AT etk e T S B i ¥t

tangentially into & radiel straight line flank., The basic

tooth nomenclature is defined and methods for determining the

1, ]
E required tooth parameters are given, :

Appendix E

Section 1 of Appendix E gives all necessary kinematic deri~ &
vations for a single step~up mesh with ogival teeth. The motion

ipemsieTa

of an ogivel mesh consists of two phases, On first contact, the

R s Ao o
X

>

circular arc portion of the driving gear tooth makes contact

with the ecircular arc portion of the driven pinion tooth, Later

P

: in the oycle,and up to the point of final disengagement, the

cirecular arc portion of the gear tooth contacta the straight

line portion of the pinion tooth, These phases of motion were

o i L

named "'round on round " and " round on flat," reaspectively.

Equivalent foure~link mechanism models were used for both re-

gimes to obtain expressions for the pinion output angles,for

A S W R I T T R 2

transition angles,for output angular velocities and for contact-

e T2 g

point relative velocities, In addition,a sensing expression
| was developed which allows the computer determination of that
position of a given mesh at which the subsequent mesh comes

| into engagement. (Because of thes variable transmission ratio

of ogival meshes,there is only one set of teeth in contact at

any one time),
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S8ection 2 of this appendix shows derivations of moment in-

put-output expressions for both phases of contact of a single

é ogival mesh, Again,while pivot friction is considered in addi~

tion to contact friction, the frame is assumed to be stotio=-
: nary for this single mesh,

r
Appendix F f‘

Two computer programs which deal with the kinematics and

T R

the moment input~output relationships of a single pass step-

up gear mesh with clock teeth are given in this appendix,

The structure of each of these programs is agaein discussed

e St s

in detail and sample runs are used to explain their input

and output parameters. The names of these programs and their

relationships to work in other mections are given below:

l. Progrem CIOCK 1 : Kinematics of a single step-up

gear mesh with cloock
teeth.

This program is based on work
in Appendix D as wsll ap on work
in section 1 of Appendix E. In
addition,it has been used to check
the goometry of the oglval meshes
which were used in programs CLOCK 2,
CLOCK 3 and CIOCK 4 (See Appen-
dix I for the latter two).

— —— e T s TR
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2. Program CIOCK 2 : Point and oycle efficienciem for

: single pass step-up gear mesh with
; clock teeth.

This program is based on work in
sepotion 2 of Appendix E,
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Appendix G

When one considers the kinematic relationships of ogival

meshes which are mounted on a fuze body as parts of two or

three pass atep-up trains,it becomes necessary to account for
the relative positions of the individual meshes on the fuse

body. Appendix G givea the appropriate dorivations for each of
the three meshes of a three~pass train, The model of the fuze
body is identical with that used for involute step-up trains,

Apyendix H

This appendix ahows the derivations of moment input=-output
exprepaions for two and three pass step-up gear trains with

ogival teeth which must operate in a spin environment,

Because of the increase in rotational speed associated with
each tooth mesh,increasingly more sets of teeth will come into
engagement in the second and third meshes as one set of teeth
moves through one complete contact cycle in the first (i.e.,
the input) mesh. With two phases of motion for each mesh,there
will be eight contact combinatione in a three«psss train,
Section 1 of Appendix H gives a derivation for the moment

input-output expression of each of these eight cases,

bection 2 shows esimilar work for the four contact combinations

which are amsociated with two pass step~up gear trains with
ogival teeth,

Both analyses account for the effects of the centrifugal
forces,
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Appendix 1

This appendix conteins two computer programs which allow
the determination of point and coycle efficiencles for two
and three pass step-up gear meshes with clock teeth. As for

other programs,the origins of their mathematical formulations
are thoroughly discussed. In addition,their input and output
paramoters &are explained with the help of a sample run, The
nemes of these programs as well es their relationships to
work in other appendixes are given below: L
l. Program CLOCK 3 : 'Point and cycle efficiencles for !
three pass clock (ogival) step-up
gear train in spin environment.
This program is based on work
given in Appendix G as well as in
pection 1 of Appendix H. The general

fuze geometry 1s that described in
section 6 of Appendix A, ' !

2, Program CIOCK 4 : Point and ocycle efficiencies for
two pass clock (ogival) atep-up
gear train in epin environment,

The kinematics of this program
le again based on work given in
Appendix G, The moment input-
output relationships are from
section 2 of Appendix H,
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before and after the contact point passes through pitch point P,

b
]
4 APPENDIX A
g STEP-UP GEAR TRAINS WITH INVOLUTE TEETH
]
y
¥ 1, DIRECTION OF FRICTION FORCE AT TOOTH-TO-TOOTH CONTACT !
L \! f
_§ Figure A-1 uses the base circle and the line-of-action con- ’ g
{0
g figuration of an involute mesh, in which the gear drives the pinion, ; é
3 to determine the direction of the friction forces at contact point C %
¥
4 )
!
J

Distance d represents the length of the line-of-action between hase

S e e R e TmG E Al e

3 , circle tangent points L and L', The distance between contact point {

P

C and point L alo:g the line-nf-action is measured by length a,

PR S

b ‘ Further; {
!
i
|

! & = actusl (rolling) pressure angle

A s mim

i , Rb = gear hase radius 1

' ; r, * pinion base radius

fﬁ The friction force of the pinion tooth on the gear tooth, for

) exanple, will have the direction of the relative velocity, Vb /C . |
! P 8 '
of the contact point on the pinion tooth, Cp, with respect to the |
coincident contact point on the gear tooth, Cg. (The friction force
of the gear tooth on the pinion tootu has the opposite direction,)
bl . This relative velocity changes direction at the pitch point, where

i it becomes instantaneously zero, ' i

e .
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3{ Figure A-1 shows contact before the pitch point (during j

; approach). To obtain the direction of the relative velocity,

: V%p/cg,by a grapnical analysis,one makes use of the velocity

E equation E
i
%

) pr = pr/cg + ng (A=1) ;

; whore'V%p = velocity of point C, on pinion tooth with 3

i , direction normal to line On- c é

E. | pr/cs = relative velocity between point Cy and point é

EI 08. The direction of this velocity is normal ;

? to the line of actlon. %

3 ! |

} g Vbs = velocity of point Cg on gear tooth with

5 direction normal to line Oy~ C. The magnitude

of this velocity was arbitrarily choren,

The graphical construction, according to Eq (A1), shows !

that pr/c has the direction opposite to that of the unit
8

ﬁ) vector My shown at point Oy, As atated earlier,this represents
N




the friction force on the gear tooth during approach,

Flgure A-1b ashows the same graphical analysis for contact

] during recess., Once the pitch point ig bassed, both the i
; relative velocity, V, /c_18nd the friction force of the ;
] P g
b
; Pinion on the gear have the direction of the positive unit 3
. —v
& vector T,. g
i
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2. ASSUMPTIONS CONGERWING NORMAL AND FRICTION

FORCES AT PIVOTS

: birvection of f'
Motion 3
)
R ur i
s pN o= Ty wl t * :
b P F \
5 X |
N M:‘x }I
4 F = i
b ¥ & F, | AF !
i y ﬂ y y :
"{"_ ‘;.
| ¢ |
- y a, b, |
E |
: FIGURE A-2 FRUE-BODY DIAGRAMS OF PIVOT SHAKNTS |
)

i

3 Figure A-2a shows a pivot shaft which is loaded by a

-2 known external force, W, and rotates in a clockwise

.;1 direction. Due to friction between the shaft and the bearing,

f contact is made at an angle,¢ = tan~'u, where u is the

3 associated coefficlent of friction, N is the normal contact

] .

] g
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force. The friction force Ft = 4N opposes the clockwise

rotation by creating a counterclockwise moment.

N may be resolved into the components F, and Fy. The associated

x and y components of the friction force are qu and qu. respectively.
The directions of the components of N and Ff are drawn
in the same manner in Fig. A=Zb in & somewhat more convenient
representation. When the direction of the resultant external
force ,W,is not known, contact is possible anywhere on the
periphery of the bearing and the componenta F, and Fy of the

normal contact force cannot be drawn with certainty in the

free body diagram, The diroction of the friction componenta

must still oppose the motlion.

Figure A-3 shows two general possibilities of

drawing the free body diagram of a pivot which rotates in u
clockwine direction., In either case, the noments of the friction
couponents oppose the rotation whil» Fx and Fy may be poasitive
or nogative. Assume now, for example, that Fig. A-3a shows

the wrong directlon for Fx and that the solution of the

applicable equilibrium equation will reverse the sign of Fx'

This will automatically reverse the sign of iLe friction

|
component qu also., Since contact is now made on the opposite
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.80 that the rotation is opposed. In case F

#Fx l

+

pl

FIGURE A-3  MOMENTS DUE TO FRICTION COMFONENTS
AINAYS OPPOSE MOTION

side of the pivot, the correct sign of the frietion component

is automatically assured,

The total friction moment then 1s expressed by
} " 2, p 2 -
Me = tup Fx +Fy (A=2)

where p is the pivot radius. The sign of the above is chosen

X and Fy

contain required terms that cannot be factored out of the

square root of equation (A-2), the friction moment is conservatively

overstated by the use of the absolute values of Exand Fy




My = :#P(IFx, + lel) (A=3a)

If the expressiona for Fx and Fy consist of sums of

poeitive and negatlive terms, then Fx and Fy are presented as

the sums of the absolute values of these torms. A conservative

pivot friction moment becomes, similar to equation (A-}n)!
My = :»p<i~‘x + 'F“y) (A=3b)

The tildes represent the sums of the absolute values of the

component terms.

A-8
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3« MOMENT INPUT=QUTPUT RELACIONSHIP FOR_SINGLE STEP-UP

GEAR MESH WITH INVOLUTE TEETH

Figure A-4 shows free body diagrams of the gear and the
pinion of a single mesh where the gear 1is driven by a

nounterclockwise input moment Mype It 18 desired to find

the equilibrating output moment Mo.

a. UNIT VECTORS

The unit vector directed from point Oy to point L is

given by
By = 8inbl + cose) (A-4)

where ¢ represents the actual pressure angle, regardless of
tooth modification., The unit vector directed along the line

of éction from point L to point L' is given by

Typ = =cosdl + sing]

o
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o, NOMENCLATURE AND SIGNUM CONVENTION

3 e ot o
- - - .‘_—-‘1
L s i i

NP DR TP N WY

FxN' FyN = X and y components of normal force acting on
gear pivot ;
;I HFyN nFyN = friction force components acting on gear §
? plvot. Directions chosen to result in friction ;
i; momontn.which oppose motion. (See part 2). f
%‘ Fxn‘ Fyn = X and y components of normal force acting on ?

R

pinion pivot

“Fxn’ “Fyn fristion force components acting on pinion pivot

M = coefficient of friction

4 F = normal contact force between gear and pinion,

The force of the pinion on the gear is (-)Fcﬁ'aT .

while the normal force of the gear on the pinion

s
¢ e i

becomes hcneT'

i Cam a i i el T Ldad g,

-

) = tooth contact friction force., The analysis in

Section 1 shows that the friction force of the

o i i s

i
|
i

A A S T e

pinion on the gear, before the pitch point, acts

in the direction of (-)ﬁa. Therefore

~schK0 = friction force on gear with

o L R Cma T ¥ i, L 1T

s = +1 for & ¢ TP (approach) (A-6)

o e

A=-11V




T

and

8 = ~1 for a )P (recess) (A=~7)
while

8 = O for a=1P (at pitch point) (A=8)
Further,

PN® Pp ™ B8ear and pinion pivot radii

Ry» ©, = gear and pinion base circle radii

A-12

e o o
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¢. FORCE ANALYSIS OF THE GEAR

By inspecting Figure A-4, one sees that force equilibrium of

the gear is expressed by

I = 0 (A=9)

“FWyp = 8uFH, = Pl = aF T + Fopd = wFyy

Similarly, moment aquilibrium of the gear is given by

Z .2 - - - -
Myk = s Fon * FyNk * Ryng x (=)F R+ (Ryn, + af,n)

X (-)!nFcﬁo = O (A=10)

Note the use of equation (A-2) to express the friction moment
at the gear pivot.

With the help of aquations (A=4) and (A=5) one may write
equations (A-~9) end (A-10) in scalar form, Thus,

Fccoag - nchaine - FxN - ufF e 0 (A=-11)

yN

-Fcaino - nchco-o + FyN - “FxN = 0 (A=12)

e SR _:*ﬂ

RPN N m;mmiu‘.vj

it




Equation (A-10) becomes

Min = Py Fin * F§N - Ryfy + wusaF, = 0 (4=13) . i

Simultaneous solution of equations (A-11) and (A-12) for g

FxN and FyN given

() - Mal)cOIO « u() + 8)sing

F z F (A=14)
xN c
1+ ua
and
(1 = pzn)sina + u4() + s)eoas
FyN s F, (A=15)
I+.“2

When the above expressions ares substituted into the moment

2

equation (A-13) and 1f one notes that s~ always equals +1,

the following expression for Fc 1s obtained:
My

L (A=-16)
Ry * #(pN - as)

A=14

o e et s A s s et




d. FORCE ANALYSIS OF THE PINION s

Force equilibrium of the pinion is assured by

Fligp + usFd, + F,I - Fynj -~ wP, T - quAI

g O, (A=17)

while moment eqQuilibrium is given by i

Mok "n"v F?m ¥ Faam k + ['rb“o - (d - ‘)uo'r] X i

(FonOT + uaFcﬂb) = 0 (A-18)

PR Sy A

e e

In scalar form, the above become

k -Foco8 + usFeing + F,o = pFy, = O (A=19)
}( T “e o
% Fcaino + uarccoso - “Fxn - Fyn = 0 (A=20)
My * kbpg/Fan * Fop = Fyfg ¢ weld = a)F, = 0 (A=21)

ey ™



Equations (A-19) and (A=20) are now solved simultaneously

for Fxn ahd Fyn' This gives
2
Fxn - Fc (1 + n%s)cosyp + n(1 = 8)msing (A=22)
1 + “2
and
2
Fyn - Fc (l + p .)'ino - M(‘ - ')00'9 (A"‘ZB)
1 +al

Equations (A-22) and (A-23) are then substituted into
the moment equation (A-21), This furnishes the following

expresaion for the normal contact force,F. . ( Again, 02 always
2o y

equals +1,):

F. = 2. (A=24)

L sl At
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e, MOMENT INPUT-OUTPUT RELATIONSHIP

The equilibrant moment,M ,may be expressed as a function

of the input moment, M, ,after equations (A-16) and (A-24)

have been set equal to each other., Thus,

Min{rb - "_["n + 8(d - “_)J}

M, = ——=ii

© Rb + ;t[pN - sa.]

The input=output relationship may also then be expressed in terms of

where i, =

ani reproaenty the efficiency of moment tranamission of a

single step~up mesh with involute teeth,
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4. MOMENT INPUT=QUTDPUT RELATIONSHIP FUR THREE STEP~UP GEAR
TRAIN IN SPIN ENVIRONMENT

Figure A~5 shows the basic configuration of the threec
atep-up gear train for which the relationship between the
equilivrunt output moment Moh‘ acting on pinion 4, and the
input moment Min' acting on gear 1, is to be found,

The body-fixed x=y coordinate syatem ham its origin at
the spln axis,C,of the fuze body, and its x~axis coincides
with the line C-OI, where Q‘ represents the pivot axis of the
input gear-spin rotor combination. Polntas 02, 05 and 04
reprosent the plvot axea of gear and pinion no. 2, gear and

pinion no. 3, and pinion no. L, respectively. Further,

Rj. 2 distance from the spin axis to the various pivot axes

1)

base radii of gears
Py *® bases radli of pinions

By = angle botween positive x-axia and line of centere 0,-0,

=
rn
i

angle between positive x-axis and line of centera 0,-0,

L=
e
i

angle between positive x-~axls and line of centers 05--01+

angle between positive xX~axis and lines C—O1
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i 6, = pressure angle of mewh between gear no, 1 and pinion no., 2

}f

L 8, = pressure angle of mesh betweern gear no, ¢ and pinion no., 3
62 & pressure angle of mesh between gear no. 3 und pinion no. 4

To obtuin the moment input-output relatlonship of the total
train, the input-ocutput relationships of the individual
components must first be obtained. The following equilibrium
unalyses include pivot as well as contact friction forces, in
| addition to louda dus to the centrifugal forces on the
individual components, The directions of the tooth=to-tooth
friction forces are chosen according to the rulea of Section |
of this appondix, using an appropriate aignum cornvention. The
direction of the pivot friction forces is chosen according
to Section 2 and, to avoid difficulties with the direction

of the assosiated friction moment, equation (A=3b) will be used,
a., EQUILIBRIUM OF PINION 4

Figure A-6 showa a free body disgram of pinion 4, The
contact between gear 3 and pinion 4 ise shown btafore contact
point c} has passed through pitch point P}. The unit voctor‘ﬁBu
is along the line-of-action in the directicn of the contact i !

force of the gear on the pinion, ‘

A=-20
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%f Thus,
¢

Ty, = sin(py * 03)1 - cos(pg ¥ 03)3 (A~27)

3 The unit vector normal to the line~of-action is given by

b St s e 5

= con(pg + 00T + sin(pg + 93] (A=28)

L

IN3y
The contact force ?34 then becomes

T (A-29) at
The friction force of gear 5 on pinion 4 is given by

et S e 1 2. et B b

+1, for contact before the pitch point

€
=
[
s
[
®
AV
1

0, for contact at the pitch point

8 = 1, for contact after the pitch point

(See also Section 1.)




L The normal forces on the plvot shaft are given by

?;4 = qu

~l

(A=-31)
and

—

Fyy

o The assoclated pivot friction forces are given by #qu E'and
o ' pru'I for the indicated direction of rotation. The centrifugal

force Tl on the pinion is represented by

i- TL = Tq(ooeru'I + siny, k) (A=33)
: where ]
2 i 1
g.:;‘ , TL;. = kuw m, (A=34a) 3
. ' with
v !
? : w = 8pin angular velocity (A=34D)
l and

m, = mase of pinion 4 (A=340)

The fqrce equilibrium equation 1a given by

F34534 + "BBFBAKN5k + Tk(coar4 T+ einvu )+ ka i

+ prL‘_I + “FXQT - F}'uT = 0 (A=35)

A-23
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Moment equilibrium is given by the following expreassion, in
which the pivot friction moment is expressed according to

Equation (A-3b):

-MOQ - Puﬂ( Fx“ + FY4 ) + rb4F34 - #.3(d3 - ‘3)F34

= 0 (A=36)

where N represgenta the pivot radiua, d3 is the length of the
line-of-action of the mesh from points of tangency to the base
circles, ay is the distance on the line of action from the

gear point of tangency to the contact point 03.

Equation (A=35) gives the following component equations:

Fiksin(EB + 03) + “aBFjucou(ﬂ3 + 03) *+ T“°°3V“ + qu

+ pru = O (A=37)

'F54°°°(”3 + 03) * un3F54uin(p3 + 03) + Tuninv“ - Fy“

+ “FXQ = O (A=38)

i
i 5 E':E&;_\-.a-u

it e
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Simultaneous solution of the above for qu and F

vl results in

1 + 2

Fe, *® "‘l"i’ {-Tul}oayu * usinvu] - F}u[(] + passbsin(p3 to0s) %
- a1 - sj)coa(p..ﬁ + 95)]} (A=39) 3

i and N

| Fyk s -—-J—-g-{Tk[sinv“ - »coavh] - FSQ[(‘ + uasj)ooa(ﬂs + 03) i

1 4

+ u() = as)sin(ﬂj + 03)]} (A=-40)

To obtain consarvative values for the pivot friction moment p.

in equation (A=36) according to equation (A=3b), one substitutes

the largest possible valuss for qu and th' This is accomplished

by making the slgna of T“ and F}“ positive and by using the

absolute valuesof their respective coefficienta in Equations (A=39) 4

A

and (A=40). Equation (A=36) then becomes -

Moy = mey(Tyhy + Fyuhy ¥ TRy + Fh) o Yy fy,

- #83(‘13 - ‘3)1"34 = 0 (A=41) ?.

where
uinyq - ucouvq

A, =
! 1 + &

(A=42) ]

A=25

TR 9.t B s ety 1T 11k R
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. 2
| (1 + n%8;)co8(@x + 65) + (1 = 8,)8in(g, + 62)
' A, = l 3 ! 2 ] 2 2 2 [ (A=43)
L
cosv, + uainvu ( ) V é 3
A, = A-blL :
3 1+ n@ ' s
!
' (1 + w8g)8in(B, + 67) = w(1 = 8;)c08(fx + 65) . ‘
A“ = ‘ - ) 3 . 2 3 37 (A=45) {3
l 1 + i

e

Finally equation (A-41) is solved for th {

M T,C -

Fyy = —2 v (A=46) |

4 D D -"

| 1 "
1
: where :
Cp = wny Ay + Ag) (A=47) ;
:
’ )
D‘ = rbl-} - M [aj(dj - ‘3) + Pq(Aa + A“)] (A-48) ‘j

e n e
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b, EQUILIBRIUM OF GE ND PINION SET NO

Firure A«7 shows the free body diagram of gear and pinion

set no, 3. Contact point 05. between pinion 4 and gear 3,

is, as shown previously in Figure A-6, before pitch point P,.

The normal force, along the line-of-action, is given [see

equation(A-ag)ﬁ by

and the associated friction force quj is given [see

equation (A=30) ] by

e ]

The unit vectors along(and perpendicular to)the line-

of=action of gear 2 and pinion 3 are given by

My = -sin(B, = 65) I + cos(B, = 05) J (A=51)

and

oz = =cos(fy = 6) T - sin(py = 65) J (A-52)

=l

e i G 2

Azl fizid”

e - b oo
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'j
- The contact point C, between gear 2 and pirion 3 ie also :
.
, ' shown before pitch point P, is passed, b |
& 3
: The normal contact force between these teeth then becomes A
[ Foz = Faslipg (A=53) 4
- The associated friction force ias given by 5
|
( T . - .
B
I )
g where s, = 4} for contact before pitch point P, P
x 8, = 0 for contact at pitch point P, ,"
1 s, = =1 for contact after pitch point P, 1
:': \:.
A f The normal forces on the plvot shaft are given by
' Fez = Pl (A=55) j
and i
3 4
] 1
The associated pivot friction forces are represented by (-)nF”I

= bt o . - .. FPTPNP,

o bl 4 o0k oo o M s il 1k A a bt i d v g g s f it it b
e e e

- s T e ————
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and (-)pr33 for the indicated direction of gear rotation,

The centrifugal forco,TB,on the assembly is given by

'T3 2 T}(cosvji + aianF) (4=57)
where

Ty = w,}wam} (A=58a)
with

g = mase of pinion and gear 3 (A58Db)

Force equilibrium is given by

FasPas = #8Fasfas = Fyug = L TR T T3(00973I + uianJ)

Moment equilibrium requires

Rb}Fju - u55a3F54 - rb3F23 + uaa(da - ‘B)FZ}
+ mpy(Fyy ¢ ?&5) s O (A-60)

Note the use of equation (A-3b) for the pivot friction moment,

p3 represents the pivot radiuas and length da is the length of the

A-30

P EDante st mee s m =




M“A

;| line-of-action between the points of tangency to the base circles.

I e ML TR T

oy is the distance along the line-of-action from the gear

TR

point of tangency to the contact point C,,

The conponent form of equation (A=59) is represented by !

TP

[ the following two expressions:

| ~F,38in(g, = 6,) + mnBF,5008(A, ~ 62) = Fyein(pg + 03)

- "°3F34°°8(B5+03) + '1‘300573 + Fx} - uF” a 0 (A=61) N

- T

. and

F25coa(/32 -0y 4 uai‘a}ain(pa - 6y) + F34°°°(p3 + 05) |

1T T T T Y
=Y

- “33F3“31n(ﬂ3 + 0‘3) + T}Bin'Y) - ij - #Fxs

} = 0 (A=62)

o i

Simultuneous solution of the above for Fx} and Fy3 leads to

= —-—-]—7}1“2}[(1 + nasa)ain(ﬁa . 02) + a(l - az)czcm(/)‘2 - 02)]

1 +

o3
\~

+ T3[uaim3 - cosv3] + FB%[(' -pan})ain(/;3¢ 93)

S

+ w(1 + 83)con(pg ¢ 03)] (A=63)

e e )
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é' and

e
; 13
§ Fyy = :—{fzz Fa3 @ +n252)coa(Ag “ 05) *+ w(ay, = Nuin(p, = 02)] %
R ' J N
‘ . - 49 . A
: + 'I‘3 a:l.nv3 + cow}] + F34[(l o n})cou(ﬁB + 03) 4
“ = wu(8g + 1)ain(fy + 03)] ; (A-64)
3 3
i k.
¥ |
¥¥ Now, equations (A=63) and (A=-G4) are subatituted into the §
# }..
g momant equation (A-60) with consideration of the pivot friction ;
t b
Q‘ moment according to equation (A=3b). This gives k-

Rosfay < MEshefn, - Tusfay o eE(dp - ap)fpy

B

' nn;!}?‘EB(:\fs +ag) + Tylhg + Ag) + Fy Ay + A,o>]

- e e i

A T

¥ a 0 . (AnGS) { ‘
i ‘
{
b where
1 :
, o l (1 + ﬂaaz)coa(ﬂa - 63) + u(sy = 1)sin(p, - aél_' rmt) ]
5 1 + ue 5
.'»
: sinv, + wcosy j
v A6 = > - }__ ( Ams?) I
» } 1 + '
§ , %
[ A=32
| .
¥ 3
i i
! T R

1 !
o

\

1 k) b s Ao o bl o w4 kb s G111 S b s a3




& 2

by m (1 -~ uj)coa(yj + 05) - pu(1 + aj)ain(/;j + 93) (A-68)

1 + “2

" (1 + #%y)ein(s, = 65) + a1 - 8,)c08(a, = 0,)

| g » erifetle T T2 | ()

3 Yor

;"," neiny, = coey

& An w 2 3 -

9 R (A=70)

{r!: _2

R . (1 A aB)Hin(p‘.’ + 03) + u() ¢ oj)cou(p} + 93) )

! 10 . (A=71)

= 1 + &

-

’ Finally equation (A=-65) ia solved for F23 ,
o FarOs + T,0 |
] 2 )
.:: Fa} - 24 - 3%3 (A=72)

4 '=
whera ' ﬁ
: ca u Rb} - #[’5‘3 - P}(A? + A'o)] (A"?B)

3 Cy = Px(A -

¥ 3 K 3( 6 + A9) (A=74)

'{] Dy = Tpz = M[’a(da -a) + P_B(A5 + As)]

."

.. A=33

(l’ i

1 ]
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¢, _EQUILIBRIUM OF GEAR AND PINION SET NO, &

:i Figure A-8 shows the free body diagram of gear and pinion

;‘ set no. 2. The contact point G,, between gear 2 and pinion 3, ia
again shown before the pitch point Pz is passed. (See also Figure A=7.)

- The normal force, along the line-of-action, becomem with equation (A=72)
B

| F}& = "Fajﬁa} (A=76)

ff The associated frioctlion foroo.?f}a,ia glven by

ol e B

The uniﬁ vectors along(and perpendicular to)the lina-of-action

of gear 1 and pinion 2 are given by
o
]

o s o .5 i e

¢

and

My = cos(sy * 90T + wsin(p, + 01)3 (A=79)

The contact point C, between gesar | and pinion 2 is aleo

gchown before pitch point Py is passed.
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3 The normal contact force between the teeth of this é
§ mesh becomes %
N E xe
b K]
L
{3 Fila = Fiala o - (a-80)
E. while the associated friction force is given by .
; (See Section 1 of this Appendix.)

1

g

Fria = #eifialy (A-81) !
¥ e
- ]
| where 8, = +l for contact before pitch point P, o
[
) s, = 0O for contact at pitch point P, . }
%j 8, = =1 for contact after pitch point P, ‘
b

. :
%' The normal forces nn the pivot shaft are 5*
i- !

i |

l‘l and

s - - B
i l. ! \i
| .

b The aasociated pivet friction forces are agailn chosen such that




their friction moments oppose the indicated rotation.

The centrifugal force.Té.on this gear and pinion assembly

is given by

T, = T,(cosv,i + siny,d) (A=814)
where T, = Qawama , (A=85a)
with

m, = mnass of gear and pinion set no, 2 (A=85b)

Force equilibrium is given hy

"Fasflaz *+ KBFasfyay 4+ Fioly, + wayFyRy,

v Tp(comv,T + sinyaJ) - FxéT - Fyaj + quai - WPy

= 0 (A~86)
Moment equilibrium 1s given by

“RpoFaz. + wBpasFos + rypFip = wsy(dy = a))Fy,

- “92(?;2 + ?&2) = 0 (A=87)

s e 2L
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Again, equation (A=3b) 1s used to account for the pivot friction

¥
L

N 5
: moment. p, represents the pivot radius. d, 1s tho lengtnh %
| of the line-of-action between the points of tangency to the i
f, base circles, and a, is the distance from the point of tangency f
, i
§ of the gear to the contact point cl. |
@& The component form of equation (A=-86) im given by ' i%
.:;I I
R ! ?
X | |
"i Fa}'in(/“a - aa) - PQZFEBOO.(FZ - 02) + F\a.in(ﬁ‘ + 01) : 3\1
ij + we Fipcos(fy + 4)) + Tyeosr, = F, + #Fyo ' ' !
p = 0 (A-88) o
':_' \\)
) 'Fa3°°’(ﬂg - 6y) = “ﬂaFasﬂin(ﬂa = 85) = TFyjcom(g, + 4,) %
;gg + us'Fiaain(B1 + 01) + Tpeiny, = Fya - wFyo ;
- 0 (A-89) '}i
% Simultaneous solution of the above furnishes
g
t' = an i ITJ_—E"F‘Z[“(‘ - 01)°Oﬂ(ﬂ‘ + 01) - (1 + F-Zﬂ‘)sin(p1 + 01)]
N + 4§
| .
>W: + Ta[ﬁ‘inya + coavz]
{
‘ + F25 [(1 - #252)31n(ﬁ2 - 02) - u(1 + 52)005(“2 - 02)] {
! (A=90)
| A-38

B b £ v WL T bt e M AT 3 e prus bt st I At W stk by v




and

1 + &

Tya © __l.-z-?~F12[}<1 - my)sin(ay + 9 + (1 + #8y)c0n(a, + ”‘)]

+ Ta[;invz - ncosva]

+ F23[}u(1 + 8y)8in(a, - 05) = (1 - #282)005(ﬁa - 02)]

(A=91) |
| ;
|
| Now, equatlons (A=90) and (A=91) are substituted into the
i moment equation (A-87). With consideration of the pivot

friction moment according to equation (A~3b), this gives
; : “RpaFaz * #828:Fp3 + rpoFy, = reyld) = a))F,
| |
§ | - “Pa[F12(A1| YAyt Talhp + Ayg) 4 Fos(hyg e A16)]
In the abova
2
| |+ = 8y)ein(p, + ;) + (1 + & a1)cos(p1 + 4y)
| Ay = = (A=93)
. 1 p
|
| sdnr, -~ pcosy

1 +




¢t et 4w

#(1 + 8y)8in(p, ~ 0) + (1 - #282)005(32 - 6,)

A =
15 1+ u°

(1 + uaa,)sin(ﬂ, + 01)

p(l - sj)cos(/i1 + 91) -
A = )
14 T v AP
rainv + ¢o8Y
2 1?'3
hs 1 4n

(1 = paaé)sin(ggA- 65) = (1 + :g)coa(/ig - 65)

A = S
16 1+ “2

¢

Finally, equation (A-92) is solved for F,,

12 D
3
where
C, = Rpz - “[;a‘a - a5+ A16)]

‘v
\

Q
n
]

nra(Ryp + Ays)

Ppa = ”[‘1(d1 = a) + ry(Ay + A1u)]

A=4O

i At e AL ko G M 0B b Lo Y AL KT B3t ks £ sgitots 1 1h00n i W v s Tt am gt rork iy e o e e ad

(A=95)

(A=96)

(A-97)

(A=98)

(4-99)

(A=100)

(A=101)

(A=102)
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d., EQUILIBRIUM OF GEAR NO, 1

Figure A-9 shows the free body diagram of gear no. 1, the

input gear. i
The contact point C\ is identical with that shiown in ‘:
Figure A-8, ﬁ
The normal force on gear no., ! is given by (See ;
squation (A-80).) 5

The associnted friction force is

T e R

Feay = k8 1F 3y, (A-104)

g i s il SR W

The normal forces on the pivot shaft are given by

53
u
g
=3
>

X1 (A=105)

S S

and

e |
"
e}
ot

(A=106)

d
)
¥

The associated pivet friction forces are chosen in such a

direction that their moments oppose the indlcated rotation.

A=y
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The centrifugal force'T‘ on gear | is given by

ﬁ' = T‘-J‘: (A=107)
L4
whera
T, = gwn, (A=108a)
my = maes of gear | (A-108b)
Force equilibrium is given by
REES ERRCUIUPUNPRL % SR W it Fpd ¢ kI
¢ +* qu‘a- a O ., (A=~109)
Moment equilibrium is found from
Rb‘F1a - #51‘1F12 - Min + “PT(FXI + Fy]) = 0 (A".’O)

The form of equation (A-3b) 18 again utilized to obtain the

pivot friction moment, Py represents the pivot radius of

gear 1,

A-43
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1
.
The component form of equation (A=109) becomes
.:)'
i i
bl
=Fip8in(a, + 0,) - n8 F oco8(p, + 9,) = Fog * qu1 + T, 3
k = 0 (A=111) :
¥
~ and
. )
&i R
1 Fyac08(py + 6,) - ne Foein(p, + 01) + Fy‘ + wFy i
8 E
! = 0 (A=112) |
ij
: | » i
3 Simultaneous solution of equations (A=-111) and (A~112) furnishes f
?f the forces on the pivot, i.e., )

e
-

éi . _ -F1éJ}l - uas1)oin(ﬂ1 + 4y) + (1 + 8y)ooa(p, + o,)]+ T, !
33 x1 1+ e | ﬁ
1 (A-1|3>
! !
i 2 j
| . . Fla[?(l + a,)ain((j1 + 01) - (1 = pn al)cos(ﬁ‘ + 0‘)] = nT,y
é vl 1+ n®
| (A=114)
y
s\ :
%i Equations (A-113) and (A=-114) are now substituted into the
b
F moment equation (A=110) in the following manner: (Again,
, the method of equation (A=3b) 1s applied.)
[ .
S
lf ‘%
]
RGN i . e




Rpifia = #o3\Fg = Mgy * “”1&\2(“1? tAg) * Ty(hyg ¥ Azo)]

s O (A=115)
where %
2 1
p 1 = a%ay)8in(p, + 6,) + w(1 + 8,)cos(B, + 64,) !
1 S 1 1 . ! . (A=116)
Fﬁ!. 17 1 + & ;
;| | ﬂ
\.’\ ‘ | ) i
/] A (A=117 3
¥ 18 = ‘ 1+ JE’ | i
a1 ]
X 2 )
b #(1 + s )ein(p, + ¢) = (1 = u%s )cos(p, + 0y) :
- 1 + 1
!, N
3 4
s' [
[ A | - (ae119) |
J 20 = I ‘ +—? ‘
: » A
i | :
o ‘ §
8 f Finally, equation (A-113) is solved for F,., i
! i
| ‘ .
M ¢
Foo = —320 . 16 (A=120)
3 12 D D
§ 4 4
. ]
E ‘ where ' :
[
!
1
|

A=U5

e B v




e. INPUT-QUTPUT RELATIONSHLP | 3
To obtain the input-output relationship for the complete : "{
gear train, equation (A=120) is now equated to equation (A~99). :'
Thig furnishes
D3 o :
| Fas = —=— My = TG - T == (4=123) 1
_ L= 4 4 ,
5 i
Further, the above is equated to equation (A~72), This
results in the following expreasion for Fy, e
D,D CuD ¢ 18
By w2 (M, e DCL) - T, Bl - T2 (A-124) P
- I c.c0, 176 2°¢,0 3¢, ]
¥ § HhTh 2"k e i’
| | | 1
; i g
t l .
Y | : Finally, equation (A-124) is equated to equation (A=46), s ]
This establishes the input-output relationahip \ k.
D,D.D CuDyD CyD iy
! G200, CaCy Ca
\'i (A-125) i
é
5
]
A=46
!
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5. MOMENT INPUT=-OUTPUT RBLATIONSHIP FOR INVOLUTE TWO STEP-UP

GEAR TRAIN IN SPIN ENVIRONMENT

o
- ;—-mmmu—;ﬂmqm~manﬂ

Figure A~10 shows the basic configuration of a two step-up !
gear train with involute teeth for which the rolationship
between the squilibrant output moment,MoB. acting on pinion 3,

and the input moment,Min. acting on gear 1 is to be found.

——— ey

L All nomenclature is ldentical with that used in Section 4

K in connection with the three step-up gear train,
Again, the general relationship between input and output

is found by asaembling the input~-output relationships of the :

K. individual component geara,

. EQUILIBRIUM OF PINION

= Figure A-11 shows the free body diagram of pinion 3,

The contact point Ca between gear 2 and pinion 3 is shown f\

before the pitch point P, 18 passed,
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i
e

As 1n equation (A-53), the normal force between the

teeth of gear 2 and pinion 3 is given by .

S AT e ST IR R

Tpy = Fpsfiyg (A=126)

The associated friction force is given by squation (A=54), i.e.,.

where 8,= +1 , for contact before pitch point P,
B,= 0, for contact at pitch point P2

s§,= =1, for contact after Pitch point P, ..

by : The unit vectors in equations (A-126) and (A-127) were
defined by equations (A=-51) and (A=52), respectively. The

normal forces on the pivot shaft arc given by

]
o

y X3 x5 (A-128)

| and

u
]
X}

Y3 y3 (a-129)

: A=50

P RRETRPL (RO PITI W SR ITII PERRPRONY




The pivot friction forces becoms (u)quji and (-)quBF for
the indicated direction of rotation. :
A8 in equation (A=57), the centrifugal force on the %'
. 1y
3 pinion is given by ﬁ
l&‘}'! T} = T3(COB 7;1 + Bin‘/33)

(A-130) b

1
g 8
\%\ ’-’j
@1 where ,
Y )
¥ Ta = RLwom (A=131) A
‘. | with !
§§ o
5 mz = mass of pinion 3

(A=132) E

?j Force equilibrium is given by |

F23ﬁ23 - p52F233N25 + Ts(cosv3I + sianE) + ini ﬁ
- pr3I - Fy33' - MFx3J = 0 (A=133) I

B R e e e g

i Moment equilibrium is obtained from 1
. i

/ o~ ~ 1
.§ M03 - rb3F23 * Maa(da - aaﬁé3 * nﬂ#ij + ij) = 0 i
: (A=134) 3

. A=51

. ‘ ' t ’ oo 5 P T S Y L
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e TS

Note the use of equation (A-~3b) for the pivot friction moment.
ry represents the pivot radius, d2 is the length of the line
of action between the points of tangency to the base circles
of pinion 3 and gear 2. a, is the distance along the line-of-
action from the gear point of tangency to contact point C,.

The X and y components of equation (A=133) are given by

"Fajsin(ﬁa - 02) + #83F23008(/i2 - 02) + T}OOBY} + ij

u.Fy} s 0 , (A-135)
and

Fajcoa(ﬁz - 02) + PB}FZBBin(ﬁa - 02) + 'I‘}Elilw} - Fy3

- p.Fxs = 0 (A-136)

Simultaneous solution of these expressions for Fx} and Fy3 yields

1
Fx} = :—;‘é sz[“ + uasa)nin(ﬁa - 02) + p(1 - 52)009(52 - 02)]
* Ty [nainv} - coavj] ! (A=137)
A=52

[ o . . -
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and

Fyz = ——

1 + &

F25[(I + ;«asa)cos(ﬂ2 - 02) + w(sy =~ 1)ain(p, - 92)]

+* '1‘3[311173 + ncosrj]f (A=-138)

Now, equations (A-137) and (A~138) are subatituted into the
moment equation (A~134) , with the pivot friction moment given

according to the formulation of equation (A-3b):

M°3 - I'bjFa} + #Sa(da - a2F23 + #P}[Fa}(A1 + A}) + Ts(Aa + Ak)]
z 0 (A~139)
where

e
("

sinvy + ucoBY
2 — CA=141)

1 + &

(1 + wfgy)ein(a, = g,) + w1 - sy)cos(py = 4y)
1+ u® (A=142)

=53
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where

C‘ = /‘P}(Aa + A‘+)

D] = rb} el [aa(da - az) + P}(AI + A})]

(A=143)

(A=144)

(A=145)

(A=146)

o = Ml

s
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f ;
a
= b, EQUILIBRIUM OF GEAR AND PINION SET NO, 2 E
| |
-1", Figure A=12 shows the free body diagram of gear and :
EN
. pinion set no. 2, The contact polnt, Cpy between gear 2 and i
L pinion 3 is again shown before the pitch point, P,. With ]
h E
) equation (A-126), the normal force between the tecth of this |
4 )
%. mesh becomes o
4 |
3 }f
i Fap = =Foqh (A=147) -}
! The associated friction force ia the negative of equation (A=127), i.e., ]
t [
3 | P B - :
'\‘ I A
‘b i :
b i :
‘C{ : Similar to equation (A=-80), the normal force between gear | ;
F. and pinion 2 is given by i
k]
‘ i
| Fio = Fphyp (A=149) !
b
| y

(See equation (A-78) for the definition of unit vector W,,.)
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e =

Figure A-12 shows the contact point c, before the pitch point

P, is passed.

The assoclated friction force ias given by

Fria = #84F o8y,

where s, = +1 , for contact before pitch point P,
s, = O, for contact at pitch point P,

8, = ~1 , for contact after pitch point Py

The unit vector Ty, is given by equation (A=79).

The normal forces on the pivot shaft are given by

an - 'FxZE
and

Fyz = "Fy23

(A=-150)

(A=151)

(A-152)

The associated friction forcos uF&ZI and (-)prai were chosen

so thgt their moments oppose the indicated rotation,

The centrifugal force on this gear and pinion assemdbly is

expressed by




TR T T

o T ST

T, = Ty(cosv,I + ainy,]) (A-153)
where T, = qlawzma (A-154)
m, = mass of gear and pinion set no. 2 (A=155)

Force equilibrium is given by

“Faslias + w8 Faafios ¢ FioBy, + o naFoRg,
+ Tp(comy, + sinv]) - szi + "FQZI - F&al - anzf

= 0 (A=156)

Moment equilibrium is given by

“RpoFaz + KBaAFay + IpoFyn = wey(d) - a)Fy,

- wep(Fyp + Fpp) = 0 (A=157)

Again, equation (A-3h) is used to obtain a conservative pivot
friction moment, Py representa the pivot radius, d1 and a,

are similar to the previously used diastances along the lines

of action of the other meshea.

A-58

pe izl

IR Py > 2




The componant form of equation (A=156) becomes f

§

FEBBin(ﬂz - 02) - pazrascos(ﬁa - oa) + F‘asin(/)I + o‘) g

i

+ wus Fiycon(f, + ¢)) + Tyco8r, = Fon + quz = 0 (A=15E

and ﬁ

! g

i ]
;7 -F2300l(ﬁ2 - 8y) = ”’2’23'1“(”2 - aa) - Fypcos(g, + 01) f
EE + pa1F1asin(pl + 01) + Tzlinra - Fya - KF,, = O (A=159) 5
(; 3
| b
?’ Simultaneous solution of the above expressions for P2 and Fya %
& glvea 4
:;{_i ) 'A
i I I B RSN TRL TR R
\:| ! \'
| | + TZ[;linya + oosva] 1

. Fa;[(‘ - "252)”:“1(”2 - 02) w w1 + 52)005(32 - 02)] }

T TR T, AR

i e

(A-160)

T T TR AT T I e T

A=59

!
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. |
Fya ——-i {- F‘al}(l - sy)ein(g, ¢+ 6,) + (1 4 naql)co-(ﬁ, + o,)]

+ 'I‘a[aima - ucoava]

+ F23[-A(l + 8y)min(s, - oé) - (1 - nzaa)eoa(ﬁa - 02)]}

(A-161)

h
i’— ‘,‘
' .
| .
. l
| .
v

A=-60 ]




aadion i

1 . Now equations (A-160) &nd (A«161) are substituted inte the
.|

moment equation (A~157) with the pivot friction moment
formulated again according to equation (A-3b):

1'
v ryFyp = as(dy = a))Fy,
{
bl -

(A=162)
i Where

1 + “2

2
1 - L + 1 "
Ay ‘“( ol AL B U Ll AL l (A=163)

A linva - #COIYa
Y. 6 *

e

‘ _— “2 ( b4)

5

. p(1 + a))ein(p., - 4,) (1 = e ) - 9,)
b s plotnity 2l nagdoomthy = sl | alves
b |

niy - ll)OOB(ﬁ' + 0‘)

2
(1 + o%a )min(p, + o)
> L L (A=166)
1 + &
3

' uainy + cosy
1 Ay = & £ (A=167)
’i\ 1+ “Z

o

4
A
k)
3

A-61
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%
)
{,
;‘.
E
E

Ay = (1 - #ala)ﬂin(@g_- Qg) = a() + 8;)c08(8, = 6,)

1+ u€

Finally equation (A-162) is solved for F12

Faxla | Tos

F =
12
D, Da

where

Ca » Ry - "[‘a‘a = Palhy + AIO)]

03 L “PE(A6 + Ag)

Dz = rba - “[.'(CH - a‘) + Pe(AS + Aa)]

(A=168)

(A=169)

(A=170)

(A=171)

(A172)

.
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c. KQUILIBRIUM OF GEAR NO, 1

Fipure A-13 shows the free body diagram of gear no. 1,

tne input gear.
The contact paint.di.corresponds to that shown in Figure A-12.
According to equation (A=~149), the normal contact force

between pinion 2 and gear 1 becomes.
Foy = =Fialyp (A=173)

The associated friction force is the negative of equation (A=1%0),

10900
Ffa1 = - “51FIZEN12 (A=174)

The normal forces on the pivot shaft are given by

F,, = =F,l (A=175)
and

A=63
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The associated friction foruea ”Fle end uF,,J were chosen :3
With such directions that their moments oprose rotation due ﬁ-
: to input moment M, . K
o ¥
( Centrifugal force T, on goar 1 is given by i;
i "
0
i ¥
4 Ty o= 1,1 (4-177) - 4
Y 4
% .
%g Where, as with equation (4=107) y
0
E& 2 |
3 Ty = Ryutm, (A=178)
‘{' i
5 -3
1 and ,’
.}
f; | my = mass of gear 1 (a~179) %
;! ;
! j i
g i Force equilibrium of gear 1 is given by 3
o ;' i
: RICAERRTIPC P N Tt SIE 9 Fpd + umd
, * uF,T = o (A=180) “'_
.; Moment ‘equilibrium is given by 1
y ]
- .
Tz - oemaF, - w4 e Ry, * Py om0 (a-181) &
. A-65
|
iy [
it




Note that equations (A-180) and (A~181) have the same forms
as equations (A=109) and (A~110),
The force component expressions are the same as given by
equations (A=111) and (A-«112), and their simulteneous solution
for the pivot forces is identical to that given by oquations.(A-llj)

and (A=114), i.e..

-F,£R1 - naul)sin(ﬁ1 + "1) + u(1 + sl)cma(ﬁ1 + o,)]+ T,

F =
x1 1+ “2
(A=-182)
and
. Flal;(' + l,)ain(ﬁl + 9 - (1 = uaal)con(ﬁ1 + 01)] - uT,
, _
N 1+ ue

(2=183)

Equations (A=182) and (A-183) are now substituted into equation (A-~181)

according to the method or equation (A=3b)

RgrtFiz = #ey@iFpp = My + weg[Fialagy + Apg) + 7y(app + “14ﬂ

= O
(A=-184)




e

1
1
where %
i
]
2 '}3
(1 -~ u®sy)edin(p, + 6,) + wu() + s, z08(g, + 4,) ]
Ay = ‘ 1 ! : — ] 1 (A-185)
. ‘
1

w(1 + 8))sin(a, + ) = (1 - uas,)coa(ﬁl *0y)

A = (A=187)
3 ‘5 I + “2 1
Ay, = S (=188 |
14 1+ uf ~188)
j\'.i Finally, equation (A~184) is solved for Flo
T :
i M T,C !
F, = Din - ;4 (A-189)
- i
g 5 3
i ; q
: ' where 1
| |
| _

i . D} = Rb' - ﬂ[a'al - PI(A11 + A15)] (A-191)
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- To obtain the input-output relationship for the complete ;
o r
y gear train, equation (A-189) is now set equal to equation (A~169). .%
£ This furnishes ‘

D. c i
2 f
273 2 :
!
The above 1s then set equal to equation (A=144). This results !
¢ &
, in the input-output moment relationship ﬁ
1 j
| ' D,D ¢.D §
| C,D : c b
! 2Ps 2 {
b 5
i |
; : )
g .
b
L
g-l
x
\
h : .
;k A=68
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6., AUXILIARY GEOMETRIC AND KINEMATIC EXPRESSIONS FOR _TWO AND
THREE STEP-UP GEAR TRAINS WITH INVOLUTE TEETH

e T e I Ao D R AT e

| a. NOMENCLATURE FOR INVOLUTE GEAR TEETH

pinion set i

Ryy» *py = base radii of gear and pinion of 1*! gear and
pinion set

Roi' rey ° outside radii of gear and pinion of ith gear and

| Rpi' rpi = pitch radil of gear and pinion of 1th gear and
g
j
i
! pinion set

P TSy

e E b sl e

effective pressure angle of Jth mesh

[ =
1]

P
2
1]

distance from spin axis to pivot of ith gear and
pinion set

i e

e e e - -

b. ANGULAR RELATIONSHIPS BETWEEN PIVOT HOLES !

; - Figure A=14 shows the angular relationships between the %

lines connecting the pivot holes as well as the spin center,

1 (See also Figures A~5 and A=10.,) The following serves to
|
|

determine the angles vy and Ay for certain combinations of

gears and pinions as well as spin radii ti.
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ANGLE 71

From

(Rpt * Ppo

one obtaing

one obtains

)2

If&?

+ mg - a’k‘Racosva

]
- P
+
-
™\ I
]
P
79.50
+
e |

ro
N

(A=194)

(A-195)




Also with

R S e - i

i Y
i L
>
i
i
@l one obtains
&;
4
é! Y 4 s 7 3 +* 74
: |
|
f
g ANGLES 3,

Since

] 2 2

]
af Ry +r)? ¢ &) - g

3, = oco8
2&1(Rp‘ + rpa)

? Similarly,

L .
' ' ’ . i "
FER TR PR L O PRI ATy LNRR T (R HIFLLRERT TNCAY T\ LN ) A s abz e st b ks acdndan e t

e G ST arv s i o a o Tl

Sl L
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(A=196)

|
|
|
j
(A=197) i
|
|
\

{A=198) ' i




and

e L o s
BII .

2, p2 _ @2
-1 Bz ) %5 - Ry

2'&’3(R93 + rpu)

(A«199)

PORUBPRRIT SRR

[P

: ANGLES 4,

| ! 1
& i
E‘ wWith Equation (A=197) j{
motor ey o
y

! Further, with Equations (A-194) and (A=198)

iy = 75 + (r = 83) (A=201)

2 e
T e Sao

ﬁ} = 7} + (r - 84) (A=202)
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A=73
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¢. DETERMINATION OF CONTACT POINT C FOR VARIOUS MESHES

Figure A-15 shows the points of interest along the line of
action of an involute gear which drives an involute pinion.

Points L and L' are the points of tangency to the base circlaeas

of radiue R, and r,,respsctively,and the distance d = LL', Initial ...

contact is made at point M, where the line of action intersects
the pinion addendum circle of radius r .. Final contact correaponda
to point N. Here the line of action intevsects the gear adJendum

circle of radius Ro'

The position of the instantaneous contact point C with reapect
to point L, l.e,,the length, a, s oxpressed with the help of

instantaneous fngle « which has its origin at the line O,L. Then,

a = LC = Rba (A-E’.O})

A computer procedure for the determination of in-
stantaneous angle o of any mesh muet first find the asso-
ciated initial and final angles of contact oy, @nd Opine
In addition,it must contain a method for incrementing
engle a. The following shows such a procedure for each of
the meshes of a two pass and a three pass step-up gear train,

together with a moans of obtaining the pigns of the signum
teroe.,
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1.) MESH OF GEAR 1 AND PINION 2 i

i The total 1ength.dl = LLY is given by

d' u (Rbl + rbl)uno1 (A=204) ;

The initial angle of oontuct.a‘IN.il obtained from

Ve, - 2,
! (R, + rpodtang, « Yro, = r l

Rp Rpy i 1

v ! Similarly, the final angle of oontact, "1FIN‘1' glven by |

2 _ g2
ol b1 (A=~206)
Ry

R

“ fin "

The magnitude of the increment Aae, depends on whether one
. deals with a two step-up or a thres step-up gear train,

Assuming that a two step-up train is involved and that one

! wishes to compute the length P of mesh 2 Ka times after the first

sontact, the angular inoromnnt,duaz,hun the magnitude

A=76




0 e ) e e

a - o
2fin 2in
Auaa = (A"ZO?)

K>

(The second subscript refers to a two step-up configuration.)
Because of the transmission ratlo between gear sets 1 and 2, the

associated angular increment of gear | will be smaller than Aanny i.e,,

r
= b2 -
Aala = Ama2 (A 208)
Rp1

The instantaneous angle,a‘.will then be given by
T L P [P LY (A-209)

and, the instantaneous distance,a],becomes

81 = Ryl oqan * 3y2093) (4-210)

In the above, 312 reprosents the number of times the angle a«y
has been incremented. While the total number of increments depends
on the length of contact, the incrementing of «y comes to an end

when @y 2 Agpype This also corresponds to a complete mechanism
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cycle. Since mesh 2 goes through Rm/rb2 times &8 many cycles
as mesh no, 1, the angle @y has to be re-initialized to 540 when
@, 2 O34 i.e. after K> increments. (For simplicity it is

assumed that the motion starts when all meshes are at their

initial contact angles,ain.)

When a three step-up gear train ia involved, one must make
sure that enough computations are made for meah 3. Assuming

that K3 increments are to be made, one obtains

“3fin “3in (A=211)

33
Ky

The assoclated angular increments for meshes 2 and 1 then become

o a,, _ b3
A 23 = A 33 Rla (A=212)
4]
and
r r
Bagg = Aagg B 4 _ 02 (A=213)
Rp2 Ry

For this case the instantaneous distance a, becomes

8p = Ryl + Jyzaagy) (A-214)

A=78




313 atands for the number of tlimes @ has been incremented at any
gliven instant. This incrementing again ends when ay 2appqpe

Meshes 2 and 3 are re-initialized to “24n and agy as often as

n

12 necessary to complete one cycle for mesh no. 1.

The algn of 8, i3 best obtained from the fact that at

piteh point Py

0 LP Rb1tan9\
! ] = = = tang (A=215)
4 p R R !
v bl b1
m- then for
'2
;“..
o« < tana1 : 8, = +1
3 tang, : 8, = 0 (A=216)

A

=
)
A4

tano1 ' B, = -1

S e
-
.
3

=




T ST T

2.) MESH OF GEAR 2 AND PINION 3

Similar to the previous section.

d2 = (Rba + rb5)tanoa

- (Rba + rbB)tanaa - v r§3 - r%;

2 2
3 ﬁoa = Rpa

[
Rpz

“24in

“2fin

For a two step-up gear train,the instantaneous length,az,becomos

8y = Ryslaay, + Jpp8ap,)

Where ey, 18 given by Equation (A-207) and

Jaa = 1, 2, [N Y Kao

(A-217)

(A=218)

(A=219)

(A=220)

When ap 2 apey it nmust be re-initialized to Uo4n until mesh no, 1

has completed its full cycle.

A-80

Kﬁw‘n«W)WNM&*&MWWW‘&SHM\{& S LS A 3 U N Y gt e -

o e et e o

e Sy Lo




{ |
: For a three step=up gear train.the length.az.becomes %
; 82 = Ryplogyp * Jpzoeas) (A-221) |
| :
! with aany given by Equation (A-212). 323 stands for the number @
] )
¢ of times “, has been incremented and again depends on the length ﬁ

‘ of contact, Re-initialization follows the same rule as given above. .
- The sign of a, is obtained as follows: (See Equation (A-215).) é
R :'
: ]
ii _: For %
% @ ( tang, i B, = +1 :
? a, = tane, i 8, = 0 (A=-222) |
«l ’ . Ls
§ “ ap > tangy : 8, = =] j
: \ {
5 ‘
|

i i A e

A-81
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3«) MESH OF GEAR 3 AND PINION 4

Again, in the same vein as in Section 1,

d3 = (Rb3 + rw)tan03

2 _ .2
. . (ij + rba)tano3 Toy = Thy
24n

Rb3

] 2
. Jnos = Fys

“3fin

The instantaneous length.aj.il given uy

83 = Ryglagyy + Jygoeyy)

(A-223)

(A=-224)

(A=-225)

(A-226)

where atyq is given by Equation (A=-211) and 533 B 1, 2, eee Ki'

~henever n5 2 “3ein it must be re~initialized until mesh no, 1

cemnlnted dts full cycle,

"he sivn of 35 is again obtained with the help »f an expression

Equation (A=215):

A-82
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! ) < tano3 : 8, = +1

{. ‘ 5 = tanf, = 0 (A=227)

&
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: a3 > t;amﬂ3
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APPENDIX B

DESIGN OF UNEQUAL ADDENDUM INVOLUTE GEAR SETS WITH STANDARD
CENTER DISTANCES

One of the ways of preventing undercutting in pinions with
small numbers of teeth, which must mesh with gears of unequal
and larger numbers of teeth, is to decrease the pinion dedendum
together with the gear addendum by the necessary amount, 7o
maintain standard working depth for such a mesh, the addendum of
the pinion as well as the dedendum of the gear are increased by
the same amount, (This, of course, preaupposmes that the gear
is not undercut by this modification.) This can be accomplished
without any change in the standard base and pltch radil or the
associated standard center distance by '"withdrawing" the hob

during the cutting of the pinion and feeding it "“"deeper" when the

gear is cut, In this way the pinion, which has its ouside radius
increased by the hob withdrawal distancs, will have a larger than
standard cilrcular tooth thickness at its standard pitch circle.
The outaide radius of the gear is decreased by the same amount.
Becaume the cutter is fed to full depth, the gear tooth thickness
at the standard pitch circle will be less than standard,

The following gives the design stepa for this type of gearing

and illustrates them by way of an example,
B~1




& 1« STANDARD GEAR NOMENCLATURE

N = number of teeth of gear

n =  number of teeth of pinion Q
5 ¢ =  pressure angle
P a N = .. - diametral pitch 2
l d 2R 2r 4
L Fos = standard circular pitch at pltch circle, where also 3
o a
" "R

i Rp, rp = pitch radii of gear and pinjion,reapectively

Rb s Rpcoae s base circle radius of gear

ry = rpcoao y base circls radius of pinion

i Teg? tca s Tcs y ¢ircular tooth thickness of gear and pinion,

reapectively,at atandard pitch circles

— =z standard gear addendum
Pa
1,157 = standard gear dedendum
P
d

R
I

o ;:\ ,;\&:L '
3 4 ‘\u}'lu'v. T )
k ! A J‘l&l'«\"!_} e \\'“ '
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2. DETERMINATION OF HOB WITHDRAWAL DISTANCE C

Figure B-1 indicates the relationship between the piniovn
pitch radius,rp, its root radius,rr,and the rack cutter addendum A.

The root radius is formed by the addendum line of the cutter |

tooth, so that : 3

P, o= T, - A (B=1) q

In order to avoid undercutting, the addendum line of a sharp
cornered cutter muJut not pass below point L, the tangent point
of the line of action and the base circle (see Figure B=2),
The minimum root radius,rrm,becomea for this case

r s r,cosy = r coaaa (B=2)

rm b p

When the rack tooth corner 1s rounded off with a radius Lo ;
as shown in Figure B=3, the eoffective addendum line of the cutter f
tooth imoves up the distance r°(1 -« 8ind). To avoid undercutting j

with this type of cutter, the effective addendum line must not

pass the base circle below point L ir Figuryu B-2, This allows

-

a reduction of the minimum allowable root radius to

B~3
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—— a - - -—
Crme = rpcos [ rc(l aing) (B=3)

By common usage the corner radius may either be

.051
Pa

(B=4)

or it is chosen such that the second term in Equation (B-3) becomes

r,(1 - sing) = _;122_ (B=5)
Pd .

(This makes for an effective cutter addendum of I/Pd.)

Hob withdrawal becomes necessary if the root radius, obtailned
by setting the cutter to standard depth, is smaller than the
minimum given by Equation (B«3). Thus, the hob withdrawal C

is obtained from Equations (B-1) and (B-3), i.e., N
¢ = r - r (B=6)
With the cutter addendum A = 1.157/Pd. and using the expression

of Equation (B-4) for the rack corner radius, Equation (B-6)

becomes

B=7
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C = -1 (1 + .157sin4) - r_sin®s (B=7)

Py

If Equation (B-~5) is used, with the same definition of the cutter

addendum, one obtains for C

C 2 e = r._sin%e (B=7)

3. OUTSIDE RADII OF PINION AND GEAR BLANKS

The outside radius of the pinlon blank becomes

r = P4 e + C (B=8)

R = R+ o, = 0 (B=9)




" e e,

4, TOOTH THICKNESS AT PITCH CIRCLES OF PINION AND GEAR

Since the thickness of the hobtooth at the pinion pitch

circle will be reduced by the amount 2Ctan#d, due to the withdrawal

C, the circular thickness of the pinion tooth at this location

will be increased by this amount, i.e.,

t = t + 2Ctang

The gear tooth thickness will be decreased to

T = T - 2Ctang

(o} c8

at its pltch circle.

(B=10)

(B=11)

B
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5. TOOTH THICKNESS AT OUTSIDE AND BASE RADII BY INVOLUTOMETRY

The circular tooth thickness at an arbltrary radius of an
involute tooth may be obtained if the tooth thickness, radius,
and pressure angle of any other location, such as the pitch c¢ircle,
are known together with the pressure angle at the arbitrary
radius. {SQQ Equation (5-5), pg. 80, E. Buckingham: Analytical
Mechanics of Gears, McGraw-Hill Book Co., Inc. New York, 19#9{]
Accordingly, the circular tooth thickneaa,to, at the

outside radius of the pinion, may be obtained from

e

LR LA, ZPO(INVOOP - INVS) (B=12)

]
o

where

INVe = tand - 4 , the involute function corresponding to
the pressure angle ¢

é = pressure angle of mesh. This is also the
pressure angle at the pitch circle.

-1 Ty
r

00p = cos , the pressure angle associated with the

o outside radiu. Jf the pinion

B=10
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,

Similarly, the circular tooth thicknoss,To,at the outside radius

of the gear ia obtained from:

R
0
To = TC?{" - ERO(INVOOG - INV9) (B=13)
b
where
-1 Ry
OOG & CO8  wme— , the pressure angle associated with the
R, outside radius of the gear

The tooth thicknese at the base circle radius of the modified

pinion 1s given by

t, = t,c088 + 2r INVe (B=14)

This becomes for the gear

T, = T,coss + &R, INV# (B=15)

(The above is only of theoretical interest in case the inter-

tooth space is not cut below the base circle radius,)

B=11
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6. EXPRESSIONS FOR CONTACT RATIO AND PINION OUSIDE RADIUS FOR

UNITY CONTACT RATIO

The expression for contact ratio [Equation 4=19, pg. 72,

E. Buckingham: Analytical Mechanics cf Gearé] is given by

2 P 2 2
o~ Rb + ro =Ty - (Rb + rb)tano

(B=16)

P, gCO8¢

If the contact ratio of a certain mesh is larger than unity,
and one wisheas to reduce it to unity by reducing the outside
radius of the pinion, one may find this new pinion outside radius

with the help of

2
r& n “/rg + [ Poatos o ¢+ (Rb * rb)tnno - Rﬁ - R%]

(B=17)




7. _EXAMPLE

Design a pinion and a gear with the following specifications:

Pq=Uky N=U2, n=8, o= 20°

This givea %
: Ry, = 47727 in, (1,212 cm) ry = «09091 in. (.231 cm) 3
I Rb = Rpcu 20° =.44848 in, (1.139 . ¢m) T, = 08542 in, (.217 cm)
4 ~ 3
' Pog ® —— ®.07040 in, (181 cw) T,y = b, = 403570 in, (.091 em)
by

According to Equation (B-7), the hob withdrawal, C,is computed as

6w 1 = .090918in%20° =  .012093 in. (.031 cm)
by

Then, according to Equations (B~8) and (B=9)

09091 + ,022727 + .,012093 = «1257% in. (.X19 cm)

> §
n

3
H

o 47727 +  ,022727 <« 012093 = 48790 in. (1.239 cm)

oo T .

e e

B=13 4




The new tooth thickness at the pitch radii 1s found with the

A help of Equations (B-10) and (B-11)

5 t, = 03570 + 2(.012093)tan20° =  ,04450 in. (.113 cm)

T, = .03570 - 2(.012093)tan20° = ,02689 in. (.068 cm)

For the purposes of the present analysis,the pinion outside

radius is now reduced to obtain a contact ratio of unity. With

« TR T

Equation (B=17)

PR Sl S

’é n 110 30,279 cm) This is essentially the unmodified pinion radius of

, 118 in. (.287 cm).

3
]
v
E.
\x

Now compute the circular tooth thickness at the outside

3 radii r} and R, uaing the following data in Equations (B=12) ?
. and (B=13):
ﬁ |
' \
\ g = 20° INV 20° = 01490 %
§ .
i fop cos™! Jfﬁgﬁfi = 39,0509° INV 39,0509° = ,12969

«110

! -1 44848 0 0
0 a tos @ L2 = 23,1889 INV 23,1889%= ,02365
00 48790 ?.1889

e T e T A T




Then
; 110
H t, = «0u450 (= - 20110 )( ,12969 ~ .0149)= = .02800 in. (.073 cm)
‘; -09001
Qh and

T w 02689 (_182.9_.) - 2(+4879)(.02365 = .0149)= 01896 in. (.048 cm)

4772

. These are sufficient to allow for rounding off the testh,

i Finally, check that the gear is not undercut. The actual
r

¢ root radius of the gear ia

i

L

\

R, = 20157 w4879 - 04902 ® L4389 1y, (1.115 em)
4 fa

P

2

The mininum permissible root radius without undercutting,

according to Fquations (Be3) and (B=4), ia computed from

Ry = Rocos®s = =2T(1 - oing) w .47727(.883) - .0023 i
. J
d

= 819 g, (1.064 cm)

-y

Thus, the gear is not undercut,

B=15
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APPRNDIX C

COMPUTER MODELS FOR STEP-UP GEAR TRAINS WITH INVOLUTE TEETH

The present appandix contains descriptions,listings, and

N sample outputa of the following involute gear.train-related |
computer prosrams: i
1, Program INVOL ) : Design of unequal addendum involute

i gear and pinion set with unity cone
- tact ratio,

1 2. Program INVOL 2 : Pcint and ocyole efficiencier for
- single pass involute svep=-up gear
X meah with unity ocontaot ratio.

e ———— e e e e s s

! 3. Program INVOL 3 : Point and oyocle afficiencies for
b three pass involute step-up gesr
] train in apin environment.(All

meshes have unity contaot ratio).

3 | 4, Program INVOL &4 : Point and oyole efficiencies for
b { two panss involute step-up gear
= l train in spin environment,{All
meshes have unity contact ratio),

T e i

The relavant background,the input parametors,the manner

of the computations and the form of the output of each progrem

ars discussed in deotail. The program proper forms the last

| part of each mection,

4tttk g g e e bl sl b U e iV St LAl




JeProgram INVOL l: Design of Unequal Addendum Involute Gear

and Pinion Set with Unity Contact Ratio.

R et s

The program INVCL 1 is based on Appendix B which shows

the design equations for vnequal addendum involute gear pets

with standerd center distances.

The nomenslature of the prozram is chosen to

coincide a8 much as pcusiblie with that ol Appendix B,

I N

[

8. Input Parameters (See also Program INVOL 1, below)

The following parameters represent the input data of

i

the program:

PUBD - Pd s the diametral pitch é
NG - Ng » the number of teetn of the gear %
NP - Np » the number of teeth of the pinion }
THETAD 5 ® , the pressure angle of the mesh ws well es %

ot the hod (in degrees)
ISTOP - arbitrary single-digit integer for nmultiple data
sets, Must be mero for last set of data,

b, Computationn

i
:
1
)
i
!

The program computes the following quantities (where not

otherwise indicated,consult Section 1 of Appendix B for nomen-

clature):

l J -
CAPRP Rp
RP - rp
CAPRB = Rb
RB - I’b




l

X PSUBC - Pe k

TSTAND - tca
c - hob withdrawal distance, See eq (B-7)
« RO = r o, See eq (B-8). This is the original pinion i
; ° blank radius,. |
! CAFRO - R, s Bee eq (B-9) |
! i
- TC = t, s Bee eq (B=10) ,
q CAPIC . T, o Bee eq (B-11) 1
ﬁ TB - tb y 868 eq (B-1l4).Note also the computation ?
f of the involute function at the end of the ]
f program, f
5 ROFIN . r} , see eq (B-17). This is the pinion out- y
k side resdius for unity contact ratio, )
i THETOG - fogy Bocording to expression associated with ﬁ
; . eq (B-13) !
} THLTOP " oOP’ according to expression sssoclated with i
eq (B-12) i

| CAPTO - T, + 8ee eq (B=13) 3

{ 0 - t, + 866 eq (B-12). Computed with ROFIN, J

' CRATIO - My v B8 €q (B=-16)s This is the original j
\ contact ratio ,which uses the unmodi- ‘
g fied pinion blank radius RO, i
E CRFIN - representa the contact ratio when computed
§ with the final pinion blank radius ROFIN.
ﬁ ROOT - actual root radius of pinion
\
El CAPROOT - actual root radius of gear
CAFRMIN - er s %oe cquations (B-3) and (B-4)




¢. OQutput of Program
The output of the program i1s best explained by means of

g the first sample computations which are shown at the end of

the program. This example is identical with that given in
sectlon 7 of Appendix B, The output ligts the following:

I. The input parameters, PSUBD, NG, NF,and pressure
angle ,THETAD, are printed out,

II. The above 15 followed by computational results for

CAFRP
RP
CAPRB
TSTAND
¢

S E L R A SSASSS i<

=T

CAFRO

PR e

RO, this is the original pinion blank radius before the

g ; unity contact ratio modificationm,

CRATIO, note that for the given case, this original contact
ratio equals 1.3

ROFIN, the pinion outside radius whioch corresponds to unity

contaoct ratio

T Tt e BT T T

CRFIN, this, of course, has to be unity because of the ume of
ROFIN, This computation serves as a check.
CAPTC, this tooth thickness, as well ap the following one,

is useful for strength computations

R T R e

e e S
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TC
THEOGD, thls pressure angle, as well as the following one,
corresponds to the final outside radil of the gear
and pinion, respectively, and is needed for the
computatlons of the tooth thlcknesses at the outside
radii
THEOFD
CAPTO, this tooth thickness at the outside radius of the gear,
as well as the following one for the pinion, must be
sufficlently large to allow for the presence of a tip
radiusg
TO
CAPTB
TB
CAPROOT
ROOT
CAPRMIN

The values of the lasg! five parameters are to some extent

interconnected, First, 1t is important to sece whether the gear

15 undercut. This dous not vccur as long as CAPROOT 1is larger

than CAPRMIN, il.e,,the actual root radius is larger than the

minimun allowable one. The gear tooth thickness at the base

circle is of interest for strength purposes. Since, for the

given case, CAPRB = .44849 in. (1.139 cm) and CAPROOT = .4388 in. (1.115 cm)

the base circle lies above the root circle, and the greatest cross-section

of the tooth is approximately equal to CAPTB. TB is called the theoreticsl

e’

=,

B e e a

PP PP

. e e ool i




pinion tooth thickness at the base circle since it is possible

that the base circle lies below the minimum allowable root circle
of the pinion. In such a case, the actual tooth may be weaker

than indicated by this dimension. For the present case, RB =

.08543 in, (,217 em) and ROOT = 07671 in, (,195 cm), and therefore,

the base circle, which lies above the root circle, gives a good

indication of the actual tooth cross-section at the root.
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3
!
el
. ’{
g }
"| \ a(
b |
b |
.' l
!

;

i
i

x

. |

h “

bi |

‘ {

3 |

A

L

9

:‘I N

0

b

g ! l‘
4, .
3 i
A w
¢

L

h'

h

!
; Program INVOL 1

R
N g
j?; Thls program contains five different sets of gears. This }

j will be of use in programs INVOL 2, INVOL 3 and INVOL &, :
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2. Frogram INVOL 2: Point and Cycle Effjoclencies for Single
Pags Involute Step-~Up Gear Mesh With

Unity Contact Ratio
The program INVOL 2 is based on seotion 3 of Appendix A,

which gives the moment input-output relationship for a single
step-up gear mesh with involute teeth. The mash has unity ocontact
ratio. Again, the nomenclature of the program is chosen to
noincide as much as possible with that of the original deriva-
tion. The contact geometry is adapted from seotion 6o of

Appendix A,

a, Input Parameters (See als rogram in seotion 4 below
The following parameters reprosent the input data of the
program, Most of these are taken from the results of INVOL 1

gince the moment expressions are for unity contact ratio only.

CAFRP = Rp. the pitoh radius of the gear

RP = rp, the pitch radius of the pinion

CAPRO = R,, the outside radius of the gear

ROFIN = R], see eq. (B-17). This is the pinion outside radius

for unity ocontact ratio.

RHOCAPN = rp, the plvot radius of the gear

RHON = Py, the plvot radius of the pinlon

MU = u, the coefficlent of friction at both pivots as well as
At the gear and pinion contact polnt

K, range divisor, l.e,,1t represents the number of times the

output moment and the efficliency are computed betwesn

initial and final contaot of the gear and the pinion

C-16
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ISTOP, arbitrary single diglt for multiple data seta. It must

be zero for the last set of data.

b. Computations
Both point and cycle efficiencles are hased on eq. (A-25).

With the help of eq. (3), the point

efficiency becones
. iry - u[ﬁ;}-s(d-a)] ’ ca
P™ TRy + u(Py ~ s8]} % (0=1)

Since the angular velocity is conatant for invqlute gears,

and may be expressed in terms of the base circle radil Ry and 1y,

Ry
ratio 5 Tp
THherefore,
P = B, (POINTEF) (C=3)

as given by eq. (A=26),
The oycle efficiency expresaion 1s based on eq. (4)., If

one replaces both integrals by summations, one obtains

LM
!o [ ] u—-—o—-A-L (C-u)

where AP and Ay now represent inocremental cshanges in the input

and output angles, respeotively. The input moment iz constant

C-17
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over the total interval. Also

§ LA® = Qppy = apy (c-5)

g (See eqs. (A205) and (A206),)

; The increment Ay is also constant and may thersfore ve

% taken outside the summation sign. It 1a expressed with the

: help of a9 i
; a - a ﬁ
v A9 w 4% w EN’R"—E = DELALPH (c-6) 3
e
%. (This is an adaptation of eq. (A-207) to the single step-up !
g mesh, ) ]
i 1
With the above ;
& 3 = Kpgpyo 40 (c=7) !
. i
f Substitution into eq. (C-4) gives 2
. . Kragio aa LM, (C-8) é
J o " : !
: Min (apry = agx) g
| !
; 8ince :
é !
E M

= 'p = Kpatio EJL (c=9)

! in

|

: one obtains for the nycle efficisncy

|

<

: Aq L

| o = — P (CYCLEFP) (C-10)

§ (apn - o)

C-18
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To arrive at expressions for both POINTREP and CYCLEFF in
the program, the following other important computations are

necessary!

ALMHIN o aiye 8ee eq. (A-205)
D = 4, see eq. (A-204)
A = a, ses eq., (A-203)

The signum value s 18 obtained according to eqs. (A~215)
and (A-216), which are alternate ways of expressing eqs. (A-€}

to (A-8),

6. Output of Program (see Program INVOL 2, belov)

The output of the program is best explained by meansg of
the single sample computation which 1s shown at the end of
the program., This example uses the data of the first sample

output of INVOL 1. The output lists the following:

I, Input Parameier:

The input paramsters CAFRP, RP, CAPRO, RO and THETAD are
reproduced., In addition, the following dimenesions, which were

selected from a practical viewpolint, are shown

RHOCAPN = fy = ,060 in. (,152 cm)

RHON = pp = 4030 in. (,076 cm)

MU = 1 = .2

K = 25 (no substantial changes in cycle efficlency were

encountered for larger values of K)

¢-19
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II. Computed Values
s The point efflciency 1s listed as a funotion of the angle a,

A

i
|
!
A
‘.

while the cycle efflclency is computed for the interval from o TN 'F k-
i to Qppy+ The signum parameter, 8,18 listed for checking purposes, ? g
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3. FProgram INVOL 3: Point and Cyole Efficlencies for Thrse g
Pags Involute Step-Up Gear Train in .
Spin Environment (All Meghes Have Unity i
Contact Ratio)

/ The program INVOL 3 is based on section 4 of Appendix A,

e

fw which derives the moment input-output relationship for a three
i pass step-up gear train operating in a spin environment. Again,

all meshes have unity ocontact ratin, As previously, the nomen~

olature of the program is choasen to coincide as closely as
posasible with that of the original derivations. The expressions | f

for the contact geometry and other auxiliary geometric terms nay

be found in section 6 of Appendix A.

PR TPy

a, Input Parameters (see Program INVOL 3, below)

The following parameters represent the input data for the

A Y

;A 7 program, Those which involve gear dimensions only muat be

obtained from the results of INVOL i since the moment expressions

b et

are derived for unity ocontact ratio only.

RV . T

! MU o 1, the coefficlent of frioction at all pivots and at

all tooth contact pointa

eI

RPM, revolutions per minute of the fure body

et At

CAPRPL = Ry
CAPRP2 = R;5
‘ CAPRP} = Ryy

—

é RP2 = Tpp ; a
: i

% RP3 = rpg .
A RPY rpu

A s LA 0 <

e L T L TNV SRS



THETAL w 0

BRI A -

g! THETAZ = 8, i

Ei THETA3 « 0, ]

\ ISTOP, arbitrary single digit integer for multiple data set, '

‘ It muat be zero for last set of data. L

| R R i

%‘ R2 .« R F
R o &),

! RHOL w by 1

| RROZ = #p 5?

N RHO3 = Py ,

? RROL o 7y

% CAPREL = Ry

E CAPRE2 = My

é CAPRE] = Ryq

3 RB2 w Ty

i . RB} = Tyg

;’ RBYV w 1y

] CAPROL = R, |

| CAPROZ = Rgp :

i CAFRO} = Rgy !

| ROZ = T ;

; RO3 = 1oy Y

1 RO4 = réu

i Ml - By mass of ihput gear 1 ]

; M2 = my, mass of gear and pinion 2 B

;

% C-25
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M3 = m4, mass of gear and pinion 3

MYt m,, mass of pinion 4

MD = md?, the "mass-distance" product contained in the expression

for the input moment Myj,
K = K3. the range divisor which is associated with gear 3,
the driving gear of the lmat mesh (ses eq. (A-Z11))

b, Computations (see ¢ ards in progres)
1. Computation of MIN, GAMMA3 end RETAS

To start with, the program computes the input moment
MIN w My, w mau? (Cu11)

Subsoquently, the angles Yoo y3. Yy, and By 52' 33 are established

scocording to the expressiona given in msection 6b of Appendix A,

I1. peterminstion of Gear Train Constants
The determination of the gear train constants consists of

the following:

RATIO w Kpgtigr (888 eq. (2)), Since the angular velooity
is conatant, this parameter uway be expresased
in terms of the appliocable base radiil, l.e.,
Rpy X Rp2 X Ryy
Yp2 X Tpy X Ty

TESTL, TEST2 and TEST3 represent the tangent funotiona of
the mesh pressure angles, which are used in conjunotion with the

values of the signum functionas, a,

C-26
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Di, D2 and D) are given by eqs. (A-204), (A-217) and (A-223),
respectively, and repregent the distances betwesn the points of
tangency to the base circles along the lines-of-action of the
three meshes,

MTOT « O represents the initialization of the sum of the
output moments. This is used for the determination of the oyole

efficienocy.

III. QReterminatjon of Injtial and PFinel Velues of ALPHAS,
Initialigation of ALPHAZ and Centrifugel Poroes

The determination of the initial and final angles of
rotation ias accomplished with the help of subroutine ALPHA,
at the end of the program, which makes use of eqs. (A-205),
(A=206), (A-218), (A-219), (A=224) and (A-225), Thuas, the
initial values of the individual angloa of rotation, ALPHAL,
ALPHA2 and ALPHA) are represented by ALLIN, AL2IN and AL}IN,
while the final angles are given by ALIFIN, AL2PIN and ALIPFIN,

The angular inorements of gears ), 2 and 1, 1,e,) DELAL],
DELAL2 and DELALL, are determined with the help of equ. (A-211) -
(A-213), respectively.

The centrifugal forces, which aot on the pivots of the
various gear and/or pinion asssmblies, are obtained by way of
oqu, (A=33), (A-57), (A-B4) and (A=107).

IV, JPoint end Crole Efficiencies (See “output mopent®
in _prosrem)
Both point and oyole efficienciea are based on egq. (A-125)

for the output moment MOH w My,

c-27




- The point effloiency is computed direotly in the manner
g“l of eq. (3), Lt.e.,

[4

M
o = Kratjo 2t = POINTEF (c-12)
Min

The oyole efficiency is treatsd in the manner of eq, (C=8), -

1.4, ’

T

'p -

Myn (@yppy = a118)

AT

|
i
K |
ratio 4% BMok | eycrger (c=13) ;
|- The program gives the summation as i
i
|
1
!

| NTOT = IM,, (C-14) |
;
| V. Gear Train Motion Model L

The simulation of the gear train motion, which is necessary ‘
for the computation of both POINTEF and CYCLEFF, is found in a
; loop which starts with statement label no. i4 (ocard no., 116)

T

% : and ends with oard no, 199, As discussed earlier, the motions :
“\ : of the individual driving gears are initialized at their respec-
tive angles ,AL1IN, AL2IN and AL3IN., (This ‘

P
kT s e il

starting of the total train is arbitrary and is done only for

convenience, There is an infinite number of other starting

et T e T AT S DR

oombinations sach of whioh produces a different starting point

efficiency,) The position of each mesh is subsequently inoremen- §
.‘ ted by the appropriate DELALL, DELAL2 or DELAL3. When the angle
h ALPHAL reaches the magnitude ALIFIN, CYCLEFF is determined, and

the computation is ended. Since meszhes 2 and 3 go through

numerous ocycles while mesh 1 goes through one cyole, they have

Cc-28
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to be reset to their initial angles of rotation once their

respective final angles have heen reached, This is acsomplished
oy the conditional statements on cards 116 and 117.

The values of the signum functions 8y, 83 and 84 are
determined continuously according to eqs. (A-216), (A-222) *
and (A~227).,

The instantaneous poasltions of the contaot Al = a4, 4
A2 » 85,804 A3 = 8, are determined for eéach of the meshes by
| an appropriate adaptation of eq. (A-203)., (See also egs. (A-214), :
3 (A=220) and (A-226).) )

The determination of the instantaneous output moment, 3
MOl w Moy requires the continuous computation of the variable E
quantities Ay to Ay, C; to Cg and D; to Dy, which are given 1
originally in oonjunotion with the various equilibrium conditions

i
in section 4 of Appendix A, The program uses the following
nomenclature for these variables:

AAl to AA20
. ccl to CC6
' ' DDL to DDA

o, Qutput (see Program INVOL 3, below)

Again, the output of the program ia beast oxplalned by means

of the sample ocomputation whioh is shown at tiie end of the
l progran., This example uses the gear data of the first three

sample computations of program INVOL 1. The output lists the
followina:!

C=29
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‘ 1. Input Parameters ?
} Mesh No. 1 f
| CAPRPL = Rpy = 47727 in. (1,212 cm) 4
CAPRBL = Rpy = 44849 in, (1.139 cm) ]
CAPROL = R, = 48791 in, (1.239 cm) -
RP2 = T, = 09081 in. (.231 cm
) RB2 = Iy, = 08543 in. (.217 em) @
by RO2 w Tly = 411000 in, (279 cm) (This is an ROFIN as given by INVOL 1.) .
‘i Also, 3

THETAL = 0, = 20°

Mesh No, 2
CAFRPZ = sz m 20769 in. (.527 em)

CAPRB2 w Rpp = 19517 in, (496 cm) :
CAPRO2 = Ry, w 21579 in, (548 em) .
RP3 w Tpy = 406923 in. (176 em)
RB} = rpy = «06506 tn, (.165 em)
RO} = Toq u +0BOBY in, (.20 cm)
Also,

THETA2 w 0, = 20°

CAFRP} = Ry = 417532 in, (445 cm) .‘
| CAFRB) = Byy = 16475 tn, (,418 cm)
. CATRO} w Hoy = 18216 tn, (463 cm) !
' RPY w rou = 05844 in, (.148 cm) o
RBU w Ty w 405492 in, (.139 cm)
RO = rs, = 206828 in, (173 cem) R

C=30
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Also,
THETA3 = 05 = 20°

In addition,

MU = p w .2

RPM = 1000

M o= om om .51079 x 10°% 1b-sec?/in,
M2 = mp m 17413 x 107 1b-sec?/in.
M} = m; = .69788 x 105 1b-sec?/1n.
M o omy, = 2745 x 1070 1besec?/in,
RL = ®; = .75 in. (1,905 cn)

R2 = ®p = .75 in. (1,905 cm

R} = %3 w .75 4n. (1,905 cm)

Rb w Ry, w 75 0. (1,905 cm)

RHOL = 14
RHO2 = py

+060 in. (,157 cm)

«030 in. (,0v6 cm)
RHO] w P3 w 4025 in, (.064 ¢
RHO4 w n

+020 in. (051 on)
MD = md? « .15 x 10~

K w» 28

II. Computed Valueps

(8,943 g)
(3.049 g)
(1,222 g)
(0,136 g)

1b=seo? in. (16.944 g-:mzl

The polnt efflclenoy is given ms a functlon of the angle q,,
togather with the signum parameters sy, s, and 8y (given for

‘ | oheoking purposes). The cyole efficiency is shown at'tho %Pd

, of the output. In addition, the input moment ,MIN s printed out,
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] b, Program INVOL 4: Point and Cyocle Efficiencies for Two
H Pass Involute Step-Up Gear Train in
i !

5 Sein % 1 g Have
} Uaity Contmct Ratio) é

The prograr INVOL 4 18 based on section 5 of Appendix A,
which derives the moment input-output relationship for a two
\ pans atep-up gear train, cperating in a spln environment.

Here again, all meshes hava unity contaot ratio. INVOL & is

exprassions for the contact geometry and other auxiliary

¢
i1
%3 very siuilar to INVOL 3 in lts conatruction, Again, tha
:
P
5 geometric terms may be found in sesction & of Appendix A,

; a. Juput Parameterg (see Program iNVOL 4, below) ;
The following parametera represent the input data for the j

progran., Thoase whioch involve gear dimenaions only must be

' ’ obtained from the reasultas of INVOL i sinoce the moment exprosalons

are ugain derived for unity contant ratio vnly.

MU = u, ocoefficlent of friotion at all pivote and at all

...<-.=N-_‘A.¢“‘v_..

tooth oontaoct pointw
RPM, reovolutions per mir.ute of the fuze body
CAPRP2 = Rpa
“ | RF2 = I‘pz
RP) = rpj

IR e R g

= e et

THETAL w 8

THETAZ2 = 0,

Cuedr

¢ abninn gt ¥ el Sarte e ARV ke



i :
? ISTOP, arbitrary single.-digit integer for multiple data sets, !
3 It must he gzero for last set of data. ?
| Rl = ’21 =>.
Rz = Rp _ ?
B . % t
3 RHOL = 4 o
. RHOZ w 1y g
( KHO w  fa C
8 CAPRBI = Ry, .
g CAPHBZ = By, .
. RB2 n Iy, )
3 RB) = 1, h
CAPROL w R,y o
J CAFRO2 w Ryp o
| ROZ = fop B
RO} = roy )
. M = By, WARS of input gear 1 b
?E MZ w m,, nuss of gear and pinlon 2 E&
M3 w ms, mams of pinion 3 !
MD = mdz. "nans-distance® product contained in the following
expression for the input moment M,, 3
; K = Ky, the range divigsor which is asnociated with gear 2, j
; the driving gear of the last meah for thia ocwmse ;
(nee eq. (A=207)) 5
¢
i
: 5 Cmtits
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b. Computations (see COMMENT ca r amn

I. Computation of MIN, Gammas and Betas

To start with, the program computes the input moment

MIN = ”ln - mdw2 (0-15)

The program computes the anglea Yoo 73 and Bi. Bz acoording
to the expresalons given in seotion &b of Aprendix A.

II. Det ati ant

The determination of the gear train constants oonasists
of the following:

BATIO = Kpapyqe (8e@ 6q. (2)). Since the angular velooity
is oonstant, this parametel may be sxpressed

in terms of the applicabla bass radii, i.e,,

ooy X Tz
rbz x rba

TESTL and TEST2 represent the tangent funations of the
mesh pressure anglesg, which are used in conjunction with the
valueas nf the mignum functions s,

Di,and D2 are given by eqs. (A-204) and (A-217), respectively,
and represunt the diastances hetween the points of tangenoy to the
base circles along the lines-of-actlion of the two meshes.

NTOT = O represents the initialization of the sum of the

output moments., Thls is used for the determination of the uvyole
efflciency.
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III. Determination of Initial and PFinal Values of ALPEAS.
Initialization of ALPHAS and Centrifugel Forces

The determination of the initial and final angles of
rotation is acoomplizhed with the help of subroutine ALPHA,
at the end of the program, which makes use of eqs. (A-20%),
(A=206) as well as (A-218) and (A-219)., Thus, the initial
valuss of the individual anglea of rotation, ALPHAL and ALPHA2,
are representad by AILIN and AL2IN, respeotively, while the

final ones are given by ALLFIN and AL2FIN,
The angular inorements of gears 2 and i, i.,e,, DELAL2 and
DELALLl, are det 'mined with the help of eqs. (A-207) and (A-208),

respectively.
The sentrifugal foroes, which act on the pivots of the

various gear and/or pinion aasemblles, are obtained by way of

eqs, (A=131), (A~154) and (A«178),

IVv. Point and Cyocle Efficiencies (See "output moment"
in _program)

Both point and oycle efficliencies are Laned on eq. (A-193)

for the output moment MO w “oB'
The point efficlency 1s computed directly in the manner

of 8q. (3’. lio,,

p = Kyatio :_’1‘2.1 = POINTEF (C-16)
in

The oyole officiency is treated in the manner of eq, (C-13),

1060.
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» - Kratio 431 LMy
Myp (2ypIv - 211y)

= CYCLEFF (C=-17)

% The pr.gram gives the summation es

%; MTOT = LM 4 c-18)

e V., Gear Train Motinn Model

ﬁ; . The simulatlon of the gear train motion, which is hecessary

f for the computation of both POINTEF and CYCLEFF, is found in a .
loop whish begins with statement label no. 14 (card no, 98) &

ard ends with card no., 161,

Ay discussed earlier, the motions of the individual driving

gears are initialized at thelr respentive angles,AlLlIN and

AL2IN. (This starting of the total i.ﬁ

train 1s arbitrary and is done only for convenlence, Theres

R

is an Anfinite numhexr of other starting ocombinations, each of

which produces & different starting point efficiency.) The i

T

positlon of eash mesh 1ls subgeyuently incremented by the appro-
priate DELALL or DELAL2., When the anglc ALFHAL reaches the k
magnltude ALLFIN, CVCLEFF 1s determined, and the computation

i3 ended. Since mexn 2 goes through s number of cycles while ;
mesh 1 goes through one cycle, mesh 2 has to be reset tr its |
starting position, AL2IN, once the angle AL2PIN har been reached. 3
This is acoumplished by the conditional statement on card no. 98. *

o The values of the signum functions 8y and s, are determined

continuously accurding tc eqs. (A-216) and (A-222),
The instantanecus positions of the contact, Al w a, i

and A2 = a,, are determined for each ¢f the meshee by appropriate

. C=47
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mdaptations of egq. (A-203)., (Yee also eqrn. (A-214' =nd (A-220).) ¥

The determination of the instantansous nutput moment, . .
MO3 = M°3,requ1res the continuous computation of the variadble
quantities A; to Apyy ¢ to G, and D1 to D3’ wriish are glven
orlginally in conjunction with the various sguilibrium conditions ]
in section 5 of Appendix A, The prograc uses the following K.

nomenclature for these variables: 1&

)
AAl to AAlLL LR
cCL to Cch 3
DDL to DD3 i

¢. Output (¥oe Program INVOL 4, below)

The output of the program is agein oest explainad with the i3
help of the sample computation shown at the end of the progranm. K
This example uses the gear data of the tourth and fifth sample 3 i
computations of program INVOL 1, The output lists the followlng: i

I, Input Farameters | v
Mesh No. 1 §

S S

CAPRPL = Ry = .63636 in, (1.6i8 cm)
CAPRBI =» Ry, = .59799 in, (1.519 em) 1
CAPROL = R, = 64700 in. (1.643 cm) 1
RPZ = rpp = 09091 in, (0.231 cm) ‘

RN2 = ’c;a = 1097 in. (0.279 cm) (This is a ROFIN as given by INVOL 1.) |
{l Alszo

TMETAL = 8y w 20°




e v e rnemet s " L e . . T

Mesh No. 2
JAPRP2 =» sz

CAPRBZ = Ry,
CAPRO2 = Ry

43077 in. (1.094 cm)

L0479 4n. (1.028 cm)
H3977 An. (1.517 em)
RP = rpy = 06154 in, (0.156 cm)

8

BB} w ryq = 05783 in.  (0.147 cm)
ROT = roy = 07426 in.  (0.189 cn)
Alsgo

THETAZ = 98, = 20°

In addition,

MU L] S S ' 2

Mi = my = .51079 x 10°# 14-8802/1n, (8.942 g)
M2 = m, = J17413 x 10-Y 1b~sec?/1in, (3.049 g) ﬂf
M3 = by m 69788 x 10”2 1h-sec?/in, (1.222 g) ]
Rl = 321 w o775 in, (1.905 cm)

R2 = Ry = .75 in. (1.905 cm)

R} = 72,3 = .75 in, (1.905 cm)

RHOL = Py = ,060 in. (0.152 cm)

RHO2 = Ffp = .030 in. (0.076 cm)

RHO3 = Py = .025 in, (0.064 cm)

MD » md® « .15 x 10
K = 25




I1. Computed Values
The point efficiency is given as a funotion of the angle L)

togethsr with the algnum parameters s, and 8, (given for ocheoking
purposes), 7The cycle efficiency 1s shown at the end of the

output. In edditicn, the input moment,MIN,ia printed out.

CRAMPKEHNE e 4 Y Ak s s S s
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APPENDIX D

M

GEOMETRY OF GENERAL CLOCK GEAR TOOTH p |

i

3 k.
: The general ogival tooth of thickness t and outside radius 3
- r, consists of a circular arc of radius p which blends tangentially §
into a radial tooth flank, as shown in Figure D-1 (only one ﬁf

{E center of curvature 1s indicated). The center of curvature,C, is ﬁ
' located at a diastance a from the center of the gear or pinion, ;ﬁ
3
‘o Frecuently thls distance a equals the pitch radius Ty The -
% tooth geometry may either be described with the help of the ?
{ parameters t, » and &, or with the combination t, r and r_. %
}
b Both approaclies are shown below. ﬁ;
; by
L 1
( " I‘c
v § 1. TOOTH GEOMETRY WITH HELP OF PARAMETERS t, ¢ AND a 1
A i‘
k , Cx and cy represent the coordinates of the center of curvature f
) A
k‘ Co Cy is defined by
\ ‘\'
-. B
) C, = p = i (D=1) ]
X 2 b

" l
g

]
3 B
P




-
I R

O R C ettt

L

Piteh
Circle
(rp)

Az N 2 LRSS Tt

D aaios o

[ R

S B

=

PYSFA i 52

Y
>

Gear Center

R e e s e -

4 FIGURE D-1
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" GEOMETRY OF OGIVAL TOOTH (ONLY ONE CENTER OF CURVATURE SHOWN) - 1
| |

D=2




The angle & is given by

§ = sin” ' I (D=2)

With the above,

; C, = & coss (D=3)

Further, the outside radius r, may be computed from

e

13

Q

+

-
n

[

(@7

»X

(D=4 )

|

i The angle v is obtained from

!

| y = sin™ 2., (D-5)
a

and the flank angle « from

(D=6)

s
) '
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’ ! :'.n
;3 ~ The distance, f, from the canter of rotation,O, to the blend E'i
y | .
i . ‘ \
[ﬁl point,f,of the flank o: the tooth. 1le given by 4
:-’r : \ .-

f = a cosY (D-7) "

i ' The angle 7 defines the tooth contact point S on the ogival, P

), L
ﬂ l.e,, circular, portion of the tooth with the lines OC and CS. ﬁ
4 The minimum and maximum angles "min and ax are,respectively, j
3 ¥
lﬁ and ; ﬂ
N .1 T, ein b S

+18 - D ~
_ _ " = s8in (This sngle extends (D-9)

nmax

-]

3 , into the second quadrant) i

- :
b 1) I
vl by
¥ |- k.
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2. TOOTH GEOMETRY FROM PARAMETERS e, t AND r,

;} |
‘ 32
‘ If the outside redius,r ,is given, distance a must be )
! iﬂ
! computed, The length,C,,1s still given by Equation (D=1), while i
' 1

| i
" a = ‘((r0 -n)% + o (D=10) 1
|
|
;‘ where, according to Figure D=1, :g
‘! 2 2 |"!3
i h = p - Cx (D=11)
: All other quantities of interest remain as before, 1.e., ;
. ]
] i
‘t -1 Cx :
& 8§ = sln = See Equation (D=2) 1
i a :
! p | \
¥ y = sin™l L See Equation (D=5) §
: a N
a = Yy = 3 See Equation (D=6) 3
: f = acosy See Equation (D=?) ;
; |
| -
| "min = ry - Y See Equation (D=8) ;
'I , To8in b 4

" max sin See Equation (D=9)
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APPENDIX E

KINEMATICS AND MOMENT INPUT-OUTPUT RELATIONSHIP FOR SINGLE
STEP-UP GEAR MESH WITH CLOCK TEETH

This appendix shows the kinematics of a single step-up gear
mesh with ogival teeth and derives the moment input-output relation-

ship, Both contact and pivot friction are included,

1, KINEMATICS OF AN OGIVE MESH

Figure E-1 indicates the condition of initial contact in ogival
meshes when the circular arc portion of the gear tooth drives the
circular arc portion of the pinion tooth.l This type of direct
contact will be called "round on round", As the motion progresses,
the circular arc of the gear tooth moves into contact with the
straight flank of the pinion tooth (Figure E-2)., During this
"round on flat" phase, distance g at first decreases and then in-
creases again, Before round on round contact can again occur for a
given mesh, 1.,e., g has become equal to fp again, the subsequent

mesh comes into engagement with round on round contact. (See below.)

1Soe section b-VII of this appendix for a check that indicates
whether the initial contact is round on round or whether possibly
the round portion of the pinion touches the flat portion of the gear.

E-1
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The kinematics of both round on round and round on flat phases

will be given first., Further it will be shown how to deternine

those goar angles.¢,at which the regime changes from round on

round to round on flat, and at which contact is taken over by

the subseguent set of teeth.

between gear and pinion varies with contact point, and the pinion

moves faster for a given gear speed for round on round than for

round on flat, the original set of teeth disengages as soon as

the subsequent one makes contact, Thus, the contact ratio is

anlty for this type of goaring,

The gear tooth nomenclature given in Appendix D is used

througlhiout. The additional subscripts G and P refer to gear and

pinion ,respectively.

&, ROUND ON ROUND PHASE OF MOTION

Figure E-1 shows the laput angle ¢ aa the angle betweon the

X-axlie and the center linu.oawg.or the gear tooth., The output
angle,y, 1s the angle between the y¥=axis and the centerline opwp.
During this phase of motion, tbe lins connecting the centera of

curvature Cq and cP is of poratant length L = Pa * Pp and passes

Since the ratio of angular velocities
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through the instantaneous contact points S on the gear and T on

the pinion, Because of thia constant length one may obtain both

the output angle y and the “coupler" angle A from the equivalent §

four-bar linkage OG—CC-CP-OP, with ground pivot distance b. 1
{

I. UNIT VECTORS AND ANGLES v, AND 7p

The unit vectors associated with round on round phase¢ are
gliven now,

In direction °G'°G

Ny = cos(¢ =~ aG)I + sin(¢ = aG)J (E-1)

. e e e e e

In direction cG-cp-

;i . EA = cosAl + sinAj (E=2)

The unit vector normal to N, (in the right hand sense) becomes

Ay, = = oiml + ocos] (E-3)
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In direction OP'CP'

HP = cos(y ~ ap)i + ain(y = aP)J (E=4)
Since A =~ (¢ = aG) = w0

nG-w+¢—4\-JG (E=5)

The angle "p is obtained from

"pom (¥ = ap) - for ¥ =~ 35> 90° (B-6a)
and
"pom 2%+ (¥ - 85) -2 for ¢ - 1p < 90° (E~-6b)

The above values for g and "p 8re only good for the round
on round phase of the motion. For the round on flat phase the

angle 7.,, of the gear, may be of interest.(See Figure E-2),
This angle is given by:

"GF"»(¢'bG)"(“""°‘p )+ 3'-"- for v+ap > 900 (E-60)

(Pinion flenk in
and 4th quadrant]

g = (#=8g) = (¥ +ap ) =« § for v +ap < 9° (E~64)

{Pinion flank in
firet quadrant)
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II1, DETERMINATION OF OUTPUT ANGLE v AND "COUPLER" ANGLE A

The loop equation of the equivalent four-bar linkage is

given by

agRy + (Pg + pp)n, = apn, + b1 = O

With appropriata. subastitutions for the unit vectors, according

I
e P 1 = =l

- - ———_Tiims -,

(E=7)

i o Lo

to Equations (E-1), (E-2), and (E=4), ~ne obtains the following P
component equation | %
H
’ agooa(# - 35) + Loomr + b = ajcos(y = 3p) (E-8) g
F !
‘; |
nGain(¢ - aG) + Lsini = Apnin(W - ap) = 0 (E=9) |
1
| |
where %
)
L o= op # Pp (E-10) :
N
!
‘!
To eliminate A, let ﬂ
]
)
i
sinZA + couaa = (E=11)

%4 E-6
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Substitution of expreasiona for sini and cosi from Equations (E-9) 4

and (E-8) respectively, leads to

Apsiny + Bpoosy = Cp (E=12) 1

where

AR = sin(¢ - ’a) + con(9 = aa)tansp + _:..tlmap |
(¢}

BR = cos(¢ = aG) + _3_. - 8in(¢ = aG)tanap 3

a 3

2. 2. .2 .2 -

+ & + b" =L b cos(d - 8.) o

c R = Ap @ + G \ ,‘\‘
aaPaGOO|ap upcoaap g

EQuation(E~12) ie solved for v by a method similar to the one
given on pg. 296 of R, S, Hartenberg and J. Denavit; Kinematic

Syntheais of Linkages, McGraw-Hill Book Co., New York, 1964, Thus, 3

(k=13)

7 2 2 '

A, + ‘/A‘ + BS - ¢ !

v = 2tan™! R = R R R :
BR + OR k.

The correct sign in Equation (E=-13) must be found from the geometria ;

conditions of the squivalent four-bar linkeage.




The “coupler" aagle A may now be determined sither from Equation (E~8)

or from Equation (E=-9), l.e,,

apcoa(w - ap) - uGcoa(¢ -3g) -~ b
A = cos [ ] (E=14)
L
or
1 - - -
. in=! [ aps n(vy ap) uanin(¢ aa) ] (E-15)
L

L]
IIl. DETERMINATION OF OUTPUT PINION ANGULAR VELOCITY v

Differentiation of Equation (E=12)with respect to time leadas

to

/

[} A + B -
o ¢ [ Arotiny RDSO8Y Cop (B=16)
ARcoaw - BRl1n¢

where Ao and By are vivon with Equation (E=127, und where

App ® tnnapmin(¢ - aG) - goa(¢d - 30)

Bpp ™ sin(¢ = 8,) + ‘tanapcos(s - GG)
b .
c ” sin(¢ - 3,)
RD Apcosip 8

E=-8
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¥ IV, RELATIVE VELOCITY AT CONTACT POINT BETWEEN GEAR AND PINION j

With point 8 on the gesr and point T on the pinion, as

2SO SV S Pty

shown by Figure k-1, the relative velocity between gear and pinion

I a\ the contact point is given by d

Yo/p = vs/oq - v'r/op (E=17)

This relative velocity is tangent to the contacting surfaces und

can therefore be oxpressed in terms of the unit vector “NA

(see Figure E=1). Then, the above becomes ?

T Yorp = [(Vs/oc‘ i) = Tayo! ﬁm’] By (8=18)

or

L

Vs/p = {["R x (hghy + "o“x‘] ‘hy, - ["“ X (apfp - PPﬁA)]'ENA} iy

(E=19) 5
E Appropriate substitution of unit vectors and eimpllification g
‘! results in f
vs/'r . {J,[aqcos(e* -0y - A+ PG] - &[upoo-(w - - A) = pp]} 'ﬁm
(E=20)

E-9
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b, ROUND ON FLAT PHASE OF MOTION

Figure E-2 gives the details of the round on flat contact
between the driving gear and the driven pinion. The input
angle ¢ and the output angle y are again defined counter=-
clockwise hetween the x-axis and the respective tooth center
lines OGWG and OPWP’ Since contact is always made on the straight
radial flank of the pinion, the line SCG of the gear is always
normal to the flank of the pinion. The contact point is at a
distance g from the pinion centar,op, and this distance 1s always
smaller than, or equal to the distance IP (which is defined by
Fquation (D=7) in Appendix D). Agaln, the subscripts G and P

are used for gear and pinion tooth parameters, respectively.

I. UNIT VECTORS

A3 before, the unit vector in direction OGCG is given by

EG = coa(¢ - 8G)I + ain(¢ = 30)3 (E=21)

The unit vector in direction OPT, along the flank of the pinion

is given by

E=10
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| fip = coa(y + ap)i + sin(y + ap)3 (E=22)

The unit vector in direction SC; 1s normal to fip in the right R

hand sense

Ay = =~ sin(v + aP)I + cos(y + ap)ﬁ (E=23)

II. DETERMINATION OF OUTPUT ANGLE v AND DISTANCE g

The vector equation for the mechanism loop OG—CG-S~T-0P, i

which forms the basis of the desired solution, has the following

form:

agly - eeliyp - 8fp + I = © (E=24)

i
i
' b
!
'
1
!

Substitution of Equations (E«21) to (E=23) furnishes the component

b
‘j
J
K
4
:
H
|
!

equations

aGcoa(¢ - aG) + pGain(¢ + np) - gecos(y + aP) + b = 0
(E25)

aGain(¢ - BG) - chos(w + “p) - gain(v + ap) = 0

(E26)

E-12
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From Equation (E=26) one obtains for g

aGain(¢ - 3G) - choa(w + “P)
sin(y + op)

(E-27)

This expression for g is now substituted into Equation(E=25),

Rearrangement and simplification lead to

AFainw + BFooaw = CF (E=28) o

where
AF = b cosay + aGcos(¢ - BG - ap) !

p = b aindp - aGsin(¢ -8~ ap)

(o]

2 ki

The solution of Equation (E=-28) for v is obtalned in the same

P PP

way as that of Equation (E-13), i.e,,

21 Apn + 2 2 . g2 :
v = 2tan~! F = JAF * By F (E=29)

The correct sign in Equation (E-29) depends on the geometric

conditions of the mechanism position as in all four-bar linkage

solutions of this type.
E=-13




% : I1I. DETERMINATION OF PINION ANGULAR VELOCITY ¢

Differentiation of Equation (E-28) with respect to time

| gives

0 . siny + B_.cosy
MY > FD :I (E-30)

AF coBYy = BF siny

where Ap and BF are given with Equation (E=-28) and where

| = aGain(¢ - 35 - «P)

Bpp = agcos(p = 84 = ap)

&- ! IV. RELATIVE VELOCITY AT CONTACT POINT BETWEEN GEAR AND PINION
3

As for round on round contact, the relative velocity
between point S on the gear tooth and point T on the pinion §

tooth is tangent to the contacting surfaces, In this case it

o will have the direction of unit vector KF (mes Figure E-2),

Then,

E-14
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s/ =V

8/0, V'1'/01, = [‘vs/oo’ ng) - (v'r/o; EF)]

=1

(E=31)

Since, because of the radial flank of the pinion, the velocity

of the contact point T is normal to unit vector EF.

v, /05" Bp = O (E=32)
Therefore,

Vo/p = [Vs/oe‘ “r] Hp (E-33)
or

Vo/p = {[&E x (aghy = pgliyp)] = KF} Bip (B=34)

Appropriate substitution of unlit vectoras gives:

Vg = [ * gatn(v = ¢+ ap ¢ 3)] Fy (E~35)

E=15
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V. DETERMINATION OF TRANSITION ANGLES FROM ROUND ON RQUND TO
ROUND ON FLAT MOTION

f The transition angles #p and yn, Which ocour when the round on flat

3 phase follows the round on round one, may be determined with the
x help of the modified component equations (E-25) and (E-28), i.e.,

one lets ¢ = ¢T’ v = WT and g = fP' This resutts in

aGcos(¢T - aG) + pGain(¢T + “p) - fpcos(wT + np) + b = O

’l .
S (E=36) !
Ef; . 7
§ and

¢

? aGsin(¢T - sG) - pqcos(wT + np) - fpein(wT + “p) = 0 g
b y
X (E=37) :
, §
- .
: From the above, {
; !
“ cos(ég = 85) = ..:T. [rpcoa(,p,r +ag) = b - ng8in(vy + ap)] l
\ G |
4 (E=38)
Y and

{ sin(éy = 8g) = .%_ [fp’in(ww +oag) + pgeori¥n, + "Pi] (E=39) i

: q ;

E=16
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»
%’ The angle ¢T may now be obtained by first eliminating ¢T from :
%. Equations (E-38) and (E=39). This Js accomplished with
k i
v
[l g,
L sina(«p - §.) + cosZ(qb - 8,) = 1 (E-40) 1
’ T~ %a T % \
}lf' -
‘ Substitution into the above leads to the following expression 3
\.1, ;
i . f
"“ in WT! ,‘!
, 3
Apsingy + Bpcosyy = Cy (E=41) 3
; 1
¥ .
i where
k
ﬁ' /] . .‘21
: A'I‘ = rgeosag + fpsinnp 3
| '
‘ B'I‘ = ﬂGBinaP - fpcosnp
! 2 2 2 2 ]
. o . 2o - fp - b - ¢ .
\ T 2b 3
i Equation (E=41) is again solved in the manner of Equation (E=13)
§ o
" AL R
o ¢'I‘ = 2 tan (E=42)
: By, + C

T T [

i

: %
ii
r E-17
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The correct sign must again be determined from the geometric
conditions,
The associated transition angle $p can now be obtained

either with the help of Equation (E-38) or Equation (E=39):

)
. 1| foco8(yn + ap) = posin(y, + oy) = b
\ ¢T a cos 1 [ P T P a 7T P + 3

8

(1 or

G

: f.8in(ym + an) + p.c08(lq + ag)
'}: ¢ T = ai n"' 1 P T P G T P +* 3
a
(¢]

! (E=ltl)

E-18
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VI, SENSING GEOMETRY FOR THE DETERMINATION OF CONTACT OF

SUBSEQUENT TOOTH MESH

The following derives a computer sensing equation which
indicates when contact is transferred from one tooth mesh t¢ the
succeading one, Figure E=3 i1llustrates the case, The active

(i mesh 18 in the round on flat mode and the subsequent mesh will

make its initial contmct in the round on round mode,

L Subsequent
Pinion ‘looth Mesh
Rotatioﬂl{
N o)

el ~

This

A'\\; Active
Tooth Mesh

e+ e e D

Rotation

Figure E3

s Sensing Geometry for Contact of
Bubsequent Tooth Mesh

E=19
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asgsertion is based on experience with the three gear and pinion M

combinations of the M125A1 booster, 1In each of these instances,

the subsequent mesh makes contact before the round of the gear

has left the flat of the pinion in the active mesh, 1.e.,8 ¢ fP‘

(See work in section V.) It has also beon found that initial

contact of the subssquent mesh is always in the round on round
mode. Generally, contact betwesn the flat of the gear and the

round of the pinion doeas not occur, and it has not been considered

in this report, Section VII gives & criterion for the exiatence

of this inverted round on flat mode of contact,

Once c¢ontact has been made by the subsequent mesh it becomes

the new active meah. This can be proven by the fact that, for

8 glven angular veloclty $ of the gear, the angular velocity
of the pinion is always larger in the initial stages of the
round on round mode than in the final stages of the round on

flat one. Thus, once the new mesh has made contact, the old one

separates rapidly and the 'contact ratio!" is always unity.

The above may be shown

theoretically by the position of the instant center of rotation

between the gear and the pinion on line O OP‘

If s¢ and Ay represent the angles between the individual tooth

center linea of the gear and pinion,respectively, (see Figure E=3),

E~20
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1

closure equation for the subequent mesh may be written in terms ;\

of the active mesh as follows: E

ap [cosw -4+ av)l + sin(y - 3p * w)ﬂ + Lo+ Lyj

&

- - i\

i = bl o+ a, [@os(¢ = 8 = a¢)l + sin(é - 3, - A¢)3] i
(E=45)

where Lx' Ly = components of the distance I, = CPCG é

: v = plinion angle determined from round on flat Ii

mode according to KFquation (E=29)

! -

l The components L, and LY may be obtained from Equation (E=45): 1

| !

Ly = D + ajcos(é = 8, = 44) = apo008(¢y =8y + av)

(E=46) ;

and |
'L

Ly = aGain(¢ -85 - Ap) = apain(w - 8p t ay) (E=47) ;

4
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P
Contact will have occurred when the dlstance L becomes equal to.,
§ or slightly smaller than, the sum of the two radil of curvature
; Pa and Ppe Thus, the criterlon of contact becomes-
?
; 2 2

¥ (E-48)

)
'
! |
‘ -
3
;
‘
‘ 3
L 4
( H
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g ]
;f VII. POSSIBILITY OF FLAT OF GEAR MAKING CONTACT WITH THE %
g ROUND PORTION OF THE PINION b
¥ i
§ Figure E-4 shows a transition configuration in which the &
; :
{ flat part of the gear tooth makes contact with the circular are &
= g
v R -
3 of the pinion, 1.e.,038 = f;. The radius of curvature s, of -
3 t
{f of the pinion will only then be normal to the flat of the gear | fﬂ
1

fa 4

\

!
. i
: !
¢ | 3
]
L B
b

FIGURE E-4 ]

;% FLAT OF GEAR CONTACTS ROUND OF PINION ?
.3




4 when 553 < fg. Accordingly, in order to avoid this type of contact,

the followling criterion must be met.:

£2 4 pg ] (E=49)

o
N
'm'
o
+
o

i The three gear meshes of the MI125A1 booster always satisfy
squation (E-49), and therefore the initial contact is made in

the round on round mode,
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: 2 MOMENT TNPUT-OUTPUT RELATIONSHIP FOR SINGLE STEP-UP GEAR
;- MESH WITH OGIVAL TEETH i

L TE v NS

The present section concerns itself with the determination

; of the equilibrant moment Mo acting on the output vinion of a

F single ogival mesh, when the input moment Min’ which acts on %
¢ i

R A Ty

the gear, is given, This relationship must be derived both ,
for the round on round and for the round on flat phases of the

motion. The directions of the pivot friction forces are

fuianans

again chosen such that the resulting moments oppose the motion

=t

of the respective component. (See Appendix A.) The magnitude

of these friction moments 1s expressed in the manner of equation (A=2)

W A =
e TR IR

of the aforementioned appendix. The direction of the friction

=5y

forcuy of the gear on the pinion is the same as the direction
of the relative velooclty vS/T’ of the gear contact point §

i | with respect to the pinion contact point T. This will be

: expressed by the appropriate signum convention, It must also
be remembered that the kinematic expressionsa must conform to

the motion phase under consideration.

E-25
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a, INPUT-OUTPUT RELATIONSHIP FOR THE ROUND ON ROUND PHASE OF
MOTION

e e e

Figure k=5 shows the free body diagrams for the round on

round phase of motion with the gear considered to be component

no., | and the pinion defined as component no. 2. The contact

-

e T

forces Fy, and F,y are expressed with the help of the unit

vector H, [aaa equation (E-a)] +« This unit vector is always

sy e e

' normal to both contacting surfaces at points S and T. The unit !

b

vactor BNA 18 used to deascribe the direction of the friction

forcea at the contact point. The aense of these friction forces

is determined with the help of ;

} v
; 1 s = /T (E=50)
|Vs/

i e

PRSP s e e el St e

e T

(See equation (E=20) for VS/T’) Since the friction force Fpi2

T e
T T

of the gear on the pinion has the samé¢ direction as the relative

velocity VS/T' one may write

; Fria = wsFpRy, (E-51) |

where u repreaents the coefficient of friction at the contact point,

E=26
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\' Since

. the friction force of the pinion on the gear becoﬁeu

Fgoy = = neF) ahy, (E=53)

e

. 1. FORCE AND MOMENT EQUILIBRIUM OF THE GEAR
The force equilibrium of the gear is aasured when

P Nt T T AT W U Y R

(E=54)

In the above « also stands for the rivot coefficient of friction,

Momant equilibrium is given by

Min“ - “P“/ F,Zd + F§1 k + [anG + "G"A] X [-F,aﬂ)‘ - MP‘]aYiN'\]

i = 0 (E=-55)

E~28




The unit vector EG is defined by equation (E~1).

The following component equations may be obtained from
equation (E=54):

-F,,008A + usFy,8inx = F - aF = O (E=56)

x1 yi
and

"F‘a’inl\ - “BF‘ZOOBA + F = uF

y1 x1 = O (E“57)

After substitution and cross-multiplication, one obtaina

the moment expression, equation (E~55), in scalar form:

Min - ap Fil + FS‘ + Fia[rplpo + aGain(¢ -8 - A)

- uuacoa(qs - 3 = A)] e 0 (E=58)

Simultaneous solution of equations (E-56) and (E=57) for Py

and Fy1 results in

(1 + uan)cosA + a1 - a)sina
x| F -Fla . - (E=59)

m

and

(1 + paa)ninx - a1l = a)oosa
Fy1 = F12 ? (E=60)

1+ "

S e i
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e

These results are now substituted in equation (E-58)., Since

8° is unity and always positive, the resulting expression for

F12 has the following fornm:

Min

F 2
12 “(p1 + gpe) + ‘G[ uscos(¢ = 3 = A) - sin(¢ = 8 = A)]

(E-61)

1. FORCE AND MOMENT EQUILIBRIUM OF THE PINION

Force esquilibrium of the pininrn is ssuured by

Figh, + weF Ry + Feol + Pl + wPpl = wRpT = 0

(E-62)

Moment equilibrium must satisfy

- 2 2 - - .
Mok + upa‘/an + Fyz k o+ [apip - anA] X [F‘aiA + “BFlaaNg]

" 0 (E=63)

E-30
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The unit vector H, is defined by equation (E-4).

P
Equation (E-62) gives rise to the following component
equations:

F1p608A = nusFi,8ina + F 5, + aF o] (E=64)

ye
and

F,aainx + psFlacoaA + F

va - “an = 0 (E=65)

The moment equation (E-63) becomes, in scalar form,

My + meaqFga + Foo *+ Fipl=nspp = apsin(v = ap = 2)

+ naapcou(w -t - A)] 2 0

(E=66)

Simultanecus asolution of eoquations (E=-64) and (E=65) for an

and Fya results in

2
Foo = Fyp [_E(] + a)ei?,\ +- ugt - hTm)com) :l (E=67)
and
2
P -p,z[f‘(‘ * °>°°‘=A +* “éi + ) gmm_] (E-68)
E-31
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The above expressions are now substituted into equation (E-66).
Again, aa is unlty and always positive, and the following

expreasion may be obtained for the contact force F12 in terms

T R T T T PRy S T T R S e

of the equlilibrant moment M°

e il

M
o]
Fig =

“(,pp - pa) - aP[}scou(w -3~ A) = sin(y = ip = A)]

(E-69)

e T S TS T T T

: III. MOMENT INPUT-OUTPUT RELATIONSHIP E
i;
! |
K i i
] When equations (E=61) and (E=69) are set equal to each [
} other, one obtains the following input-output relatiorship: ; 5
ﬂ; %
", ?
f~ fi
; My = M, w(eprp - j?) ~ apluspoos(y- bE =A) = 8in(y = by =4A)] f

u(Py + speg) + Bglumpoos(d= b, =2) = sin(é = by =A)] i
J (K--70) '
El To account for the fact that equ.(E=70) is only valid for the

‘ round on round phase of motion,ths signum symbol has now been
changed to B

B K32
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b. INPUT-OQUTPUT RELATIONSHIP FOR ROUND ON FLAT PHASE OF MOTION

Figure E-6 givea the free body diagrams for the round on
flat phase of the motion. Again, the gear is conslidered to
be component no, 1, while the plnion ia component no. 2,
Using the unit vector KNF’ of equation (E=-22), which is normal
to the flat side of the pinion to expreass the force F of the

12
gear on the pinion, one obtains:

Fi2 = = Fyafigp (E=71)

The friction force of the gear on the pinion again has the same
direction as the now applicable relative velocity VS/T of

equation (LE=35). With

v
s« 8/

(E=?72)
vs/T

a8 the applicable signum convention, the friction force Fr12

hecomes

ﬁtl& = “’FIZEF (E-73)

E-33
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¢ The contact force F,, of the pinion on the gear and the associated %
b ]
E friction force are equal and opposite to the forces given by :
3 ]
% equations (E~-71) and (E«73) respectively. Thus, ;
5 K
s
\ 3
é and i
éi’
5 Feay = =wsFylig (E=75) 5

Note that the kinematics of the round on tlat phase must now be used.

SRSy £ 2

1 ki
% I, FORCE AND MOMENT EQUILIBRIUM OF THE GEAR f
: Force equilibrium of the gear ls given by ?
i &
- ' |
, | ]
T (E-76)

Moment equilibrium requires

’?2 . 2 ™~ - - - - - -

2 0 (E=77)

E-35
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E Equation (E-76) furnishes the following component expressions
] |
, ;
:: 'F1251n(¢ + "P) - PSF12005(¢’ + "P) - Fx] - F"Fy«‘ - O ™ a‘}
, i .
- (2-78) n
and y
x\l ;} ‘J‘
& - - = 3.
3 F\acoa(w + ap) nsF‘zsin(w + "‘p) + FN an1 0 ;‘ {
i [
= (E=79) j %
i -
? .
? The scalar form of equation (E«77?7) is given by ,h
i ‘\
k :
2 e ey
‘:. Min - kA F:Zn + F‘y1 + F12[~n5p(3 + aGco.,(, 5q ¥y nP) !
c o
lh + p-saGsin(#’ -3 =¥ - np)] = 0
(E-80) ]
| . }
il i
; |
j '. ' simultaneous solution of equations (E-78) and (E-79) for F,, and 1’
F‘y1 furnishes }
!
w(1 = B)oos(y + ag) = (1 4 wPe)sin(y + ap
: x1 1 1 4+ & ,
3
! (E-81)
L and
y l
:i w(1 = g)sin(y + ay) + (1 + uCa)cos(y + ay)
;. Fye = T2 £ > £
J 1 4+
(E=82)
E-36 ]
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j The above results are now substituted into equation (E=-80). ‘
; Since 52 1s again unity and positive at all times, the resulting '?
g expression for F\E becomeshin terms of Min . j
;' . !
g F = in :
rr.‘ la + BP) - a co'(¢ -8 - \ll- [+4 ) + Bain(¢ - - -a )] %
L wlry + 8hg o[’ a p) 8g = ¥ = % ‘
V;' ]jl
f..l (E-83) X
i: d
;
g. _ II . [FORCE AND MOMENT EQUILIBRIUM OF THE PINION !
;
! ¥
: Force equilibrium of the pinion 1s expresssd by ;
- 1 = ]
5‘ % “Fiofiyp + w8Fpbp + Pl + Fyad + prai - WP = 0 :
v '
S o (E-8W) :
! |
F Moment equilibrium requires that :
1 !
] !
S
5 ME + weoq/F2, + F5, K + gh, X (=F,,R ) = O (E~85) ?
:! o 2¥%xa2 * Tye €y 12°%\F .
» ‘:
|
E"}? 1;




Equation (E-84) furnishes the following component equations

F‘asin(¢ + aP) + uaF,zcoa(w + aP) + an + “Fyz

and (E-86)

= 0

- - i &
Flacoa(w + "P) + uaFlaain(w + ap) + Fyz nFep = 0 ; %.

(E=87) ?

The scalar form of the moment equation (E=85) becomes

Mo “"aVan*Eya - 8 = O (2-88)

)
} Simultaneous solution of equations (E«86) and (E-87) for Fya
.
u“ | t !
;- : and F_, lcads to
g ' ye
: ;
| ]
R i ; [:<1 - #28)ain(y + ap) + A(1 + 8)008(¥ + ap) :] !
4 nl , = - \
3 x2 12 1+ “2 A
(E~89) i
o and 3
:nz , !
L (1 = u®s)cos(y + a) = u(1 + a)sin(y + o) o
- Foo = Fyj 4 - 4 :
. ¥ ! 1+ »" |
" (E=90) |
? ' ¥
‘: \ t.
[%
!
; E-38 i
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'fﬂ The above expressions are now substituted into equation (E-88).

Again, aa is unity and positive. The following expression for

—..
e i e s i il

2 Fy, is now obtained

(i ‘:]
i.‘ .‘,\‘
8 M i
3 Flg ® ——— (E=91) )
5 £ = wra 5
& ]
. 5
il [ }‘}
; Z
3 @
| IIT. MOMENT INPUT-QUTPUT RELATIONSHIP |
3 !
4 When equatlons (E=83) and (E=91) are set equal to each ;
3 )
'f. ! other, one obtuins the following input-ocutput relationship: :

. g - ue

5 My = Myp

b u(p1 + Byeg) = a;lcos (¢ - by -V - aP) + uspsin(¢ - bg=¥ = ap)]
'i’ ' (E-92)

6 . Note that the signum symbol has been changed to #p in the above

jgi expression to account for the fact that the expression is only

'11 valid in the round on flat phase of motion.

- E-39




e .

e e g

- T

T S

e L e

N TOOWN Ty p el e i b hre s bt st ; )
kb Mig gk Jh i, 7 ety b 1l Mirhaaid? e ey i et g s . R T TR PP PP PR NPMRUPRIESS TPy Y VRV PP E ST

APPENDIX F
COMPUTER MODELS FOR A SINGLE
STEP-UP GEAR MESH WITH CLOCK TEETH

The present appendix contains descriptions, listings and
sample outputs of the following computer models relating to

single step~up gear meshes containing clock (ogival) teeth

1. Program CLOCK 1+ Kinematics of single pass step-up
gear mesh with clock (pgival) teeth

2. Program CLOCK 2: Point and cyocle efficiencles for
single pass step-up gear mesh with
clock (ogival) teeth

The relevant background, the input parameters, the manner
of the computations, and the form of the output of each program

are digoussed in detall. The program proper forms the last part

of each section.

F=-1
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1, Program CLOCK 1: Kinematics of Single Pass Step-Up Gear
Mesh With Clock (Ogival) Jesth

The program CLOCK 1 is based upon that portion of Appendix E
whioch deals with the kinematics of single mesgh step~up clock
gearing., It may be used to check on the geomastric performance
of oloock type meshes.

The nomenclature of the program is chosen to

coinoide as muoh as possible with that of Appendix D aa well
as that of Appendix E.

a, Input Parameters (see Program CLOCK 1, below) "

The following parameters represent the input data for the

program:

CAFRFP = RP. the pitch radius of the gear
RP w rp, the pitch radius of the pinion
AG = a,, the distance from the centar of rotation of the gear
to the center of curvature of the cirocular are portion
of the gear tooth
AP = ap, the distance f{rom the center of rotation of the pinion
to the center of curvature of the circular arc portion
of the pinlon tooth
RHOG = Py, the radius of curvature of the cirocular arc portion
of the gear tooth
RHOP = fp, the radius of curvature of the circular arc portion
of the pinion tooth
TG w tg, the maximum thickness of the gear tooth

P2
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e 1o

1
ﬁ '
: TP » tp. the maximum thickness of the pinion tooth i
? NG = ng, the number of teeth of the gear x
i NP = np, the number of teeth of the pinlon

K = range divisor

FHIDOT = 6 e 1, all velooclity computations are based on thls value

b b, Computatl also COM oRra %
g I. Computation of Gear Tooth Parameters

%1 The following tooth parameters of the gear as well as of

%? the pinion are first computed:

i i
g For the gear M
‘(‘" R
3 CXG w Cypq (mee eq. (D-1))

DELG = 85 (see eq, (D-2))
CYG w Oyq (see eq. (D=3))
ROG = r, g (ses eq. (D-4))

GAMMG = v (8ee eq. (D-5))

i o e T TR e it L R e =

ETMING = "pying (8ee eq. (D-8))

e amTIE a

BTMAXG = "pax, (see eq., (D-9))

For the pinion )
CXP w Oxp (see e&q, (D-1)) )
DELP w 0p (see eq. (D=2))

T T TR ST [T e T

CYP = oyp (see eq, (D-3)) |
1 ROP w rop (mee eq. (D=i))
i GAMMP w Yp (see eq., (D-5))
ALPHP = ap (see eq. (D=6))
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ETMINP "mlnp (BQO 8q . (D-B’)
ETMAXP = "maxp (see eq. (D-9))
FP = fp (see 8q. (D~7))

In general
B = b, the center distance between the gear and the pinion

DPHI « 49, the angle between the center lines of adjacent
gear teeth

DPSI =« Ay, the angle between the center lines of adjacent
pinion teeth

L (see eq, (E-10))

II, Determination of Transition Apngle

In order to define the ranges for the round on round and
the rognd on f'lat phases of motion, it is first necessary to
locate the transition angles ¢y and yq. Thie 18 acoomplished
with the help of the expression contained i1 seotion 1b.V,
Appendix X .The transition angle *T is firat msolved according
to eq. (E-42), 8Since the solution furnishes two anawers, J).e.,
the angles yqq and ypa, it 1s necessary to decide which of
these 18 the desiresd one, The principal ocriterion for selecting
the correct value of ¥, is based on the motion of the contact
point T with reapect to the pinion. 'The first transition
angles vy and @ ocour as the contact point moves from the
round portion of the pinion to the flat one (for Ancreasing
values of p)., As this motion 18 continued, the distance g
becomes smaller than the transition parameter rP. Once g has
reached its minimum, the contact point moves outward on the

P-4
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Pinion flat untll g theoretically equals f once again. This
part of the motion is never completed in mctuality since the
subsequent sget of teeth takes over before g reachea this tran-
sition value. It is this second transition situation which
corregponds to the transition angles yq, and ®p,. Since the
round on flat equation does not recognize any limitation on
the length of the pinion flat, an inorease of ® over the value
of Omp will have associated with it s theoretioal value for g
which is larger than rP. Thus, one may identify the correct
value of 9y and ¢y by noting that an increase in the angle ¢

must lead to an associated value of g which is smaller than fp.

The program uses this criterion in the following manner
after ¢y and ¢p, are knowni
v A. BSubroutine TRANS i called and the sngle 9qy, Which
is assoolated with Vrye 18 computed with the help of eqs. (E-43)
and (E=44),
‘ B. The angle » is made sllghtly larger than ¥p to produce
! PHINEXT, and eq. (E-29) 48 used to find the assoclated angle |

PSINEX. Since there are two such angles, the sudbroutine seleots

the one which ia closest to the value of transition angle ymq.
Subssquently, the assoclated value of gy is computed acoording
to eq. (E=27),

C. 8teps A and B are then repeated identically for the
gecond transition angle Voo This results in the determination

l of 820

g D, Control remains with the main program, and that value

!
of Yo is chosen for which the ammociated value of g is smaller %

F-5
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than fp,

For checklng purposes, a subsidiary test for the determi-
nation of the transition angle was added to the program. It
is based on the idea that, for the correct transition angle Voo
the line representing the flat portion of the pinion will make
& smaller angle with the center line O0gOp than will be the case
for the incorrect one. To this end, TESTL and TEST2 find both
angles with the help of

TEST = 360° = (¥q + ap) (P-1)

III, Determination of Correct Sign for Rownd on

Flat Remime
The sign preceding the square root in eq, (E=29), for the

round on flat regime, is determined with the help of the angle
9p+ The oondition which ylelds that angle ¥ which is clowsest
to yp governs, The variahle SIGNF is uased for the sign under

consideration.

V. (Computetiop of Finel and Initiel Values of ¢ and ¥

The final and initial values of the gear and plnion angles
are found by continuously evaluating the round on flat equation
(E-29), using the previously determined valus of SIGNF, and
simultaneously checking the ocontaoct oondition for the subsequent
set of teeth, as given by eq. (E-48). This lovop is initlated
at the transition angle and terminated once the conditlion of

6q, (E=4B) 1a met, Thim sllows the simultaneous determination

P-6
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of both the angles at which the first set of teeth loses contact
and at which the second set of teeth comes into engagement. The
latter is acocomplished by aubtractiqg Ap from the "loss of contact®
angle ¢p and adding 4y to the "loss of contact® angle ¢p (see
computations following statement label no. 70). PHIF and PSIFF
represent the angles when contact 1s lost for a given mesh, while

PHIT and PSII stand for the angles when initial contact is made.

V. terminatl Correct 8§ me
Eq. (E=13) is used to determine the angle y while the gear ;
and pinion are in the round on round regime, The correot align i
in oq, (E=13) is obtained by ocomparing the value of the angle v,
as oomputed with PHII, with the value of PSII. SIGNR is the
variable whioh furnishes thias aign.

VI. Kipematiocs
Since the limits as well as the correot signs for both the

round on round and the round on flat regimes are known, the
various kinematic properties of interest may now be computed,
The angular increment DDPHI of the input angle is found
by dividing the range from PHII to PHIF into K parts. (K is
the range divisor.) The computational loop begins with state-
ment label) no, 110 and ends with the third ocard from the end

of the main program, The computation is terminated when the

angle 9 exoceedas PHIF,




, A. Round Round Regime
?‘ As long as PHI is smaller than the transition angle PHIT,
‘ the kinematics of the round on round phase of motion 1s computed,

This results in the following:

PSI w y (8ee eq. (E-13))
LAMDA = A (see eqs. (E=14) and (E-15))
¥ PSIDOT w ¢ (see 8q. (E-16))

VSTR w GS/T for round on round (see eq. (E-20))
SR w & (see 6q. (E=-50) for later use)
ETAPR = "p (8ee eqs, (E-6a) and (E-6b))

ETAGR = 'g (wee eq. (E-~5), For discussion of the usefulness of

"p and "g, #ee output in seotion o below. )

Riap-w LM A ool

o T T TR e

B. Round on Flat Regime
| When PHI is larger than the tranaition angle PHIT, the
' kinematics of the round on flat phase is computed. This

computation includes the following:

£ T DT e Tk i

PSI w v (mee oq. (E=29)) ;
Gweg (noe ag, (E=27))

X PSIDOT w ¢ (see eq. (E-30))

VSTF w Vg/q for round on flat (see eq. (E-35)) -
SF =« 8 (gee eq, (E-72) for later use)

ETAGF = 'gp (8ee eqs. (E-6c) and (E-6d))
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6. Qutput (see Program CLOCK 1, below) :

As previously, the output of the program is best explained
with the help of the sample problem at the and of the program.
It contains the following:

R R W

I. Input Parameters

A e

CAPRP = Rp = 47725 in. (1.212 cm)

RP rp - .09085 in. (0.231 Cm) E
AG = Ag = ou7725 in. (1.212 em) Q
AP w Ap = » 09085 in. (0,231 em) ;

RHOG w PG‘ - 003870 in, (0.098 CM)
RHOP w Pp m 01740 in., (0,044 cm)

R L

TG w tg w 403480 in.  (0.088 cm) ;
TP w tp = 02800 in. (0,071 cm)

NG w g = 42

NP wnpwe8

K = 50

IT. Computed Valueg
The following parameters are printed out:

e e e e T e S A i D AT S e T G

DELGD w b = 2.5880°
DELPD w 8p w 2,1448°
GAMMPD w yp = 11,0418° ‘
ALPHPD = ap w 8,8970° a
ETMINGD w Tyyng w 85.3488° *
ETMAXGD = Wpaxg = 144, 0484°
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ETMINFD = Wpinp = 78.9582°
ETMAXPD = wpaxp = 166.5870°
FP m fP w +08917 in., (0.226 em)

The printout concerning the transitlion angles conslsts of
two lines. While the program mutomatically piloks that transition
conflguration which leads to a deoreasing value of g as @ 1is

inoreased, both transition angles are printed out for checking

purposss. Thus, one finds

®py = 186.36°  ¥qy w 308.63° g w 0895 in. (0.227 cm) TEST1 m 42,47°

Ppp = 178.75°  yp, w IM6.65° g, w ,0888 in. (0.226 com) TESTZ « 4,45°

Clearly, the second line represents the solution sino:

B2 = 0888 for a slight increase in the angle ¢ over P

[ This 1s less thapn the value of fp » ,08917. In addit =,

TEST2 furnishes the smaller number of degrees. Recall 3
TEST represents the angle between the flat of the pinicn
tha line connecting the pivots,

Purthermore, the program shows the initial and final angles

of' contant

PHIID = the angle 9 at initial contact
PSIID = the angle ¢ at initial contaoct
PHIFD = the angle ¢ at final contact
PSIFD = the angle ¢ at f'inal contact

F-10
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Note that angle ¢ increases whlle the angle y decreases from
the beginning to the end of the contact.

The computaticnal loop begins with PHIID and ends with
PHIFD, Purther, vhen PHID reaches the approximate value of
PHITD, the output shifts from round on round parsmeters to
round oh flat ones. The purpose of the multiple output through-~
out the motlon of the mesh is to gain insight concerning the

bekavior of the mesh as well ags to be able to check geometric

values,

The following conclusions may be drawn for elther nf the phases

ag well as in general for the ysars under consgideratic:n,

A. Rouné on Round Phase (176,2623° < 9 < 178,6625°)
PSIDOT, the angular velocity of the pinion, 1is negutive,

and at all times near the "zear ratio" of 42/8 = 5.25.

SR is printed here only for checking purposes. It becomes
Important in the momunt input-output analyses of program CLOCK 2.

The anglss ETAGRD and ETAPRD are of interest because one
needs to make sure that the contact between gear and piniu.n does
not oceur too ¢lose to the respective tooth tips. This is
necessary since the present mathematical model has a pointed
v1ip while in a real situation the tips ure rounded. Thus, if
contect 1s sufficlently far from the tips of the teeth, the
present medel will give valid answers.

The range of ETAGRD is approximately between 8£° and 90°,
This 18 considsrably smaller than the ETMAXGD of approximately
144° and larger than the ETMINGD of approximately 85°, (The

F-11

T

NP

RV L . X e &)




E e R i - e S

SEr XNk

latter shows that the round of the pinion tooth dees not touch
the flat of the gear tooth,.)

The angle ETAPRD of the pinion tooth 1s always consider-
ably smaller than ETMAXPD, Since contact 1s transferred to the
flat portion of the pinion at the end of this phase of motion,
ETAPRD almost equals ETMINPD at that point,

LAMDAD 1is given for general checking purposes only.,

B, Round on Flat Phase (128.6623o < 9 < 18“.8349)

The angular velocity J continues relatively smoothly

after the transition. The distance g remains smaller than

fp, as expected, and it reaches a minimum of ,0822 in, at

® ~» 182.5°, It 1s further to be noted that & never reaches

the value of rP again since the subsequent set of teeth takes
over when g = ,084739 in. (0.214 cm). For the present program to be valid,
it 1ls necessary that contact ends before the round on flat

thage 1s completed.

Ag bvefore, sp 1s given for checking purposes only, and
F

lts value has been confirmed, just as was done for s8Ry by
graphical analysis (not shown).
The angle ETAGFD of the gear reaches a maximum of approx- 4

imately 130° at the end of thils phase. Since this is well

below the maximum value ETMAXGD = 14#0. there is enough margin

for a tip radius on the gear tooth.

P-12




f C. Genersl Considerationp

i As expected for a direct contact mechanism of this type,
;, the angular velocity ratio, as represented by PSIDOT, is not
g constant and has a greatexr absolute value at initial contact

than at final contact, This indicates that the pinion will

PR

speed up somewhat as the subsequent set of teeth ocomes into

contact, and that therefore, the original set of teeth loses

contact at that instant, This means that the "“effective 4

contact ratio® is unity.
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2. Program Clock 2: Point and Cycle Efficiencies for Sipgle %
Pass Step-Up Gear Mesh With Clock
(Ozival) Teeth

The program CLOCK 2 furnishes the moment input-output

S e PR T e

relationship for a single step-up gear mesh with clock (ogival)

teeth as derived in section 2 of Appendix E. This program uses ’

the same kinematics as program CLOCK 1, and it differs from that

T T
e
A Mg et~ 1 =

program only in that it also determires both point and cycle
i efficiencies,

e TR

Because of the above, sections a to ¢ below will ;

only contain discussions on those portions of the program which

are different from CLOCK 1., The last section shows the complete !
program CLOCK 2.

a, JInput Parameters (see Program CLOCK 2, below)

In addition to the input parameters of CLOCK 1, the following
"
data must be supplied to the programi ‘

e T TR s T T T R

i

MU w u, the coeffiolent of friction at the gear and pinion pivots

aa well as at the ocontact point between the gear and the
pinion

TS ZIE TS

RHOl « Pis the pivoet radius of the gear

e T s Rl e st T i)

RHOR = Pp, the pilvot radius of the pinion

e A T,

b. Copmputations (See also COMMENT cards in promram)
‘ I. Computation of G ¢ terg

The computation of the gear tooth parameters is identical

F=23

K
3

WA T : :‘
D )

’ u.ﬁwy.ﬁ

Xy b b '4‘?[,.




with that given in program CLOCK 1.

II. Determination of Transition le

The transition angle is determined in the same manner as

described in program CLOCK 1.

T T TR,

A

ST ST AT

III. Determination of Correct Sign for Round on
Flat Regime
This computation is also identical with that given in
program CLOCK 1.

T e

Iv, Computation of Final and iInitial Values of o and ¢
This computation is also identical with that given in
i program CLOCK 1. , ;E

L E

. V. Deyermination of Correot Sign for Round en

\ : Round Regime

5 ; This computation is also identical with that glven in
; ' program CLOCK 1.

z VI. Kinematios, Point and Cycle Efficiencies
The angular inorement DUPHI of the input angle 1s found

in the samc¢ manner as shown in program CLOCK 1, Whlle the

K) initial, transition and final angles of the mesh are obtalned
in the same manner as showh in CLOCK i1, the computational loon
of the program ranges from the initial angle PHII to one é

; increment bhefore the final angle PHIF., This ils necessary in

1‘1"24 !
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order to accommodate the numerical integration for tke cycle

PR,

efficlency.

— A. BRound on Round Regime
As before for CLOCK 1, as long as PHI its smaller than

the transition angle PHIT, the kinematics of the round on round
] ~-phase of the motion 1sloomputed for each increment. These
kinematlc computations are identical with those given in

CLOCK 1. The point efficiency in this phase of motion ’s
obtalned with the help of eq. (E-70) and takes the form of

€q. (3)0 l.e.,

:
R
;
i

Yo
*p = Kratio 37— (F-2)
P Min

L e

Since the transmlssion ratio depends on the angular velocity

v Tacak el

ratio, and the input angular velocity is unity, eq. (F-2) becomes

; p = Yo, ¢l (roINTER) (F=3)
Min

ot Srere s e e T

B. BRound onh Flat Regime

-

‘ When PHI 13 larger than the transition angle PHIT, the

kinematics of the round on flat phase becomes applicable., While

| ? the computed kinematic quantities are identlical with those of
} | CLOCK 1, the present program contains an expression for the i
point effliclency for the round on flat phase of the motion,

This expression is obtairned with the help of eq. (E-92), and it

F=25




TR

e s

ST TR T AT AT

ElEs gearo

i1s computed in the manner of eq. (F-3) with the now current

values of the output angular velocity PSIDOT,

C. Computation of Cycle Efficlency

Once the computational loop is terminated, the cycle
efflclency is computed in the manner of eq. (C-10) of Appendix C,
10&0;

A9 Ep (CYCLEFF) (F=lt)

e
C =
(ep1y - ®1IN)

The summation was accomplished inside the loop in terms of

MTOT = MTOT + POINTEF (P=5)
Further,
A® = DDPHI in the program, and similarly

9piN = PHIF and
Py = PHII

¢, Output (See section d below)

The output of CLOCK 2 18 identical with that of CLOCK 1 with
the exception that the polnt and cycle efficiencles are printed
out. The identlcal geometric parameters are used, and therefore,

the same kinematic output 1s obtained,

i T TS

P T

PRIRCSC T S
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APPENDIX G
KINEMATICS OF TWO AND THRER STEP-UP GEAR TRAINS WITH CLOCX TBETH

i e TR T TR TR TS

Figure G=1 showas the basic configuration of a three step-up 7'

=

gear train used in certain fuze applicationa. The general

layout is identical to that shown in Figure A-~5 of Appendix A, 3?

Now, ogival type gear teeth are used instead of involute type f

o (T T

onea, Again, it is required to find the equilibrant moment My, }

acting on pinion no., 4 which holds the input moment, Ny .y

T T

e e L

e e e D el . el

acting on gear no, 1, in equilibrium when both pivot and

o

contaot friction are taken into acoount, and when the fuze

bedy aspins. Appendix H gives the force and moment analysea for

_ the determination of this moument input-output relaticnship,.
L

The same appendix alac shows the derivation of such an inpvt=-

ocutput relationship for a two step-up gear train with ogival

gear teeth which muat operate in a spin environment, (Figure A-10 |
of Appendix A shows this type of configuration with invenlute i
! teoth.) The present appendix lays the groundwork for the moment

f| relationships of Appendix H by providing the kinematics of

\ ' the three cgival gear mesheas involved.

In each case both round on round and round on flat phases

e sl
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T, TR AT

s e

of motion have to be considered, All derivationa follow the
rattern set in Section 1 of Appendix E. The derivations must
take into account that the driving gears of meshes no., | and
no. 3, i.e,,between gear no. ! ana pinion no., 2 and between
gear no. 3 and pinion no. 4, respectively, have clocitwise
rotations, The driving gear of mesh no. 2, i.e.,between goar no. 2
and pinion no, 3, has counterclockwise rotaution,

Finally, the inclinations of the various pivot to pivot

coenterlines with respect to the body-fixed X-auxes, as represented

by the & .7les Byr B and p;. must be considered,

."-i:“‘v‘ P R T S N s

For the sake of simplicity, the rnotation will in most cases
not differentiate between round on round and round on flat phases
of motion. For example, the output angle,y, ,and its derivatives A
will have the same symbol fur both phases. i

For definitions of angles Bi and Yy a8 wall as the distances

B RLLL Appendix A~6,

G=3




1
i
i
a

J. KINEMATICS OF MESH NO, 1 (GEAR NO, 1 AND PINION NO, 2)

a, ROUND ON ROUND PHASE OF MOTION

TR T T ST RN Y SO 2T T R

Figure G-2 shows the round on round phase of the motion

of mesh no. ! in a schematic manner, Only the contacting faces

of the gear and the pinion are indicated.

s s s el Y oY

I, UNIT VECTORS

The unit vector in the direction CGlcPI is given by

& e ]

Je

Fﬁ

E

¥ The unit vector in the direction OICGI of the gear is given by
g, ‘ Rgy = cos(éy + 31 + sin(s, + 85,)] (a-1)

b |

iy, = COSA]I + Binkl3 (G=2)

Tl.e unit vector normel to ﬁAl (in the right hand sense) becomes

igag = ~sinpni 4 cosx13 (G=3)

a=-4

e i S - ae e

e e
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FIGURE G-2
ROUND ON ROUND PHASE FOR MESH NO. 1




;l The unit vector in the direction oacp1 is given by .
l ;‘
/| 2
3 Apy = cos(y, + sp)1 + sin(y, + 8p1)7 (G=4) i
;; Finally, the unit vector along the centerline.ojoa.ia given by i E
Ql gy = coegI + aingJ (G=5) ! ﬁ
v P
Ey g
{ ]
W Lo
il : o
[ II. DETERMINATION OF OUTPUT ANGLE *1 AND "COUPLER" ANGLE M o
i o

The loop equation of the equivalent four-bar linkage is

given by

3 8gifigt * ILyfa = 8pyfipy - ByRgy = O (6-6)
where Ly = Pa1 * Ppi . (a-7) |

}! With the appropriate substitution for the unit vectors, one X f

obtains the following component equations: . ' ;

i

N . . AN - . . . b -
'L o e e e R O P 1 b e w b 0 s s oy 115 sty b A e arie b u.;,w,m,‘..,v;;,,..,.;.,.':u_u.,@\:;f.m




aGl°°°(¢1 + 301) + Ljcosp -~ b,cosg, = amcoa(»pl + ’P1) = 0

(G-8)
and
aGISin(¢l + SGI) + L1ain)«1 - ‘b1ainﬁ1 - aplain(wl + ’Pl) = 0
(G=9)
To e¢liminate Mo let
sinzx, * coaax‘ = (@=10)

The above trigonometric functions are obtained from equations
(G=3) and (G=9),respectively, Substitution into equation (G-10)

furnishesn

A1Rain¢1 + Bmcoaw1 = cIR (G=11)

where

Mp = 8g18in(éy + 3gy = 8py) = byain(sy - 8p)

Bip = 8g1008(%) + dgy = 3py) = Dyeos(By = ap)

2 2 2 .2
&gy * agy + by = L7 = 2ag,b,008(s; + 35y = A)

28

Q
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Equation (G=11) is now solved for ¥y in the manner described

in Appendix E in connection with equation (E-12), i,.se,,

) ) 3
1 Mg 2 'JAIR * Bijg = Cyr

¥y = 2 tan”
Big * Oy

(G=12)

The correct sign on equation (G-12) must be found from geometrig
considerations,
The coupler angle A\ may now be determined either from

equation (G-8) or from equation (G~9). Thus,

-1 b1o08k *+ apjoomlyy * 8p) - a5i008(¢) * dq)
Ly

:\‘ = Co8s

(G=13)
or
-1 | Bysingy + apein(yy + apy) - 85,8304y * 3g,)

,\‘ e sin
Ly

(G=14)

.
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[ ]
I111. DETERMINATION CF ANGULAR VELOCITY ¢‘ OF PINIOII NO, 2

A - e T T

Difterentiation of equation (G-11) with respect to time 3

Qi glives 1
% &'
3 !
i B, nCOBY; = A,on8iny, + C i
1 H N Bl L ikl 1RD*7Y) 1RD (@-15)
%t Ajpcosy, = B,psiny 5
b 8
%i where

App = 8gyco8(dy + 35 = )

3 3
L Birp * %g1®in(#) *+ 35 = 8p) i
q :
b "
1 -
i | . _ Boybysin(e, + 85, - By) b
X P1 }
1
i
1 (
s«.




IV, ATIVE AT THE C ) N

The relative velocity VS‘/T‘Rof the contact point 8, g

i
|

on gear no. 1 with respect to point T‘ on pinion no,. 2,

i

?; represents the vectorial difference between the absolute

L

g! velocities of these points. Thus,

f

3 _ - -

3 Ysirmg * Ve = Ymse (6-16)

! where C represents the spin center of the fuze body., If &

; stands for the angular velocity of the fuze body, then appropriate )
%g . gubstitution into equation (G-16) gives (See also Figures G-1 and 03-2) : i
] _ j
! LT br] 3 3 - :
¥ F Vaimg = [3 %% + G+ 3 x GGy + 5y ] i
[ ' d
' J
- ['J x®, + (T+ V) x (B + ;Pl)] ‘
! (G=17)

Since

e T i Lty

G x[il + Fgy ¢+ FGI] = T x[ia + iPl + -‘;Plj (G=-18)




|
|
v! because the position vectors in brackets are equal, equation (G-17)
§
|

¢ may be written

l v e V - ¥V
; s1/'rlR st/oI 'r1/o2

= %) X (Hgy * Fgy) = ¥y X (Bpy + Fpy) (G=19)

Note that ¥ becomes the vectorial difference of the
m/'r\H

Sty et i T Do i

contact point velocities with respesct to ths fuze body.

ST e T A S T
it

Since this relative velocity is tangent to the contacting

surfaces, it may be written as the vectorial difference of the 3

. _ velocity components along these surfaces. Accordingly, t

equation (G-19) becomes, with the help of the unit vector L RY) A

Rt e S

’ - - - !
vs1/'r1R - {[‘*\T‘ % (8gifigy * Pcnnn)] * Ay ;

- [“1R X (apfipy - "p\‘-‘u)] . 'ﬁmt} Tl |
* (G=20) |

Appropriate substitution of unit vestors given earlier in Section I !

4 and simplification results in-

i =11




Ts1/mip {’t[‘m“'“l tagrm M) v gy ]

o L ]

4 ~ w[aproontyy + apy = ) - ’Pl]} Byl

2 (G=21)
i

b -

:

¢

({l,

b o E OF MoT

o

|

.

- Figure G-3 shows a schematic view of mesh no., 1 in the

round on flat phase of the motion,

% .
.

'ﬁ; The unit vector in the direction O,T, is given by

"EI

4 iF\ = cos(y, - “Pl)I + sin(y, - “Pl)3 (G=22)

The unit vector ﬁNFl' in the direction CGlsl’ is always normal

to “FI

ENFI : -sin(vy - “pi)I + cos(y, - "P1)3 (6-23)
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FIGURE G-3
ROUND ON F!AT PHASE FOR MESH NO. 1

G=13 ‘}




A X_OF OUTPU \~AND_DISTANCE K, _ o
i ' .
\’-;
iﬁ The vector equation for the mechanism loop 0,~Cqq=8,~T4=0, 3
2 :
; has the form: "1
% ;
| \ )
. 1
L T * raifym - &y - Byl = O (a-24) o
) o
: L
jg Substitution of equations (G=1), (G=5), (G=22) and (G=23) ‘ j
\ i ) 4
%: leads to the following component equations. 3 !
§ o
% 851008(9, + 35,) = rgymin(¥, = apy) = bicosp, = g008(y, < ap,) %
B ;
3 = 0 (G=25) ]
‘ | and : ) %
4 l : !.
¥ -
;i IG1lin(¢‘ + ’Gl) + pgieo8(¥y = apy) = bysing = g,oin(y, = ap,) ?
| ;
! = 0 (a=26) )
%, From equation (G=26) one obtaina for the quantity g, i
r-s
| ¢ = 8q8in(s, + 24,) + pgic08(¥, = ap) = Dbyeing |
% ! sin(¥y = apy) | :
- ‘.
3 (G=27) b




o D

This expression ia now substituted in equation (G-25). This

leads to the following: %

)

Aypiny, + B gcos¥, = C,p (G-28) i

?

.

where o

i

Bip = = Agyeinley *dgy *oapy) + Bysin(ay + ap) |

“ir * ra

Equation (G-28) is solved for y, in the now customary manner: |

‘ p

! 2 2 2 5

; | Bir * Cir !

; The appropriate sign is again found from geometric considerationa. i

i |

L }
|
|

=15

li

LA 2 o 2 bbb 4t s S e MU gty ) a1 S b 008 SE RN b vy 2= sy i




|
I1I. OCl \"‘ DURING ROUND ON FLAT
PHASE OF MOTION

Implicit differentiation of equation (G-28) with respect

to time gives, for il‘

(G=30)

; . ; A1FDoinw, + B,FDoolw‘

where

Mpp = 8 sin(ey + 45y + 2p)

Bigp ® 8gyceos(#y + dgy + )

C e e ik

e L i




1V, RELATIVE VELOGLT! Vg py AT CONTACT POINT DURING ROUND
ON_FLAT PHASE OF MOTION

For the round on flat phase, the relative veloclty vél/Tl,

may be expressed by
VSI/'NF = v81/0l - Vm/oa (G=31)

Now, this velocity has the direction of the unit vector + Kr'.

Since there is no veloocity componant along the pinion flank,

equation (G=31) becomus

Ysim, = Vs, * ™

" {[hx (sg1kgy * ParBur)] * Mpy } b Y (a-32)

Appropriate substitution of unit vectors furnishes

Vsmwp x4y [staldy = apy = 8y =gy - ray] B

(G=33)

G-1?




fieir e

! V. DETERMINATION OF TRANSITION ANGLES :

:{’ The transition angle,¢IT,and the corressponding angle,w‘T, :
%3 are roached when the round or round phase is followed by the é

lé. round on flat one. They are obtained by letting g, = fo in % ]
?;g the component equations (G-25) and (G=2A), This gives é j
gf : ;
851008(8yp * 8gq) = Fgy8in(dyq = apy) - Dycospy = fpco8(Yyp = ag))
= 0 (G=34) ]
and -
S oin(tyg * 8g)) * rqqe08(¥yy = apy) = Dyednfy - fpysina(¥yg - apy) !
': = 0 (G=35) ‘5
. { :
|
“ ' From the above, one obtains

, |
.% coa(é,n + 601) = ‘:;T[EQ‘.in(WIT = apy) + bjoosp + £5008(¥yq = up‘i] f
. (a-36) f
.f sin(é,m + 35¢) = ""'[EPGI°°'(WIT = apy) + bysing, + fpy8in(¥yq = ap‘i] ;
1 *a1 : i
(G=37) F
3- | !

G-18
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The angle WIT is now obtained by letting

2 2 .
sin (¢1T + 661) + cosm (¢‘T + ‘G1) z

This results in-

Aypeindyy + Bygpoos¥p = Cyp

(G=38)
whare
hyp = p008(Ry * opy) ¥ fpyein(py + epy)
Byp = ~hgyBin(By + apy) + fhyc08(gy + apy)
2 2 2 2
_ Bgy - egy T by - Ip
Cip =
' 2b1
Finally,
2 2 2
A 3;1“5. + 8 -c

Byp * Cyp

The appropriate sign must be found from geometric considerations.

The associated angle ¢IT may be found with the help of either
equation (G-36) or equation (G=37):

a=19
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$yp = cos”! Pq18in(¥yq = apy) + fpicom(yy = «py) + bycosp,
2 =

- 6G1 (G"“-O)

or

=g1008(¥yq = apy) + fpy8in(¥yy = apy) + bysing,

‘#’T = sin"

VI. SENSING EQUATION FOR THE D MINATION OF CONTACT ON SUBSEQUENT
TOOTH MESH

The following contact sensing equation is derived with the
assumption that subsequent contact is made in the round on round
phase of the motion, in the manner shown in Section VI of
Appendix E., Now, the configuration is that of Figure G-2 where
gear no, 1 rotates in a clockwise direction,

Before contact is made, the distance between the centers

of curvature CG1 and CPI is given by

LT A A b O Lae R MR e e e

. L e 2,

o el

SRR .
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i
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- TR,

If A¢] and Aw, represent the tooth spacing angles of gear no, 1

and pinion no, 2, respectively, the associateqd loop equation

becomes (see Figures E~3 and G-2). '

%a1[Son(e) + oty ¢ 3g)T + win(y, + SURCTPE ICR S SR

= by(cosg,I + sing J) + up,[éoa(w1 = a4 eI e sin(y, = sy, + ap,)I]

(G=43) 3

where |

’ ¥y . angle of pinion no. 2 as determined for the
ho

round on
flat mode with equation (G=29)

The magnitudes of Lxl and Ly‘ are determined from the component

form of equation (G-43), lee.

o it e s

bx1 = Bjoomp + ajicon(y, - ay + bpr) = Mgycosle; + a4y 4 ag,)

(A=44)
and

T T

Lyl

e B B B e T et D s S e e

Pyoing + apsin(y) - ay, + 45,) = 8 %in() + ady ¢ ag))

(G~45)

i G-21
1




Contact will have occurred as soon as
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2, KINEMATICS OF MESH NO, 2 (GEAR NO. 2 AND PINION KO

. ROUND ON ROUND PHASE OF MOTION

1

| Figure G-4 gives a schematic representation of the round

o on round phase of the motion. Only the contacting faces of the
i

f; gear and the pinion are shown, It is to be noted that the input

gear rotates in the counter-clockwise direction, and that the

output angle ¢‘ of mesh no. 1 is identical to the input angle ¢2

2 ' of mesh no, 2.

I, UNIT VECTORS

] The unit vector in the direction 0pC,, of the gear is given by

] ;

Ti The unit vector in the direction C,5Cp, 18 glven by

2 3

|

§  iy, = cos,l + ainayj (G=-48)

5

é G=23 ,
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. .! =

5 ﬂ The unit vector normal to f,, in the right hand sense becomes 3
E ENAZ = - sinAaI + cosaaj (G=49) g
E' The pinion unit vector Epa' in the directiocn Ojcpa' is represented by F
v P
i ]
g; — _— -— \v‘
. :
b! ;
&; Finally, the unit vector along the centerline an3 is given by Q
| 4

R

;*' KBZ = copai + Binﬂza. (G-51 ) 'n'
I1._ DETERMINATION OF OUTPUT ANGLE ¥, AND VCOUPLER" ANGLE A,_
The loop equation of the equivalent four=-bar linkage is A
given by H
_ _ i, - i
‘Ganoz + Lan)‘z - ‘Panpa - banpz = 0 (0-52) J
=25
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=
=4
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21
°

La = fg2 * ‘fp2 (6-33)

T =T ST TS e T Q™

After substitution nf the unit vector, as given earlier, one

A obtaine the following component equations |

4 ! i

% ; ;

i i

| ! | ;
i _ - - - ' '
: 3 aGacoa(¢a - ’GZ) + Lycosa, upacos(wa ”Pa) bacoapz = 0 @ 4
k
: (G=54) I
il. and ; g
N ; i
| L
t. aGaain(¢2 - BGZ) + Laain.\2 - apaain(wa - apa) - basinp2 a 0 :
3 (G=55) i
g S
Ma" i 1 \ ’i
‘W To solve for the output angle ¥, in terms of the input angle ¢,, } ﬂ
; ' 1
%j substitute the expressions for sini, and cosi,, &s obtained %
;i 1 from the component equations (G=54) and (G=55), into 1
z ;
;- A
é‘ sinaga + coaa,\2 = 1 (G=56) %
-
(IJ I L
oo ‘
| This leads to !
o :
|
f Aopsiny, + Dypcosy; = Cpp (G=57) P
% [
% ! |

L ]

a-26

|
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1 Rop = bpein(p, + 8p,) = &g sin(d, = 3,5 + 8p,)
é Bag = bpeos(By + 35,) - ag,cos(é, - 3q2 * 8p2)
5 2 2 2 2
Cop = Lg = b2 - &gz - &pp ¥ 2agybycos(s, = 85y - gp)

2ap2

Equation (G=57) is then solved for ¥ in the manner discussed

in Appendix E

2 .2 . o2
v, = 2 tan” fep 2 J"an * Bag - ey

(G=58)
: Bap * Cap

The correct sign must again be determined from geometric consideratione

The angle A, may now be determined elther from equation (G-54)

1| | or squation (G=55)

s coﬂ-’ bacoaﬂa + IPZOOB(Wz - apa) bad ‘Gacoa(¢a - 802)
La

(6=59)
or

b,eing, + a,,8in(¥, = 8,,) = A 8in(d, « p,,)
AZ . ain" [:d 2 P2 e pe e P 2 a2

La
(G=60)

a=-27
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! L1, DETERMINATION OF OUTPUT ANGULAR VELOGITY ¥,
|
i
|

| Implicit differentiation of equation (G-57) with respect

to time leads to

' ‘ o | Asppn8ing, - B._..cosy, = C i
‘ Appcosy, - Ban’*“ﬁa

where

Aagp ™ ga008(dy = 8g5 + 3p)
Bagp ™ 3ga¥in(¢, = 3q5 + 350)

8p2

Carp

ek e T et o e e e A e 5 e R i G
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]
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i a-28
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IV, RELATIVE VELOCITY AT THE CONTACT PO

S G e TR SR i a

The relative velocity véa/TZR’ of point 5, on gew. no, 2

with respect to point Ta on pinion no. 3 has the direction of

the unit vector ﬁnxa.

=7

Thus, in the manner of equation (G=20).

T

vsa/fraR . e[**ar‘ % (8g2Biga * faPa2)] * Ty

T A TR IR R

- [‘”ar‘ x (appBp, - "pa“aa)] . "ima} Bna2

(Q=62) i

R

Substitution of unit vectors yielde

- A
T . : |
%! | Vse/m2, * {*a[“cz“""’a - %2 = %) * fg2] §
1 a
3 ' i
3 ‘ - vplappconlvy = app - 25) - "pz]}"ma :
. (G-63) g
i i
k :
i i
; 1
T \
! !
] |
P

i a-29




i b, ROUND ON FLAT PHASE OF MOTION

f |

.

Figure G«~5 shows a aschematic view of mesh no, 2 in the

i round on flat phase of the motion. Again, only the contacting

i

\ slides of the gear teeth are indicated,

Iy

y UNIT VEGTOR

|

" _—
* ‘1 The unit vector in the direction 03'1‘2, along the flank of ~}
pinion no. 3, 1s given by
o
o
. - - Ty
~: i Nps = coa(wz + "PZ)I + sin(qba + GPZ)J (G=64) E ,!
| | L
1 !
| . The unit vector Hy., in the direction S,Cq,, is normal to Yy, j
X in the right hand sense i
] E
| Fypg = = sinlvp + app)l + cos(vy + app)] (a-65) ]
t‘l :|
| j
= i
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FIGURE G-5

ROUND ON FLAT PHASE OF MOTTON GFf MESH NO,

a=31
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| II. DETERMINATION OF OUTPUT ANGLE ¥, AND DISTANCE g,

The vector equation for the mechanism loop Oa--CGa--Sa--TZ-O5 |
‘«;‘-'g has the form
\‘. b - n - 1 - n = - A |
g 83272 = PgaPnrz = B2Bp2 = Pafgp 0 (a-66) Py
}5-; l; i
& Appropriate substitutions for the unit vectora furnish the i
“', ‘l ! 1
", following component equations. '
| 8gao08(#y = agp) + asin(yy + apy) - byoosp, = g5008(V, + apy) ?
g‘: \ Y
- |, and
] Ba25in(9a = dgp) - Pgaco8(¥p * apy) - bysingy - gosin(yy + upy)

= 0 (a-68)

‘_: From equation (G=68) one obtains the following expression for 8>

4 8ga8in(s, = 8ga) = pgac08(yy + apy) = bysing,

82 =
g in(¢v, + a
3 sin(¥y + app) (a-69)




1
This expression is now suhstituted into equation (G=67), and %
¥

one obtains the following:

where

ey —

aG2c08(¢2 - 82 = “Pa) = byco8(f, = ap,)

sos s

x>

)V

e |
¥

b T

= 8go81n(d, = 355 = apy) + bEin(fy - apy)

o0}
v
=

|

Cor = = f@2

Equation (G=70) is solved in the customary manner: ‘

2 2 2
1 Ap 2 ‘JAZF * Byp = Cap

Bop * Cop

bo = 2 tan (6-71) ]

-z 3o
SIS S STV S )

The appropriate sign is again found from geometric considerations,
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111, DETERMINATION OF ANGULAR VELOCITY EZ DURING ROUND ON FLAT
PHASE OF MOTION

IR Ry rﬂ,ﬁm‘vl‘:mm“;ﬁi&u:&d

Implicit differentiation of equation (G-70) with respect

to time gives the following expression for Jé:

s e e e e

' e | Aspn8ing, + B,o.cosy
bo = 4 [EFD 2 2FD 2:[ (G=72)

il G i i b A Foss s

where

- P DamieEe e

|
Aapp 8g8in(d, = 355 = apy)

Bapp =  8g2co8(#, = 855 = app)

1V, RELATIVE VELOCITY ] AT CONTACT POINT DURING ROUND )

|
ON_FLAT PHASE OF MOTION |

Again, the relative velocity VSE/TZ consista only of that
F

component of Véz/o which is directed along the pinion flank,
2

Thua,

G=-34
e T O A M
g
ARt e e




Vsa/m2, = [ Vsa/o0, irz ] Bra i

{[ $ok x (a5500n = roufiypa)] ¢ Fipa } Bpa

f (a=73)

Appropriate substitution of unit vectors gives

s

L]
| Vso/re, * 42 [ agaminthy + app = 42 + g2) + #go] T L

(a=74)

T S LA T S e

v RMINATION OF TRANSITION

The transition angle $am and the angle ‘ET' which correspond i

to the transition from the round on round to the round on flat

phase of motion, are obtained by letting gy @ fpa in the

component equations (G=67) and (G=68). From this one finds the

d
3
i
]

ii following with $p @ ¢2T and wa u *BT’

1
°°'(¢2T - 602) » -:;; - pqalin(waT + “pa) + bycomp, + fpacon(faT + “PZ{]

! (@=75)

e e R,

a-35

AR G | v bt gt oy s av0 e 0




i 5

and g

1
sin(éyp = 8ga) = ;;;l302°°°(*aw * app) + bysingy + foasin(vyyp + "92{]

(G=76) i
P
{
The angle ¥,, 1s now found by substituting the above expressions !
| 2
into I
! .
! \‘
aln2(d,p = 80,0 + 0082(d,0 = dgn) w1 (G=77) »
i 2T ~ *e2 21 "~ Ya2 =
g This results in
b -
g“ App®inyom + BorcoBYon = Cop {G=78)
| |
L i
) where
f Agp ® = pgpo0s(fy = app) v fppein(Ay - apy) i
BaT » anﬂin(ﬁa - l!pa) + fszO.(ﬁa - dpa) ‘
! ?
; 2 2 2 _ .2 :
Cop ® ez " gz " P fp2 ;
T i
2 b, ]
.

Q=36

THERE e € Gt bt b —aies
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Finally, in the usual way

S v I I P -

2 P e ;

A + 'Vh + B35 - C 1

waT = 2 tan~! 2T = 2T 2T 2T (G=79) i
Bap * Corp |

:

Again, the sign must be decided from geometric considerationa.

!

1

The associated angle $,, may be found with the help of %

i

either equatlon (G-75) or equation (G-76), i.e., :

;

|

ol | " Pao8in(¥,n + ao,) + bocosg, + £.,008(Pom + tps) }

$3p = G0 1[: sa® P er " pa) T P20%%fe * Teat0flap * vp2) |,

a ) L

ue 3

(G=80) ;

{ or ?
f :
1 3 -1["g22080ap + wpp) + bysing, + fppEln(vay + apy) 5
: E $op = 8in ALY :
s | a2 "

. e
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VI, SENSING EQUATION FOR THE ERMINATION OF CONTACT ON
SUBSEQUENT TOOTH MESH

The contact sensing equation for mesh no. 2 is derived
sinilarly to that for mesh no, 1 before contact i1s made in the
round on round mode, The distance between the centers of

curvature CGE and Cpa is given by
Caelpa = Dyal * Lypd (G-82)
If A¢2 and A¢2 represent the tooth spacing angles of gear no, 2

and pinion no, 3 respectively, the associated loop equation

becomes (Bee Figures E-3 and G=4)

a62[503(¢2 - 4¢, = aaa)i - aLn(¢2 - A¢y - °02)3] + ani + Lyaa
- app |cos(v, *+ av, = apz)i + sin(y, + 4y, = 8p2)3]

- baans/£21+sinp25] = 0 (G=83)

sote that for mesh no. 2, the angu ar increment A¢2 1s negative

while A¢2 is positive., Further, as before, the angle Vo must be

6-38
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determined for the round on flat phase of the motion.

The magnitudes of sz and L _, are determined from the

y2

components of equation (G=83), i.e.,

i
§
|
|

i

2 Lys = bycosp, + apycos(y, + ay, = Bpp) = 85,c08(d, ~ a¢, - 8g2)

- e

:‘:'vl
§ ihile (Q=84) ;
;":

! \‘
"II LyZ = baainpz + npaain(wa + 84y = apa) - aGagin(¢2 - a¢y = UGE) ,‘
I (a-85) j

Contast will occur &as soon am

o 2 é .
3 an + Lya s Paa * Pp2 (G=86) ;
- ; i i
- | ! !
{1 ,
o |
;| |
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3. KINEMATICS OF MESH NO, 3 (GEAR NO, 3 AND PINION NO, 4)

Since mesh no., 3 is kinematically equivalent to mesh neo, 1,
the kinematic equations for mesh no. 3 may be odbtained from those
for mesh no. 1. The angle p3 must replace the angle By and the
center distance bb is used inatead of b1. All parameters of
gear no, 1 are replaced by these of gear no, 3 and the pinion
parameters of pinion no., 4 are subatituted for those of pinion no., 2.
It is to be noted that the input angle ¢3 of mesh no, 3 is

identical to the output angle Vs of mesh no. 2.

&s ROUND ON ROUND PHASE OF MOTION

The ouput angle ¢3 is obtained with the help of equation (G=12)

2 2 e
A + ‘h. + Bz - C
¥y = 2 tan”! 2R = Y IR IR 3R (e-87)

where

e

a=40




By = aG3cos(¢3 T 8P3) - bscoa(ﬁ3 - 8P5) 1
| 2 2 2 _ .2 . J
3 T apz *+ 8gz * b3 = L3 = 2a55byco8(¢y + 355 = By ) :
¢ aps
| and t
E} Ly = fg3 + fp3 (G-88)
2 |
N
& The angle A, may be found with the help of equation (G-13) or :
. equation (G=14) , %
R N b300553 + apjcoa(w3 + 393) - aGScou(qb3 + 303) % &

(a-89)

] or
X v e sig™ b351n33 + np3sin(¢3 + °P3> - aazain(¢3 + 563) é
| 2 Ly
' (@=90) i
X l P
ﬁ The angular velocity ¢3 is obtained from equation (G=15) i
“ l ‘:3 u 4;} P3Rp°0% ¥y - A}gp"-“\l’; * Capp (G=91)
\', -
El A}Rcow3 BBRA:LM«5
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where

A}RD aGBcoa(¢} + 33 - aps)

n

Ra3P3oinlts * dg3 - F3)

/ 3RD
! ‘ aP}

MG D . <ol g b At

! v

e R LT
S e

?. where, according to equation (G=3),
[, ¥
T
’.':‘ ': t.

g1 i -
4

et

e R T ST

< A sy RS st R K

53/T3R ® { *3[}G3°°’(¢3 * 865 - A3) + p03]

- ¥3[ap3008(¥s + apy = a3) - 3] }'ﬁm

; \ ATURERS T U,
L i s U s st o da b st o [ VEPPRR

.1 The relative velccity V becomes, according to Equation (G=21),
| 83/13q

(a=92)

(G-93)
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b, ROUND ON FLAT PH.SE OF MOTION 2
The output angle ¢3 is obtained from equation (::=29) f
j
2 2 P
A :_1#@ + B = C

45 = 2 tan”! 2T JF __3F OF (G-94) :
Bap * 03F ?
;
where %

ASF = 303003(¢3 + 8G3 + "P,}) - b}OOH(BB + “},'.5)
BBF 5 = aG3ain(¢5 + 833 * “PB) + bBain(pB +* “PB) g
?J
CBF n PG} ’a
:
The distance 8 becomes, pccording to equation (@=27), N
{
'.%‘
;
- aajainw3 + 863) + p63008(¢3 - nPB) - b.eing, 4
5 ein(¥y = apy)

(G=95)

Q=43

b
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= -1

R e

The angular velocity JB for the round on flat phase of

the motion is found from equation (G=30)

' . A sin¢y, + B cosy
by = ¢3[ SFD " 3 3D 3] (G=96)
A3F003¢3 - B3F31n¢3
where
Aspp = 8g3%in(d3 + 343 + p3)
B}FD = aGBcos(qb3 + sG3 + "PB)
The relative velocity V, for the round on flat phase
83/135
comes from equation (G-33)
Vss/rs, = *3[Ba3stnldy = aps = 45 = 4gs) = s3] g
(6=-97)
where
HF} = COB(!P} - "Pj)i + ‘in(WS - "PB)J— (G"‘98)

according to squation (G=22).
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The transition angle ¥.n 18 obtained by way of equation (G~39)
3T

3

2 2 a
- A + iA + Bem = C §
X 3T 3T o
- where 2
1 1
/ L
,. Asp = g3e08(By * apg) + fpzBin(hs + apy)
,I "{
3 !
& X
§ 2 _ 2 2 el i
b 3n T 20 b
| 3
i 4
)
) ' . ',\
;;l The associated angle ¢3T may be obtained from equation (G=40) E'
%i or from equation (G=41) ' &
1
\{ . _ 005_1 [?GBSin(¢}T - "PB) + fP3°°a(¢5T - aPB) + bBCOSﬁS-I - . 3
) - G3 i
: %a3 - 1
) _ (G=100) )
;i 21 | = PazC0B(¥am= apg) + foa8in(¢,. = apaz) + bpsing f
Ll bgpmetnt |82 T P BST W OPF 3 Of . 4y
Vo ' & :
. 4> |
L (G=101) i
3 _(‘

!

#

l .

P G=U45
f

§
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Finally, the contact sensing equation is based on equations

(G=44) = (G=46). Contact will occur, when

! 2 2

%I" Lx} + Ly5 S pG3 + PP} (G-]OE)

Tt e S

§= where with the tooth spacing angles A¢3 and A¢3,

et e e e et = e

%3 b500508; + Bpzc08(Yy = Avg * 3pz) = B,zC08(ss + 4¢g 4 33 b

[
(G=103) -
and I

|
1]

v3 bssinp3 + aPBBin(w3 - A¢3 + 8P3) - aGSsin(qb3 + A¢3 + °G3) %

(G-104)
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APPENDIX H

MOMENT INPUT-QUTPUT RELATIONSHIPS FOR TWO AND THREE STEP-UP
GEAR TRAINS WITH TEETH OPERATING IN A SPIN ENVIRONMENT

The following gives the derivations for the moment inpute
output relationships of two and three step-up gear trains which
operate in a spin environment.

Flgure G~1 of Appendix @ shows the baslc configuration of
a three step-up gear train. The input moment, Min’ which acts
on gear no, 1, is held in equilibrium by the moment,Mou,which
acta on pinion no. 4,

Since in all three meshes there may either be round on round
or round on flat type of contact, the force and moment analyses
must account for various contact combinations. Table H=1
snows the elght different phase combinations which may occur in
a three step-up gear train, and for which input-output relationships
must be found, The two atep-up gear train, which is shown in
Figure A=10 of Appendix A for involute gearing, does not contain
pinion 4 and gear no, 3, Here, the input moment Min’ which acta

on gear no, 1, is held in equilibrium by moment Mo}' which acts

on pinion no. 3.
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Case no. Yesh No. 3 Mesh No, 2 Mesh No. 1
(Gear 3 & (Gear 2 & (Gear 1 &
Pinion 4) Pinion 3) Pinion 2)
1 R R R
2 R R F
5 R F F
4 R F R
5 F F F
6 F F R
7 F R R
8 F R F

POSSIBLE COMBINATIONS OF PHASES FOR THREE STEP~UP GEAR TRAIN AS

TABLE H=1
SHOWN IN FIGURE G-
g R = Round on Round
! F = Round on Flat

When oglval teeth are involved, there are four possible

phase combinutions of the two remaining meshes.

for each of then,

H-2

These are shown

in Table H=2. Again inputeoutput relationships must be obtained
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Case 0. Mesah No. 2 Mesh .o, 1
(Gear 2 & (Gear 1 &
Pinion 3) Pinion 2)
1 R R
2 R F
3 F P
4 F R
TABLE H=2

POSSIBLE COMBINATIONS OF PHASES FOR TWO STEP~UP GEAR TRAIN AS
SHOWN IN FIGURE A-10

R = Round on Round

F = Round on Flat

The unit vectors, mechanism angles and kinematic terms
neceasary for the following analyses were derived in Appendix G.
(See also Appendix D for a description of the geometry of ogival
teeth.) Certain terms used in connection with mesh no. 3 may
be obtained from expressions derived for mesh no., | in Appendix G
by the replacement of the appropriate subsoript numbers, since
the kinematics of these meshes are identical. The following

additional nomenclature iz used:
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distance from epin axis C to pivot pointa 0i of individual
gears, (1 =1,2, 3, 4 as applicalbe)

angle of lines ‘Ri = CO, with respect to the body-fixed X-axis
spin velocity of fuze body
mass of various gears, pinions and gear-pinion combinations

mf&iwa y centrifugal force acting on individual gear
components., (Now called Q, to differentiate it from the
pinion contact point T,.)

pivot radius
radius of curvature of pinion tooth (ogival)
radius of curvature of gear tooth (ogival)

coefficlient of friction at pivota as well as at contact
point between gears and pinions

The pivot friction moments are obtained according to

equation (A-3b) of Appendix A. They always oppose motion regardless

of the assumptlon of direction of the pivot reamctions in and Fyi'
To this end tho pivot forces F;i and ?&1' which represent the sums

of the absolut: values of their component parts, are added




o s VI 2 e

q algebraically. The algebraic addition of such modified reactions

'{} provides a conservative, i.e.. & somewhat overatated friction

e TR fm

=i moment,

The directions of Lhe friction forces of the gears on the
pinions are always those of the relative velocitias v81/T1’ where
points S1 and 'I‘1 are located at the contact points of the gears

and pinions,respectively. This allows the introduction of a

| signum convention. For the round on round phases,

. S

{ Vaa/mig *;
3 R " W (H-1) }
[Vaa/may) .i?
j
: ]
For the round on flat phass, the convention becomea i

1 | Vs1/m ]
E. : P (H=2) 3
| %N |

The expressions for the above relative velocities, which are

different for round on round and for round on flat, are given

: in Appendix G. ‘
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“equation (G=92), With the use of the signum convention of equation (H-1)

. &l

1o INPUT-OUTPUT ANALYSIS OF THRER STEP-UP GEAR TRAIN

a., CASE NO, 1: RRR

L. FORCE AND MOMENT EQUILIBRIA OF PINION NO, 4 {

Flgure H~1 shows a schematic fres body diagram of pinion no. &
in the round on round mode of contact. The equivalent four=bar
linkage assos.rted with mesh no, 3 is also indicated, The pinion
is acted upon -y the equilibrant moment Mou in the direction ' i-
opposite to its counterclockwise rotation, The contact force |

of gear no, 3 on the pinion is given by

(H=3)

Foy = Pyl

The associated friction force exerted by the gear on the pinion

‘has the direction of the relative velooity VEB/TBR’ as given by

the friction force Ffjubocouol

Foow = #osulia (H=4)

H=6
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Note: ¢y is positive in
ccw direction
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i FREE BODY DIAGRAM OF PINION

MESH NO. 3: ROUND ON ROUND -
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The centrifugal force, due to the pinion mass, is given by
A '64 = Qu(coavlg + sinvu:j‘) (H=5)
i e
j where g'
Q 2 (H=6)
r L m w - 3
3 U Ry ‘.
1
!
; s
J
b Force equilibrium is given by :
B - - - :
¥ Fyufas * #03pPayBiyys * Pl + wFyT = Fp T+ wFy T+, = 0 ‘a
: b
; Moment equilibrium requires the following: i
4 | Mo K = ne (Fy, ¢ Fyu>E + (apgfips = Ppafi, ) X (Fy B 5 + udgely fiy,s) 4
g ' i
'-; = 0 (1-8) )
!1 Equation (H~?7) furnishes the following component equations: , 4
i i
t |
E! |
b Fy,0083 = 8y Fy sinag + F ) + wFy) + Q o8y, = O (H-9) ,
|
L d
E an
F
; FMain,\} + ne,oFy coBAy = F)"O + wFy, + Queiny, = 0 (H=10)
: 1. H~-8
AN
sl

LR DR DU 4 : \
s
{11}
S )
IR Ao . '“‘
. o
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The scalar form of the moment equation becomea

-MO‘-} - “P“(qu + ﬁy“) - F;u{lpstﬂ.n(“} + ’P} g A}) - “.BRCOB(“'B + aps - 1\3)]

+ p.stPs} e 0 (H=11)

Simultaneous solution of equations (H=9) and (H~10) for qu and
Fy“ gives
F [u(- « 1)wina, = (1 + Pal )oo.ag] « Q,(usiny, + cosy,)
) 17 S} 2 '3 3R | (s b N
xb 1+ ac

(H=12)

and
e

P ] .Elb[(1 + M qlnzlinas + p(!;nz 1)eouA3] +A39(linvu »oocvhl_
y"’ ‘ & m

(H=13)
The sum ?xh + Fy“ of equation (H=11) is now made up of squations
(H=12) and (H=13) in the sense of equation (A=3b) of Appendix A

A=9
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seiny + co8y
L N
A = (H=15
2
p(8,0 = 1)sina; = (1 + %8, )cosn
Ay = 2R 2 RT3 (H=16)
1 +
?- ainvy -  KooBY g
- Ay = 4 4 (H=17) 5
: 3 ' 1+ uf l
3 2 ;
o (1 + n®myn)8inay, + u(8,p ~ 1)cosa
A, = l 2R 71+ R 2 (H=18)
m
\

T

Equation (H=14) is now subatituted into the moment equation (H=11)

and the latter is solved for the contact force F34 ;
M Q,C
Fy, » =2t + 471 (H=19)
' Ca o

where

L ' 01 = ﬂpu(A' + A})

C, = u”El}Roon(w3 + 8P3 - A3) - -1n(¢3 + BPS - A;}]

o

"E’P}’}R + Pq(ka + A“)]

H~10 j
)
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11, FORCE AND MOMENT EQUILIBRIA OF GEAR AND PINION SET NO., 3

Figure H~2 gives a schematic free body diagram of the gear and pin-
ion combination no, 3., Mesh nc. 2 i8 also indicated to obtain the
directions of the forces of gear no. 2 on pinion no. 3. The
forcea of pinion no. 4 on gear ho. 3 are opposite to those
given by equations (H-3) and (H~4) respectively. Thus, the

contact force becomes

Fus = = Fay = = Faulys (H -20)
The friction force of pinion no. 4 on gear no. 3 becomes!

Fous = = Fray = = #eypFyfigs (H=21)
The contact force of gear no, 2 on pinion no. 3 is given by

while the associated friction force of gsar no, 2 on pinion no, 3

becomes

H=11
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Gear & Pinion no. 3
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FIGURE H-2

FREE BODY DIAGRAM OF GEAR & PINION NO, 3
ROUND ON ROUND
ROUND ON ROUND
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Froz = #8ypFosfiyys (H-23)

The pivot reactions Fx3 and Fy} as well as the associated friction
forces are drawn in a separate dlagram in Figure H-2. As was
the case earlier, the friction moment due to the friction forces

again opposes rotation.

The centrifugal force, due to the mass of the combined

gear and pinion no. 3, is given by

Q5 = Q3(cosyaI + sinr;j) (H=24)
where
Q; = m3m3w2 (H=25)

The force equilibrium of the combination is given by

t Pyl - aRd + Gy = O (H-26)




P

The moment equation is given by

F‘Z.:i - - ol [ g .:
q + [apafips = rpafiya] * [FagBp * weppFasfya] = O (H-27) ;
;! Equation (H=26) gives the following component expresaions: : é
o
b 3
;.5 and '
. B
L ‘~ '. a
'II : - - - ! !
?ﬂ i F3qainA3 ua‘.’RFMcos,\3 + Q331n73 + ij pr5 + r23ainA2 1 i
a =
1' ?l + “°ZRF23°°°A2 = O (H=29) §
| :
! The mcalar form of the moment equation (H-27) becomes 'i
% i
“: : “PB(FXS + ij) - MB}RPG}Fs’-{- - FBaRPPaF23 + aG3F34 ﬂih(¢3 + aG} - 1\3) :
.

- #B3pe08(¢y + 3gy = A3)] + appFps[-ain(y, - app = ap)

; + usaRcos(¢2 ~ dpp - '\2.)] z O (H=30)

SRR AR B vt s
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Simultaneous solution of equations (H-28) and (H=29) for the

pivot reactions ij and Fy3 gives

7 ij = T—%—:; {F34[31 - #ZBBR)coe,\3 - u(l + sBR)sinABJ +

:

%ﬁ Fzs[?(l * 8yp)eina, = (1 - uaaaR)cosAé] +

;‘1 Q;[#ainvs - 0057}]} ' (He31)
éf and

Ft Fy3 = ”“1‘“7 {FM[(‘ - MZBBR)ain,\B + u(l o+ BBR)°°"‘3] +

b

?1 Fas[k“2°an - l)singa - 801 + saR)conAe] -

( i Qj[:a:!.nv_3 + ucoav;J} (H=32)
(- |

The sum Fx

3+ ?&3 of equation (H-30) is now made up of equations

(H=31) and (H=32) in the mense of equation (A-3b):

K

4

1
~ ~

Fx3 * Py = Fyhg + Fph, + Uhy * Fiuhg + Faghg + Q4 ;

e Tl

1

H=15
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where

o
w\
]

R

A8 =
Ao =

(1 - uassn)cosAB - u(l + gég)sinxs

1+ ue

u(1 séB)ainAg - (1 = "E‘QR)°°°ﬁL

1 + na

uaint} - 00373
1+ #2

(1 - MZB}R)BinA3 + u(1 + aBR)coqi

1+ W€

2

(m 8,p - 1)ainaé_:ru(l + ’aR)°°°§£_

——

1+ 4

'1n7}4f p;0575

1+ p

(H=34)

(H=35)

(H-36)

(H=37)

(H~38)

(H=39)

Equation (H=33) is now subatituted into equation (H=-30) and the

regulting expression is solved for the contact force Fa;‘ Thus,

b bt o il e a0 S e i 3 St SR AL s e e

= P53 = Q0

C5

H-16

(H-40)
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where

Q
N
n

nez(hg + Ag) = uszpngq + 83| 8inles + 455 = Ay)

= #83p008(45 + 355 = 2s) ] |
3 o ?
i AT i

*3(Ag + Ag) - nsapepp + App[uaypcos(y; = ap, = Ay) 3

Q
n
"

= sin( ¢’2 - apa - 4\2)]

:
y I
. il
< \
. B
o )
b f
; !

H=17
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g Figure H=3 givea the free body diagram of the gear and pinion

e et

combination no, 2, In addition, mesh no. 1 is indicated to odbtain

g‘ the directions of the forces of gear no, | on pinion no. 2. %
;i The forces of pinion no. 3 on gear no, 2 have directions ?
gf opposite to those given by equation (H=22) and (H-=23) respectively.

;- ‘Thue, the normal force is given by | ;

% The friction force of pinion no. 3 on gear no. 2 becomes j
i |
i

The contact force of gear no, | on pinion no, 2 is given by

Flg = Fyoly, (He43)

while the amsociated friction force of gear no, 1 on pinion no, 2

becomen

H-18
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FIGURE H-3

FREE BODY DIAGRAM OF GEAR & PINION NO, 2
MESH NO. 2: ROUND ON ROUND
MESH NO. 1: ROUND ON ROUND
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Friz = soypFialyy (H=4k) ﬂﬁ

!

The pivot reactions, of the fuse body on the pivot shaft, together i

‘ with the pivot friction forces, are shown in a separate diagram ?

E, in Figure H=35. The centrifugal force, due to the mass of gear ‘%
!

and pinion assembly no. 2, is given by

E T = Qy(cosy,i + siny,]) (H=45) ; ?
b I
! Where b
g 2 I
QR * Wampw (H=146) .
I Col
b Ly
3 ; Force equilibrium ia assured by )
S B P PR U L R T R T S TUNMEL:
’\' bl - ;
; t Pl = WPl ¢ FoJ ¢RI = 0 (H=4?) !
|
¢
.;\ i
3
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Moment equilibrium must satisfy

'F’Ja(i‘xz + yz)i + [.Gznoa + PoanAzj X [."FajnA2 - "'ZRFE}nNAEJ :
| * [opiBpy = rpyfiyy] x [F12By) + waypPyoRy, ] = o0 (H~48)
i
; Equation (He4?) given the following componant exXpreasions 1
| ?i
@ -F2300laa * ”'23’25'1“*2 + F‘acoaA' = A pFioEing ;
‘.; ‘ + QZQO. 72 + sz - I‘Fya a Q (3-49) !
2 :
L and %
! ]
: i
; “'Fas.in/\a - “.ERFZBGO' 0\2 + F‘a.in 0\1 + I‘.‘RF‘EOO. ,\‘

] + Qaainy, 4 Foa *+ nF,p = 0 (H~50) !
|
y
4

H~a21
Lo
v b s
‘v,_ﬁ?, 1 \‘!‘(Iﬂ:@\\,} ‘ )‘n ‘|,I
R
‘; " » ‘1\\'\1‘1\.".,
— o — e oy . s - SO R e g
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The scalar form of the moment equation (H-48) becomes

e L et 8

St o 4

b -M’a(an + Fya) + ncaras[ninua - 8o = ).2) - “'2R°°'<¢'2 - 80 - xa)]

Ai'.‘ - - /] - (‘!
3 - waprgafay + SpyFyp[tain(y; ¢ apy = a)) ¢ umypoenliy + apy = A)] q

;
f !
! |
|".i. ‘-1

Simultaneous solution of equations (H-49) and (H~950) for an

- T

and Fya leads to

|
f‘ Feo @ -;—:Tz {F?-B [(1 * uanan)oouz - w(syp = I)l:l.ma]

§ + Qz E-OOI?Z - “.1‘72]} (n_sa) ‘!

i I S T - L

and

rya - —-;—“-E- {FZJB‘ + »alan)uima - B - '2R’°°"‘2J

| + Fipfs (1= myp)oom ay= (1 + #2IIR)I:LnA1_-J

+ Q anona - lin'raj} (H=93)
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The sum of ¥ , and F&a of equation (H=51) is now made up of

equations (H-52) and (H=53) in the sense of equation (A=3b) of

Appendix A

Fya * Fya = Tazhyy *+ Fradip + Qhyy + Fazhy, + Fiodyg

* QA
where
l(l + uan R}cona - u(Mag = 1)sina
- e
. . u(lla \)IinA, (12+ n !JB?OODAL
12 LI
- 0OBY - usinvy
2
A - e ““*2-*3
13 1 ¢ B '
2
(1 ¢+ 4 a, )sim2 - Bl - -aR)oolAa
A %} L i ——
14 1 - “?=;
2
A ) p(l = l‘R)00lA1 - (1 + & llnlginkl
15 ' 1+ a%
H=23
oo b e bl rdtirms s v A bbb b b ” t-

e

(H=54)

(H=55)

(H=56)

(H=-57)

(H=58)

(H=59)

i
‘U
\
v

X




ucosy, = ainy
& i (H=60)

A ]
16 1 o+ &

Equation (H=54) is now substituted into the moment equation (H-51).

The resulting expreassion is then solved for the contact force Fyo

= Faslg + Q5C,
Ca

F‘Z " (H=61)

06 = Aca[éin(¢a = dg2 - Aa) - plaRool(¢a - 32 " Aa)]

= neglAyy v Ay) - usaprga
Cp = urplhyy + Agg)

G = - {‘91[5*“(*1 $opy = Ay m o keggeos(dy ¢ dp,

*onra(Rya + Ayg) ¥ “'an’px}

He=24

A
4 ekt b o130 ) bt TR

L e el Mt b S -'~\""“wm




TR AT e

e e TR T

A RN

i T TR ST TR D e W TR

Figure H-4 represents the free body diagram of the input
gear no. | which has the input moment Min acting on it,

The forces of pinion no. 2 on gear no, 1 are given according

to equations (H~43) and (H-44),

and

Fm = = n8y Pyl (H=63)

The moments due to the friction forces on the pivot oppose

rotation as indicated.

The centrifugal force, due to the mass of gear no, 1, is

glven by

Q = Qi (He6L)

where

L ki e e

B e
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Gear & Pinion no, 2

Gear no., 1
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FIGURE H-Uu

| FREE BODY DIAGRAM OF GEAR NO, 1
MESH NO. 1: ROUND ON ROUND

H-26
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Force equilibrium requires, that

- WPy = o (H~66)
Mowent equilibrium is glven by.
s+ B DR = MR e [agyig, v egE,] x
[-F128, " #8pFiplyyy] = O (H-67)

Equation (H=66) furnishes the following component equations:

'F‘ECOBA‘ + #B‘RF1aﬂin¢\l + Q1 + Fx1 + #Fy1 = 0 (H-GB)

and

- Fiasinky =T um pF pdesk, 4R, L LR e o (H=69)

b4
The scalar form of equation (H-67) becomes
1 Fy) = My, e F[etnge, + g1 = &)
- na‘Rcou(¢‘ + 3g1 x‘{] - “'IRPGIFIZ = 0 (H=70)

H-27
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The simultaneous solution of equations (H=68) and (H-69)

furnishes

1

1 + &

and

Then, with the same reasoniung as bofore,

~

Fer * Fyy = Frakip + Qhyg + Fiahig + Quyg

where
. (1 - #201R)003A1 - u(l + a‘B)uinxl
Ay =
1 + &
1
A =
18 Y-

H-28

x1 = T3 {Fla[“ - wlaigleoss; = k(1 + aypdetny] - Q'}

(H-71)

]
yi " T—:—F{Fiaﬁl - uzl‘R)l:Ln.\1 + u(l + um)cou.J - uQ,}

(H=72)

(H=73)

(H=74)

(H~75)




)
i
i
] (V" = uaa Ysina, + »() + 8,.)c08) 2
! Ao 1R 1 IR 1 (H=76)
‘;I 1 * l"z ?
¥ | !
i | ‘;
A - (8=77)
i a " |
g 20 1+ ué %
Equation (H=73) is now substituted into equation (H~70) and the '
reault is solved for the contact foree F,, E
' q
o M - Q C A4
: | F12 = in 179 (H=78) .
Ev* C10 3
' i
F where ;
I\,i'" : . 09 o Mf" (A18 + Aao) ‘?
gy ! !
1 \:
| Cio = #nlAyp * Arg) ¢ agi[sin(sy + a5y = 2p) - |
: !
\ “‘IROO.(¢1 + BG‘ - I\' )J - #.'RPGI !
0
-
i

e A e T T T T T

H=-29
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Equations (H=-61) and (H-78), which are both expressions in ?

F‘a, are now set equal to each other and the result is solved for ' |
Fz3 o
Lo

F 8 Q) ¢+ —L q (H=79) ]

23 *® Mip = QG + — R - f ¢
CeC10 %6

The above is now equated to equation (H-40) and the result is solved v
for F
b1 . i

py v —28Mn 7 %) COabRe ¢ Aol (ng “:
*

®3%C10 i

i

\,1

Finally equation (H~80) is equated to squation (H=19)., This j
permits the determination of the equilibrant moment Mm+1 z
Y

(for case no. 1: RRR) ‘3

C,CeC C,CeCprC C,CeC C.C
2578 2°5°8 2 e

n 2

SR~

H=30
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b, CASE NO. 2: RRF
a Since only mesh 1 is now assumed to be in the round on flat ?
$ phase of motion, the forcea F}h and PZ} remain as given by :
1 1
" equations (H~19) and (H=-40), respectively. j
|
- 1
i A
3 EQU 0 N NO, 2 f
i? Figure H-5 shows the free body diagram of the gear and pinion E
v b
& set with the necessary portions of mesh no. 1. ;
y 1
Er The forces of pinion no. 3 on gear no, 2 are given by j
! 3
%g ' equations (H-41) and (H=42), 1.e., . i
! ! Y
- F )
| 52 - Fashio (R-82) }
: '
; and }
; :
’f'_f i
: ;
Feap = = waypFosByia (H-83) !
H=31
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The contact force of gear no. ! on pinion no. 2 is now given by

Flop = Fiapbyp (H-84)

(Note that the additional subscript F is introduced to distinguish
round on flat from round on round contact.)

The associated friction force is given by

Faor *  *&pF 25t (H=85)

(See equation (H=2) for o‘r.)

The pivot reactions, together with the pivot friction forces,
are shown in a separate diagram in Figure H=5., As bdefore,
the pivot friction moments oppose rotation,

The oentrifugal force Q, is again given by equations (E=45)
and (H-46).

Force equilibrium is given by

1
i

=Foufi,p = weppFasiiyn + Fiopfiyyy + weygFiaply ¢

S W GRS N SR Wt HRRR I (H~86)

H-33
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Moment equilibrium about point 0, requires

—urg(Fpp ¢ 0K o [agBp, ¢ rgoB,0] x [Fps8,, - TN N

* &gy X Fiopfiyyy = O (4-87)

Note that since the line of action of the friction foroe r,,a,

passes through point 0,, this friction force exerts no moment

about point 0,.
EqQuation (H~86) furnishes the following component equations:
"23°°'*2 + »aanra’uinaa - P,z,lin(w‘ - ’Pl) + “'1!’\ar°°'(’\ - -p‘)

+ r‘z - l‘rya + Q2°°l72 a 0 (3-88)

and

-ras.‘.no\a - ”.ZRrZB.D.Aa + P\a,.OOO(ﬁ‘ - GP\ ) + #.‘rr‘ar.in(*‘ - P‘)

* !"2 + “rxz + Qanﬂ‘fa L 0 (H=89)




The scalar form of the moment squation (H~87) becomes
""2(?12 + i}a’ + ‘02’23["”‘*2 - ‘62‘ = ap) - “"an“'(*a - 8ga - Aa)J

“23'62’23 + "121‘1 = 0 (H=90)

Simultaneous sclution of these component equations for I

%2 and r’a
leads to
! 2
Feo @ TTF r”[u(l - laa)l:l.mz + ()« ". 'ZR)“"\L-’
+ r'zr[(‘ - ”2.‘r).1.(¢' - .P‘) - “(‘ + I,F)GOO(*' - dp‘)J
- Q{»u&nve + oonaj} (H=91)
and

1

rya o -"*_"2' {Fa,[“ * I‘a.zn).in*z - “(' - 'zn)oo.t(a]

+ F‘ZFEH(' * l".)lin(ﬁ, - ﬂp,) ¢ (Ha.‘r - I)OOI(W‘ - “P‘)J

+ Qaf_'-l!.nvz + noonz]} (H=92)

H=33
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The sunm (?xa + ya) of equation (H-90) is now made up of equations

(H=91) and (H=92) in the sense of equation (A=3b) of Appendix A

Fra * Fya = Faghpy ¢ Fraphaa * Qphay * Fashpy * Fraphas * S2hyg
(H=93)
where
1 = 8,.)8inA, ¢ (1 ¢ iﬂ“"
Ay = ' - ﬂ.ni\\ (,, a < | (H=94)
2
! - in(y, = « - ull + b, -
Agz = ‘( HTsypleintyy - epy) - eC ¥ oyploonlh t e | hegs)
1 + &
uninv? + cosY,
n H=96
Aa5 ' 1 '+ nz—-ﬁ l ( )
4
Ay o l (1 ¢+ » 'EB?'iniZ,' uél uaBZoolaa (He97)
LI
wu(] + syp)ein(y, = ag,) * (»21 - 1)oon(y, = )
Aos = 1¥ | ) 1 =g (He98)
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- +
linva; ucourg

A = He
26 P (H=99)

Equation (H-93) is now substituted into equation (H-90), and the

resulting expression is solved for the contact force Flzr

- Taxliy * R0
%3

Frar ® (H=100)

where

Q
-—
[ ]

a2 [8in(s, = 25z = Ap) = ragpo0slvy = 3 = ;)]

- “Pa(‘ual + Aau) - #.anpaa

o'a L “Pa(“a, + A26)

Cizs = & = wurglhgy + Azg)

H=37
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AL, _FORCE AND MOMENT EQULLIDRIA OF LNEUT GEAR NO, |

Flgurs H«6 represents the free body diagram of input gear

R i G W RREE = S — e R R E AT -
Sl g &

no. 1,
The forces of pinion no. 2 on this gear are given ,according é
to equations (H=-84) (§-83) , j

Farp ® = Fyarfym (§=101) Lo

and L
8

! 1

Foatp = =uoypfy2plp (H=102) .

The moments due to the pivot friction forces oppose the indicated

S

! rotation due to the moment M, .. k

F‘ The centrifugal toreu'ﬁ' has been defined by eguations (H-64) ﬁ
 and (He65). 3

The force equilibrium equation is given by ?

-Frapiypr = h0ypPiapip * QL+ BT ¢ uryd ¢ B3 - uryd |

g 4
# . = 0 (H-103) o

H-38
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FREL BODY DIAGRAM OF GEAR NO, 1
MELUH NO. 1l: ROUND ON FLAT
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The moment equilibrium equation becomes

Mk + ke (Fyy + Fodk ¢ [agyBgy ¢ eqiBypr] X [“FiapBiger = #8197 258 ]
¢ }
N
;
, = 0 (B=10k4) '1
ﬁ; Equation (H-103) furnishes the following component expressions ;
Fiopoinlé) « apy) = noypF pe0alyy = ep)) + Q + Fyy + »Fy, :
:
\ = 0 (H=105) |
and
“Fi2peo8(¥y = ap;) = wByFiopmin(yy = apy) + Fyy = uF,, "
b .
: ™ 0 (H-106) < ‘r
v | {
E! g The scalar form of the moment squation (H-104) becomes fj
1 v !
S Y'.' g [~ k¥
¥ L Mgy v erg(Fy ¢ Fyy) + nsypag Fiop ¢+ 8g Fiap[-o0s(sy + &gy = ¥y + apy) i
| ?
‘é + no pain(#, + bgy - ¥y +ap)] = 0O ]
' i
: (H=107) d §
)I ) | 1'
' i Simultaneous solution of equations (H-~105) and (H=106) for L 1;
i and Fy1furnishos~

.Elél[}(1 + naqlr)-in(w' - aP')z+ “('1F = 1)cos(y, - GP'iJ:- R,
1 + 4

x1
(H~108)
H~40
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and

Fyp =
Now let
§¥l + i&l
where
hap = ‘l
A28 =
A29 =
A}O =

F@E[“ + pi’au‘.)czcoe:(\ﬁ1 = apy) + w(8p ~ 1)sin(y, - ap‘)] - uQ,

1 + #2

(E-109)

* Fiaphap * QAzg + Fiophag + QAg, (H-110)

2
=(1 + W78 p)8in(yy = ap,) + u(8y, = 1)cos(y, = ap,) (Be111)
1T + &
1
P #2 (H=-112)
s(8yp = 1)ein(yy = ag,) + (1 + uly Joos(y, = an.)
17 °m » 1} l__ Pl I (H=113)
1+
"
] R Ma (H"]'“")

Hei)
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Equation (H=110) is now substituted into the moment equation (H-107), %

f

This furnishes ,3

.:3

g

| - a0
x Fiop = i 14 (H~115)

12F c

| 15 i 1
Lt : 3
§ I
%@ where § )
] |
i S
';“ ] W
2 Cig = wpy(Agn + Ayg) + neypPay i
|
“ , + ‘G][““F'in( ¢' + BG‘ - *’l + “P‘ ) = 303(95‘ + 361 - "1 + “P«| )] : J
l
b i {
1 t

T R L T e R T




Iquations (H=100) and (H=115), which are both expresasions

in F\&r' are now set equal to each other and the result is solved

for l‘zs ‘

-c ':—,

Fag = ——2— (Myp = §)0;,) + Qa (H=116) 3
C11%s 14

The above expreassion is now equated to equation (H-40) and solved

for rn '
00 Cxl c :

P, ® —22— (M, = Q,0p,) - Q22 - g2 ]
(R~117) 3

Finally, this expression is set esqual to equation (H=19) and the

result is msolved for the equilibrant moment "oua (tor aase 2t RRF)

¢
T 20013 caczc,!c,! °a°g°1 - 4 00, o
5°11°15 ~ °3°II°15 °3°|t Cy
(H=118)

H=l)
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With both meshes no. | and no. 2 in the round on flat phase
of motion, only force F,“ of the round on round phase can be
incorporated for the present case. The equilibrium equations

for gear and pinion set no, 3, gear and pinion set no. 2 and the

input gear no. 1 must be newly derived.

1. FORCE AND MOMENT EQUILIBRIA OF GEAR AND PINION SET No, 3

Figure H=? shows the free body diagram of gear and pinion
set no. 3, together with the neceasary outline of mesh no. 2.

The forces of pinion no. 4 on gear no. 3 are given by

squations (H=20) and (He21)

and

rfﬁ} CR_— #'BRFBHENAB (H-120)

H-U4
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The normal contact force of gear no, 2 on pinion no. 3 is given by

Fosp = = Faspliyra (H=121)
The associated friction force is given by
Feagp = raypfouriys (B=122)

The pivot friction forces are cliosen 30 that the resulting
friotion moments oppose the indicated rotation, The centrifugal
torce 33 is that of equations (H-24) and (H=2%).

Force equilibrium is given by

Ty By = repFy By = Toyfis ¢+ wpplonfing ¢ Qy

¢ Byl 4 uRyl & FT - urx33 = 0 (H-123)

Moment equilibrium about point o3 is given by

sryFyy + Ty + [Maghos + rasbas] * [Fauliss = #o3aPnif,s]

¢ gy X Tpyp = O (R-124)

H=-46
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Note that the friction force erBF exerts no moment about point 03.

Equation (H=123) furnishes the following component equations:

-F;ucolxs + MOBRF3kl1nA3 + Qjcon3 + Fx} + »ij + Fasplin(ﬁa + apa)
+ P02rr23r00l(*2 + apa) = o (H-‘aS)

and

-F3k-1nas - “'3R’34°°'*3 + Q3l1n73 + Fy5 - ur:3 - r23F°°'(¢2 * apa)

+ M.arrasp.in(*a + “Pa) = 0 (H-‘ZG)

The scalar form of the moment equation (H-124) becomes

»93(3;5 + ?yB) + “05'34[‘1“(¢3 + 363 - A’) - “'}R°°'(*3 + 305 - *3)]

- #-BRP03FJ“ - 8ar25! L] 0 (H-IZ?)

H=47
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Sisultaneous solution of esquations (N~12%) and (H-126) for rx,
and F,J 1.“. to

]
2
rl} ™ TT-::- {"“[(I - u I’R)OOIA’ - u() + I’R).‘lt\3]

. Q,[nu.nva - coov,]} (R=128)

and

|
l'” u ‘_:?{PME‘ - ual’R)l:l.nA3 + 01 ¢ -,R)eom\’J
2
+ ra”l:(t - M lzr)OOU(’a + 'Pa) o u(l .”)“n(*z*'Pa)J

- Q,Eu.n'r, . »oou’J} (H=129)

The suam F’” *+ Fyy of equation (H=127) 1is nov made up of
squations (H-128) and (H=129) in the sense of *quation (A-3b)

Fg ¢ ¥yy o Tsuhsy + Fagphyp ¢ Qghyy + Tyuhsy * Tasplys + Qusg

(H=130)

B TSN T




where
2
‘3‘ . l (1 =& l13190lk3 - p(; + am)nm3 ,
1 4+ &
2
\ . -a(1 + 'iF)°°'(fa.* “gg? - ('z:‘“ uar)nin(¢£:+ fgél
32 1 4+ »
palny, = 008 Yy
Aoy * l vl} + uE l
(1 = “2. Yeinay ¢ u() + 8,,)008)
A 2R 2 3R ;.
b " I PR
2
Ay @ I(l - -Mo-(wg + "Pg) - #(; + 'gr)'“‘(t_aﬁ* "rg’_
| K
siny, + ucosy
3 3
A3 * ’ 1+ Wk

Equation (H=130) is now substituted into equation (H=127) and

the result is solved for FZBF

H=49

(H=131)

(H=132)

(H=133)

(H=134)

(H=135)

(H=136)
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“ Fyu01c = Q0

) . 34°16 3717 j

2oF S8 (H-137) |
!
f' where ?
“16. % rlhsy * Ay agy[atntey 4 agy - ay) B
- I‘.}RQO.(¢ + 8 - 2 )J - us s ¥
37 %3 " A3 H83pPg3 P

Cip = weglAgy + Age)

Py

g b
Il B

1y . 1

o H .j
. B
N
: i
i 4

A
A
1
l]

H=50




Figure H-8 shows the free body diagram of the gear and pinion
set no, 2.
The forces of pinion no, 3 on gear no, 2 are equal and

opposite to those given by equations (H=-121) and (H=122), i.e.

Fsar ® TozpPype (H=138)

and

Pesop = = #0yplasplp, (H=139)

The forces of gear no, ! on pinion no, 2 are those of equations
(H-84) and (H=85).

The pivot friction is accounted for in the usual manner
and the centrifugal foroe 52 is given by equation (H=45).

Force equilibrium is given by

Fasrypa = “SapFazpiye * Fiapiypy * 48 pTiapdpy * Q + Fypl = wFyol

+ ryad * #and = 0 (H-lhO)
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Moment equilibrium about point 02 requires
~uea(Fyp + Fyadk + [ag80, = poofipns] x [(Fa3pdypa - n8apFa3plipa ]
* &g % Faplyy, = 0 (H=141)

Equation (H-140) gives the component equations

-Fa}Flin(wa + “pa’ - plaprajFOOl(Wa + “pa) + Qaco-ra * Fep = pra

and

F25F°°'(¢2 + “PZ) - #eaFFZBFuin(wa + apa) + Qpuiny, + Fye + wFyn

H=53

P, w,;.:;'aa-u‘..-_.c;.‘._ﬁ_'am:us-;_.._j
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1
a
1
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The scalar form of the moment equation (H=141) becomes

~rep(Fyp + Fya) + agoFazpfeon(s, = 855 = ¥y = app)

+ uByp8in(d, = Bgp = ¥ = app)] = WBpPaoFaap + B Fpp = O
(H=144)

Simultaneous solution of the component equations (H~142) and (H=143)

for sz and Fya leads to

1
xe * T2 %FZ}F[.(‘ + ulapp)ein(¥, + apy) + u(ayy = 1)cos(vy + app)]
v Fiap((1 = »2a pdeintey = ap)) = k(1 + 8yp)conlyy = ap)]
- Q [uainvz + cosv, J} (H=145)
and

:
ya * TR {FZSFD(SEF - Din(y, + apy) = (1 + saypdconlyy + app)]

F

= Fap[BO1 + 8y patnCyy = apy) + (1 - wPayp)conyy = ap)]

+ Q [uconz - sima]} (H=146)

H~54
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The sum ?;a + ?&a of equation (H-144) is now made up of equations %
(H=145) and (H~146) in the sense of equation (A-3b) ?
Fea *+ Fya = Tazphsg * Fiophag *+ Qphzg + Fazphyo * Frophy * QA2 .
(H=147) R
.‘
where B
E
R
2 b
(1 + & 'ggl?i“(¢g + apy) + u(ayp = 1)cos(v, + ap,) L
- T, - Y
Az = e R e
E
2 B
(1 = €8, )8in(y, = ag,) = pu(1 + 8, Jcos(y, = ap.) O
Ay ® 1¥ I | el 1 Pl (He149) =
1o+
'
"
A nelny, + cosy, (H-150) g
= — — - I
: 29 1+ u® ]
i \l'
| sagp = Dstnty, + apy) = (1 4 wPmyp)c0n(vy + apy) 1
1 + y
2 ]
: p(1 + . )8in(y, « a ) + (1 = uCu,)con(y, = a_,) 3
b I + & 3
¥ | ]
- kcosyY, = siny ~
¥ A, = —4 2 (H=153)
E{ ha 1T + & 2 g
i

] a5
Eé‘
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Equation (H-147) is now substituted into equation (H-144) and the result ]

is solved for Fy,p )

ety * S0 —— -

€21 L

Fiap =

where

019 = "FPz(A57 + Auo) + ‘Gz[°°.<¢a - 302 - 1’2 - "Pz)

+ noppein(sy = 2ga = ¥p = pp)] = kazprgy o

- ¢ ®  uPo(Agg * A 5) : ﬂ
: 20 2\ 39 (V] _ , |
| = s
0 1

1

‘| Cap = =rfalAzg + Ayy) * 6

! i ;
- i 3
S ;
3 |
:\I | &
H
{1 |
- ﬁ

H=56
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III, FORCE AND M EQUILIB OF INPUT G 1

While the numerical values of the force FEIF and itas
associated friction force Fflar' both acting on gear no, 1,
are peculiar to the present combination of contact phases, its

functional relationship to the input moment Min and the centrifugal j

force Q is identical to that derived in section 1b=II of this

S

appendix. (See also Figure H-6.)

]
@ According to equation (H=115), one obtains for Fiop '
8 |
! - Q¢
i Fiop = Min LML} (H=155) B
[ %15 i
o
: | ! p
b .;
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Equations (H-154) and (H-155), both in F,ar. are set equal

to each other and the result is solved for FZ}F

-c c -
2) 20

Tagp ® oo (Mn = 4Gt o= (H-156)
15%19 19

The above is now equated to equation (H-137) and the result

is solved for FB“

G, aC 04 a0 ¢
Py, = ——ofl_ (M, = Q0y,) = 1022 - 1T (p-157)
€15C16%19 C16%19 C16

Finally, equation (H=-157) i1s equated to equation (H=19), which
corresponds to the round on round phase of mesh no., 3. The

result is solved for the equilibrant moment Mok} (tor case 3: RFF)

C,CqaC CnCy,CiaC C,C,aC C,C
Moqj =M, : ﬁg i: - Q z l: lg 21 _ QL z 12 20 Q3 i 17
15716719 15716719 16”19 16

- Q“C| (H-158)
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do CASE NO., 4: RFR

For this contact combination force F)k may be taken from
the results of case no, 1 [poe equation (H—I9)J. since mesh no, 3
%5 is in the round on round phase of motion. The force lé,r of
3

case no, 3, i.e,,equation (H=137), also is incorporated.

no. 2 must be newly derived, i.e.,the force F,a must be expressed

|
5! The input-output relationship of the gear and pinion combination
i
|
i

in terms of the contact force F}ZF and the centrifugal foree Qa.

Finally, the results of the equilibrium equations for the input } }

goar no, 1 of case no. 1 are used, For this case of contaot,

A e T T

the force F,, is given by equation (H=78) .«

AT T

- FORC U 2) AND PINION SET NO, @

Figure H-9 shows the free body diagram of gear and pinion

e e

set no, 2 with the necessary portions of mesh no, 1.

The forces of pinion no, 3 on gear no. 2 were given by

equations (H-138) and (H-139)

e AT I e s T T

e e

H=59
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Foop = Faapliyp (H=159)

and

Feagp = = #8yFoupbips (H-160)

The forces of gear no. ! on pinion no. 2 are given by equations

(H=43) and (H=4jh)

and

The centrifugal force 32 is given by equation (H-4%). The pivot
resctions and friction forcea are handled as before.

Foroe equilibrium ias given by

Fospfiyga = #8apfasrlpz * Fiafiy *+ #8pfyafy,y *+ Qp + Fypl = aFppl

+ Fya3 + »rxzi = 0 (H=163)

H=61
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Moment equlibdrium about point 0, is given by

- urg(Fp + Fpp) + [8628q0 = eqaBypa] X [Fazpfiypa = #8pp%23p0pa)

+ [apyBpy = ey % [F128, * #8pF 840 ] = © (H=164)

eSS §

vl

Lol

Equation (H=163) gives the following component equations

T

.rasr.in(¢2 +* "Pa) - #lar!‘alroo.(ia + 'Pa) + sz - “F’Z + F‘ZQO.A1

e T ——

- “.1RF‘2.1DA‘ + ana."a = 0 (H-'65)

T T T e N T T

e

3 i e S
e

FaBFCOl(\I'a $ "pz) - “.arrasr.in(¢2 + QPZ) + Fya + era + r1a.1nki ‘\

+ unyoF 008, + Qu8iny, = O (H-166)




The mcalar form of the moment equation (H-164) becomes

= pp(Fyp + Fyp) + 8q2F23p[008(¢, = 352 = ¥ = “pp)
+ nuypain(d, = 3ga = ¥ = "pa)] = HEapPqaFasp = MEIRFPI T2

+ ‘m"m[“‘m“'“’\ gy - o\,) - -1n(¢| +3p - ,\‘)J = 0
(H=167)

Simultaneous solution of the force component equations (H=165)

and (H-166) for F,, and Fya results in

1
an = _-El - {ra”[(l + “2'21‘)'“(*2 + npa) w p{) - na,.,.)coa(\ka + aPZ)J
* F‘a[n(um - 1) sina, = (1 + nanm)con‘]
- Qa[uainya + oo-ra]} (H=168)
and v
[4
1
Fyz L T":"';z {Fa}rE‘(‘ar ".‘).1'.‘“'2 + “PZ) - (1 + Falar)OOIWa + apa)]

+ ¥, [-(1 + uasm)nm\‘ + p(1 - I‘R)GOIA1]

+ Qy [ -sinr, + poonaj} (H=-169)

H=63 #




The sunm fxz + iya of equation(H=167) is now made up of equations

(H=-168) and (H-169) in the usual manner

Fro + Fyp m TFazphyy * Fiahy, *+ Qahys + Fagphye + Fiakyg + Qohyg ~.

(H=170) i
|
where |
2 - - a i
. (1 4 » EEF)'in(gé,* “pé) k(1 fgr)°°'ii§:f Eil (H=171) é
43 1oa S |
2
.. “(syp = Vsdny - (\z+ h"8 p)oosi, (H=172)
ol 1o+ o
] psiny, + cosy | E
| _ 2 He1
| Pus ' X ‘ e |
2
] . |“(:a,r - Voin(y, + app) = (1 ; KTsppoo8(vy * app) (H=174)
5 o L |
- 2
i _ ‘ =(1 + s%uy)elngg + B(1 = 8yp)c00) l (H=17%)
;[,I 4?7 1] + M

)

L | = 8iny, + poosy

r e (E=176)
! A“B s | T+ » 7 l

S RN

G imoa tm .




Equation (H=170) is now substituted into the moment equation (H=167)

and the result is solved for F,,
3 - Fpuglps *+ Qo€ -
, £, = 23rC%22 2023 (He177)
Sy 1
|
] where j

\g Cpz % =woplhyg + Ayg) + ‘02[“'“2 -~ 8gz = ¥p = %p) ;f:
E, + nappsin(ey = gy = ¥y = opp)] = wmppeg
i 1’
él CZ“ » - “Pa(Auu + ‘“7> + ‘p1[‘#.1R°°. (%1 + 8p1 - *1 ) r
I - sin(hy + apy = n)] - wsppeg ‘
|j i ‘.

)

. e
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NPUT=0

Equations (H=177) and (H-78) are now set equal to each other

and the result is solved for !'2”

23F - 010022 ( in Q’ 9) Q.a S ( ? )

The above is now equated to equation (H=137) to obtain !‘34

| CyoC G4 aC c
| FS“ . 182 (Mg = Q,cg) - QP_M - Q L (H=179)
1 C10%1¢6%22 Cy6C22 16

Finally equations (H-179) and (H=19) are set equal to each other

‘;' and the equilibrant moment M 4 (For case 4: RFR) is determined

ol

- Moy * My 2018%y  _ Q‘.fg°9°18°au - o, 2%i8%2s | o 2%
;- 0 n
o C10C16C%22 C10%16%22 Cy6022 Ci6

@
F_l - Q¢ (H=180)
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3 w? H=-66
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@, CASE NO, S5: FFF

THEIECTS
p
R b L e B D ol

o For this contuct combination it is necessary to determine
new expressions for the force FBMF of gear no. 3 on pinion no, 4,
i and for force F23F of gear no, 2 on pinion no. 3.
| Equation (H=1%6), derived for case 3, and which relates

force FZ}F to the input moment Min' may be used for the determination

! of the final input-output relationship. :

I, FORCE AND MOMENT EQUILIBRIA OF PINION No, 4

;. E Figure H=10 gives the free body diagram of pinion no, 4 in

the round on flat phase of motlon with gear no, 3. ]

! The squilibrant moment Mou acts in a clockwiase direction
and opposea the counter-clockwise rotation of the pinion. f

‘'he normal contact force F}kF is given by
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The associated friction force becomes

b The centrifugal force Qu is given by equation (H=5) and the

g , !
}@q pivot friction forces are chosen such that they oppose rotation. b,
b, ! )
%1 Force equilibrium is given by 8
Fsuriyrs * “o3pTsuptrs * Fad — #Fyt + Fd + eFgd
| 5
1 I j |
a2 + Qu(coevui + ainv4J) = 0 (H=183) i
ﬁ' |
B

% Moment equilibrium about point 0, requires that

?H

e |

i e Mk - (F % B 7 -

d ! Mo, ke wey (Fy, + ?Qk)k + Bglpy X Py pliyps = O (H=184)

1

i |

. Note that the friction force Fpgyp 4088 not exert a momont about

b point Ou. since its line of action passes through it.

Bquation (H=183) furnishes the following component equations

: ~Fzupoin(¥y = apz) + uogyFy pn008(vy = ap3) + Fyy = sFy,

+ Q“00374 = 0

. : H"69




and

FMFco-(%} - aPS) + ulﬂ,rswlin(w} - aps) + Fy“ + Wiy,

e e s AT 5

+ Quiny, = 0 (H=186)

The scalar form of the moment equation (H=184) becomes

Moy = w0y (Fpy + Fou) ¢ 63Fgp = O (H~187)
Simultaneous solution of equations (H-185) and (R=-186) for 1"’m p
and Fyk results in
¥ ® I F I:(l - uis Yoin(y, = an,) = u(l + syn)cos(¥; = @ )] 4
| Y+ n2 | SUF 3F 37 %p3) " H 3F 3" %3
:
: +Q [- asiny, - oonhj} (H=188) !
| ;
- and ;;
L .%'
b |
b r -u() + Ysin(y, - ) = (1 = n2agg)c08(¥ ~ @ «)] [
;;‘{ Fyo = T2 FBAF[ AU ¥3 = “p3 3p)c08(¥y = “py ..
] |
E , + Ql& [-linr“ + ucon“] (H-189)
3
f
h
H=70
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The sunm F;“ + fy“ of equation (H~187) ie now made up of equations

(H=188) and (H=189) in the sense of equation (A«3b)

T * Fyy = Fauphyg * Qhso * Fruphs; + QAs, (H-190)
where
- 2 - - -
. . (1 = wsyp)ein(vy = apy) = u(l ¢ ';F)°°‘(*3 p3’ (H=191)
49 Vv e
- usiny, - cosy
A . Ty L H=192
) s | -
|
2
Ay, = | ULt Sgplein(hy - epy) @ (1 - Wagpleonly = pg)i pigs
51 1+ u°
' = ainy, + ucosy
| 4 4
. (H=194)
| 52 " 1o+ WS ‘

EQuation (H=190) is now subatituted into equation (H=187) and the

. result is solved for qur'

Mou * UCps (H=195)
C2¢

-J Far =
|
|
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1. FORCE AND MOMENT EQUILIBRIA OF GEAR AND PINION SET NO, 3

Figure H=11 gives the free body disgram of gear and pinion
combination no. 3. Both mesh 3 and mesh 2 are in their round
on flat phase of contact,

The forces of pinion 4 on gear 3 are equal to, but opposite

in direction to,those given by equations (H-181) and (H-182)

Fusr = " Faurinrs (H=196)
and
3
gﬁ f The forces of gear 2 on pinion 3 are given by
| |
A Fasr ® - Faspiype (8-198)
b
b
o and
(H=199)

Feazp = F8pFozplips
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;I The pivot forces and moments are chosen in the usual manner and é
3 - }
% the centrifugal force Q3 is defined by equation (H-24). 3
?s Force equilibrium is given by 1
§ s ':!
b o
L - n - 7 - n n ra) 1 . B [
E‘ Faupiyps = “83pFauplps = Fasplype + #8apFazplps * 93 + Fyad A

¢ WFyyl ¢ Fysd = wFysd = 0 (H=200)

Moment equilibrium about point 03 requires that

wpg(Fys + Fyp)E + [agsfigs + poafiyps] 2 [-Fy,pfiyps = #0spFs,pfips] |

+ By X (=)Fpypliyg, = O (H=201)

Note that the friction force Fp,sn does not exert a moment about CY

point 03. 1

Equation (H=200) furnishes, after all necessary asubatitutions,

the following component eguations: 9

Fjwl:l.n(%3 - “PB) - us”r‘}wcon(w3 - GPB) + Q300073 + Fx} + qu3

_— e ——— . —

H-75

2




and
-FB“FOO.(V’B - ap}) - “.Brpjur.in(¢3 - ¢P3) + Qslin'r) + !‘,, - Ilrxs

- F‘ajl‘.aoa(qﬁ2 + "pa) + "'2?’25!"“”2 + “PZ) = 0 (H=203)

The scalar form of the moment equation (H-201) dbecomes

np3(Fyg ¢ Fyg) + agaFyp[-conley + 8gy = ¥5 + apy)

+ hespmin(dy ¢ dgy = by + aps)] ¢ payprgaPyup = EFazy = O R

(H=204) e

i Simultaneous solution of the component equations (H=202) and (H=~203)

l
! for ij and Fﬂ gives -

1
' b4
3 T3 = - {FMFE'“ * Koagp)ein(¥y = apy) + w(agy = 1)con(iy - am)]

+ Fa;p[(“a‘zr - 1)lin(¢a + “pz) - p(1 + lzr)uon(wa + apa)J p

+ Q3 Euinvs - c:onv3 ]} (H-20%) _




e er U -

T L = e T
Mkt bt

TR g s

and

1

'ij . ""'1?{?3hF[E(SJF - 1)l:|.n(¢3 - “pg) + (1 «+ u2-3F>coa(¢3 - -p3)]

1 ¢ &

* Fagp[-a(1 + spp)ein(y, ¢ apy) + (1 = Wayp)conty, ¢ app)]

+ Q3 [rlinvs - uconvsi]} (H~206)
The sum ?;5 + 533 is now made up from equations (H-205) and (H-206)

Fez * Fyz = Tyuphos * Fagphey + Qzhge + Fy phgg + Fayphsy + Qudeg

(H=207)
where
2
(1 + 1Con)0in(Vy = apng) + w(Bgp = 1)COB(Vy = )
Ay = ¢ 3p)8intyy 2 - "“251 3" °p3 (H-208)
2
- 1)ad 4+ a - (1 + ¥y + «a
by = | axz DTN Pg.: +“(F 2p100%a t tpa) | (a0
sainy, = comy
3 2
A He210
55 *© 1+ a€ ( )

h=77
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- - a -
) . “"IEA 1).1u({}7 ap3) + (1 + & '}E)°°"f}f “R;Z_ (He211)
56 1+ »
2
\ . wp() + fgr"‘“(*a + aia) + (1 = 'ggl°°'(fg + anl (H-212)
S7 1 ¢+ &
siny, 4 neooav '

hg I}i - 2 (H=-213)
Equation (H-207) ims now substituted into equation (H-204).

The result is solved for 7233

- Fa,pCon = Qg0
fasp ® UF 27 3728 (H=214)
29

where

CZ? - “P)(As, + A56) + .GJ ‘°°.<¢3 + 803 - WB + GPJ)
+ »l”lin(OJ + 3gy = vy aP}i] + uBgpPay
028 = ”P}(Ass + Asa)

Cag = trylAgy + Agg) = g

H=-78
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3
,;v Equation (H-156) is an expreassion for rzsr as & funotion 3
;i of the moment M, and the centrifugal forces Q, and Q,, when ‘ff
? both meshes no. 1 and no, 2 are in the round on flat phase of tif
f motion, This expression for F,yp 18 now equated to equation (B=214), l ?
é, The result is solvad for Fy . i
B
L ! i
| i A
i €21%29 C20C29 Ca8 .
&f C15C19%27 C19%27 Cay L
\':“ - w“
i The above is now equated to equation (H=195) and the resulting i
{‘ expression is used to determine the equilibrant moment M, . o
1 (for Case 51 FFF)
5 3
3 Mous = My Pa1%26%29 | o Sular®acley | o Cac%2¢Ce
3 %5C19C27 ©15C19%27 ®19%27 i
5:; i "n
il 0,0 i
! - Qg 2828 . g0, (H=216) ]
¥ Cap 3
E "
v 3
; ]
A -
L H=79
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i £, CASE NO, 6: FFR

4 OMEN UT-OUTPUT RELA 1

The moment inputeoutput relationship for this contact

combination can be asaenbled entirely from previously derived :§

component relationships. As for ocase no. 4, mesh no. 1 is in the : J?

round on round phase while mesh no, 2 is in the round on flat

g? phase, Therefore, equation (H«178), which relates the force F23p ii

q!‘: : . '

‘}f to the input moment Min’ may be used, The input-output relationship ﬁ

i' of the gear and pinion set no. %, i.e, the relationship between f

gﬁi f the foroes Fy o and Fpuy, 18 glven by equation (H-214) of case no. 5. éii

ifi i The foroce F3“F may be obtained from equation (H«19%5), This . ‘ Q
l

expression was also derived for a round on flat contact in case no. 5.

Thus, equation (H=178) is first set equal to equaticn (H=214)

: and the result is solved for the forcs F %
: SHF ]
i 4
.' |‘

iy C,,0C CyoC e

‘. 24°29 - - 23°29 28 -

§ Fyup — (g, = Q0g) = Q=R - gy 22 (H-217)

i | C10%22%2y 22027 Cap




: The above expression is now set equal to equation (H=195), v 3
This then allows the dotermination of the equilibrant moment J
Mo% for the present contact combination, j
1
X ., —2026%9 _ o Oo%uCalay _ o C2326C29 =
| Tons " MmN Tergtass S B
10¥22%27 10v¥22%27 2227 ;
i 3
.
C,C b
4 - QB..EG..?-.a_ - Q055 (H=-218) L
I (o} | It
\1'. 27 ;
4 )
ff: '
g |
"I;:! i ! 3
]
(».
\
! ? :
:J;
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|
|
=
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K CASE NO, 7: FRR

For the present contact combination the expression for
] force F}#F may be taken over from equation (H~195) of case no, 5.
F“ The input-output relationship of gear and pinion set no. 3, which
] relates the forces FSMF and Fa;- must be newly derived. The ;
gi relationship between force F23 and the input moment Min is !
i
2 taken from case no. 1 in the form of equation (H-79). 1
?t
}, I, FORCE AND MOMENT EQUILIBRIA OF GEAR INION SET NO E
i g
i 1
., i
B !
- :
@ : ‘ Figure H~12 gives the free body diagram of gear and pinion A
;; set no. 3, Mesh no. 3 is in the round on flat phase of contact,
; while mesh no, 2 is in the round on round one.
A
i The forces of pinion no. 4 on gear no, 3 are equal to, but
b
ﬁ opposite in direction to those given by equations (H-181) and
!
¢ (H-182)
g
. Fusp = " Faurnrs (#-219)
§
»%
!
g H-82
|
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and

Fuse = = *®573urrs (H-220)

The forcea of gear no, 2 on pinion no. 3 are given by

Fay = Faaly, (H-221)

and

The pivot reactions are chosen in the same manner as vefore.

?s
;- The centrifugal force 53 was defined by equation (H=24).

E' f Force equilibrium of the gear set requires

S

B ¥ /
“Fs.piyps = #83pFsupips * Faghyp + megpFasiiy,p ¢ Qg ¢ Fysl

] + WFysl + Fuad = Ry = O (He223)
3

-

fé

H=84




Rl or &

Moment equilibrium about point 03 is given by

neg(Fys + Fy3)E + [@GSBGB + PGjaNF}] x [%FjufaNFB - “BBFFBMFEFBJ

* [apafipa = Ppafiaz] * [Faghap * wsppFasfiy,a] = © (HB-224)

Equation (H=-223) gives the following component expressions

stsin(w3 - "PB) - uaBFF%Fcoa(w3 - “P3) + Q300373 + Fx} + “Fyb

+ F25008A2 had ﬂazRFasainAE s 0O (H-225)
and
-F34Fcoa(¢3 - ap3) - p33FF3quin(¢5 - “PB) * Q331n73 + Fy3 - “FX}

+ F2331nA2 + #laRF23008A2 = 0 (H=226)

L

SEP L e = T




The scalar form of the mement equation (H=224) beacomes.

] #3Fas ¢ Fyp) + agsPyp[-oostdy + agy = vy v apy)

* Hagp8in(ey ¢ Bgz = ¥y ¢ apy)] ¢ +83prra3Tsur ﬂ
+ -Para,[-un(wa = 3pp = Ag) *+ neppcon(¥, = Bp, = A5)] | Lﬂ

= “Bapfpefay = O (-2 F
!

Simultaneous solution of the component equations (H-22%) and (H~226)
for rxs and I‘” results in:

ij _—Z{FBN‘E“ + A n”.)nin(& - a 5) + u(.”. - 1)qoo(¢5 - npj)]

+ Fas [n(l + "an"“'\z + (nZ-aR - 1)oou2:|

5;" + Qy Ec:l.nr’ - oon}] } (R=-228)
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i

and ?
1 2 '5
Bt TR Pyup[#(83p = D)ain(vs = eps) + (1 ¢+ 4Ca50c08(45 = apy)] |

+ FE} [(uasan - l)ai.n).‘2 - a(1 + °2R) coaaaj

+ Q E-uin-/} - ucoarj]} (R=229)

The sum Fx} + Fyz in equation (H=227) is now mede up from

squations (H-228) and (H=229) in the sense of equation (A=3b)

P TR TR P K

? . a3 * Fyz = Taurhsg * Fasheo * Qsher * Frurhea * Tazhes * S3he, i

;. (H-230) ;

| ‘ whers i

i

o l 2 ki

S (1 + n%agn)ein(y, = agy) + p(8yp = 1)co8(¥; = apy) )

3 ¢ )

v '

i :

. 2 .
1 + m,.)8inn, + ( = 1)cosA p

}. AGO - a 2R 1§_+ “Z:ZB. b L' (H=232) :

r e %;

1 | peiny, = cosy

\ 3 2

i‘l | A61 " 1+ W

%

{?

'
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62 v+ WB
2
s - (Tagp = Nwimp = w2 Spplootiy ' (R~235)
1 4+
—.in? - pEOBY '
Ay ® l |5 N “ﬁz——} I (H-238)

Equation (H=230) is now subatituted imto the moment equation (H=227)

and the resulting expression is solved for l'”

- - Q0
FypC30 = Cy) (He237)
C32

PZB =

where

030 L] ﬂP}(A,Q + Asa) - ‘03[595(¢3 + 003 - ‘3 + “p,)

- »ujrain(cﬁ’ +8gy - *3 + “PB)] + Hypfoy

031 = FP,(AG' + A6“)
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Equation (H=79), which gives the force sz in terms of M, .,
Q1 and Qz for the appropriate contact combinations, is now set

equal to equation (H-237). Subsequently, one finds the

following formulation for F34Ft

¢, c
©6¢10%30 €630 ®x0

The above axpreasion is now set equal to equation (H-195) which
gives FBAF in terms of Mou and Q“. The determination of the

equilibrant moment "oh? (for case 7: FRR) is now possible.
Thus,
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he CASE NO. 8: FRF

MOMENT INPUT-OUTPUT RELATIONSHIP

The input-output relationship for this contact combination
can also be assembled entirely from existing expreasions, With
mesh no. 2 in the round on round phase of contact and mesh no, !
in the round on flat one, the relationshiy between force Fa3
and the moment M, is that of case no. 2. Equation (H=116) is
applicable. The input-output relationship of gesr and pinion
set no, 3, which relates Fqu to Fas' was derived for case no, 7
and is given by equation (H-237). Finally, with mesh no. 3 in
the round on flat phase, one uses equation (H=195) for the
relationship between force F54F and moment Mou’

Thus, equation (H=116) is first set squal to equation (H=-237)

to obtain an expression for force F}kF

C, 0 0.
Foup * oo (M = §0p,) = 222 - Q;-C.I.L (H=240)
CIICISG}O 3‘1030 030
H=91
.}p!\iu\?"‘ AT
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gi The above expression is now set equal to equation (H-195)., Thia ?
i ;
X allows the determination of Mou8 (for case 8: FRF) ;

o o, 13%6%s2 | o C13%aCa®z2 | % €12%¢%32

o48 in 1
€11%15C10 €11%15%30 C11C30

]
O
AV

- QACZS (H=241)
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2. INPUT=OQUTPUT ANALYSIS OF TWO STEP-UP GEAR TRAIN

The following gives derivations for the moment input-output
relationships associated with the four possible contact

combinations of a two step-up gear train. (See Table H=2).

E NO, 1t RR

For this contact combination, the relationship between the é
equilibrant moment M03 and force F23' both acting on pinion no, 3,
nust first be newly obtained. The relationships between forces
FEB and Fio of gear and pinion set no. 2, as well as betwesn force E
F‘a and input moment Min of gear no, 1, may be taken from case no. 1 |
of the three step-up gear train analysis. Equations (H-61) and ;

(H~78), respectively, are applicable,

1. FORCE AND MOMENT EQUILIBRIA OF PINION NO. 3

Figure H-13 shows a schematic free body diagram of pinion

nos 3 in the round on round phase of contact. The equilibrant

H-93
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moment Mo3 acts in the direction opposite to the clockwise

rotation of the pinion. The normal contact force of gear no, 2

on pinion no. 3 is given by

F23 = Fz;'—‘xa (H=242)

The assoclated friction force becomes

The pivot reactions are chosen in the usual manner,

The centrifugsal force EBP is now due to the mass Byp of

the pinion alone, i.e.,,

Qsp Qzp(coavsl + sinvy]) (H-244)

where

- 2
Q3p = msplsw (H=245)
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Force equilibrium of the pinion is assured by %
71

| oy
(H=246) .
3
. 3
ﬁi Moment equilibrium about point 03 1a given by §
i .:=;
b ?
E wy(Fyz + Fygdk « Mosk + [apfipy = epofiy] % [Fogf,p + neppFasiy,o ]
E ! ;
P a 0 (H=247)
3 Equation (H-246) gives the following component expreasions ;
.
&: F23°°5*2 - MQZRF23ainA2 + Fx} + pr5 + ijcosy3 = 0 (H=248) %
. and _
;
: F23°inA2 + usaRF25coaA2 + FYJ - #ij + Q3P51n73 = 0 (H=249)
P
.
.
!
j
!
j
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|
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The acalar form of the moment equation (H-247) becomes

FP}(FXB + ij) + MO} - #aaRPPEFEz} + ‘PaFas[-'in(wa - 8?2 Aad AZ) .

+ wB,cco8(¥y = 8o, = AZ)] = 0 (}=250)

T

Simultaneous solution of equations (H-248) and (H-249) for the

Py

forces 1“3‘3 and Fy} glves

1

Ry = T {TaslEC1 ¢ sagdetmg ¢ (P - Ncoss, ]

+ Q}p Em:‘.mf3 - coa‘r}]} (H=251)

and

1 .
2
3 " TT R {FZB'[‘“ o3p = 1einag = #(1 + spp)uoni,

!
%
|
4

* ijE-a:Lm} - #00373]}
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-
The sum f;j + 5&3 of equation (H-250) is now made up from g
equations (H-251) and (H=2%2) in the sense of equation (A-3b) ;
Tx3 * Fys * Fazhes * Qsphee * Fazhey * Uspheg (H-253) o
where ?
;
2 !
r(1 + s, )eini, + (8, = 1)coBm)
Agg = 2R’ 2 Z;EB 2 (H=254)
1 +
L8iny, = cosy
_3 3
A = (H=-255)
4 66 l 1 0+ AZ
3
e 2
¢ ' (hS8, 0= 1)8ina, = u(1 + 8,,)co8A
! | Agy = &R —2 —— 2 (H=256)
" i, 1 + a4
- g
éﬁ f = slny, « pcosv, 1
i A m (H=257) -
% e I boe ':
: Equation (H=253) is now substituted into the moment equatinn (H=-250)
-
f'? and the result is solved for Fé}
|
] -M g~ c
i Fay = 03 ~ 43033 (R~258)
g ¢]
) )
‘ H~-98
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where
| C33 = #rslhgg + Agg) .
;1.
't‘
" ®35. = wr3lhgs * Agp) = keprpp
}i * apalkegpeontiy = app = 4p) = sin(y - g, = 1)) :
:':*
; ';
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1L, MOMENT INPUT-QUTPUT RELATIONSHIP ‘

1

f In the derivation for case 1 of the three step=up gear train

"'v';t it was ahown that if one sets equations (H-61) and (H=78) equal

to each other, one obtains the following relationship [:L.o..\

squation (H-79)] between force !‘23 and the input moment M“:

5 P T8 Gty - 90g) ¢ QL (B-259)

i - + . -

i 23 " n " %19 2

¥ %e10 %

The above expression is now set equal to equation (H-258), and

& the result is solved for the equilibrant moment "ojl(“’ case 1: RR) )
i CaC CaCql CnC b
| 610 %0 ¢ ]
5 :
) !
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b. CASE NO, 2; RF i.
MOMENT INPUT-CUTPUT RELATIONSHIP ]
# The moment equation for the prenent case, in which mesh }
f no. | 18 in the round on flat phase and mesh no. 2 in the round
? on round one, may be derived entirely from existing relationships. 2
g; Equation (H-116) gives an expression for the force Fp, in terme :
a: of the input moment M, and the centrifugal forces Q, and Q, ;
! A
E for the prement combination of sontacts in both meshes. When this i
lf L)
F ' expreasion, from case no., 2 of the three atep-up gear train, is i
b. set equal to equation (H=259) of case no. | of the two step-up ﬁ
{ 1
o )
5 gear train, ons obtainas for M°52 (case no. 2: RF) {
g | i
H o
! CyxC €y 20y ,0 CyC N
: M = M 13734 _ ] 13714734 Q 12734 QunC ;
032 in Tg - ar- 275 3P¥33 i
; 11715 11715 " ;
; (H-261) ]
-
L
'
§
: |
; i
!
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For this contact combination, where both meshes no. 1t and

no.2 are in the round on flat phase, the relationship between

? the equilibrant moment M°3 and the normal contact force FZ}F'

both asting on pinion no. 3, must first hbe determined. The

¥ resulting expression in FZ}F oan then be set equal to the
relationship between FZ}F and the input moment Min' which is
given by equation (H-156), and which was derived in conjunction

with case no., 3 of the three step=-up gear train.

e R - e T et o)

0 D _MO UIL OF PINION NO

Figure H=14 shows the free body dlagram of pinion no., 3 in

the round on flat phase of contact. Again, the equilibrant

monent Mo} acts in a counter-clockwise direction, The normal

— T e A A P T

force F23F of gear no., 2 on pinion no, 3 is given by

Foxsp = = Fazpiyme (H=262)

H=102
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The associated friction force of gear no. 2 on pinion no, 3

becomes

Frozp = #8pFpqphip, (H-263)

P .
e et

The pivot reactions and pivot friction forces are chosen in the f

usual manner. The centrifugal force 53? was given previously ) ﬁ

by equation (H=244). . \

The force equilibrium expression becomes [

“Fasplyra * H9pF23pfpe * Fysl + aFyl o Fysd = uFysd + Qyp

= 0 (H=264)
Moment equilibrium about point o3 is assured by :

uey(Fyy + Fydk + Mk + gy x (=)Fspfiygs = O (He265)

A3 always before, the friction force Fre;r exerts no moment

l | about point 03.




Equation (H-264) gives the following component expressions

i s e S R s e Biaild

a O (H~266) 3
and *

. el mae s gl
S i S

= 0 (H-267)

I i e ¥

RS- ST Y PR SN

The scalar form of the moment equation (H-265) is given by

-

Simultaneous solution of equations (H=266) and (H=267) for Fx}
and ij leade to

s, T R R T ST T T T T o

.

\ )

s 2 ‘
E FX} . T-:-:z {’a;r[@“ oy - 1).1n(wz + apz) - u(l + lap)00l(¢2 + apz)]
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i

1
; i 1 )niﬂ(w ¢ oa ) + (1 - »al Jooa(y, + « )]
Fys = T2 Faspl#() * o2p 2 "p2 2F 2" “p2
g ;
g + QBP[:-li.m3 - ucosvbj} (H~270) }
|
." “
= The sunm Fx} + ?}3 of equation (H=-268) is now made up of equations :
;- (H=269) and (H=270) in the sense of equation (A=30) .
3 F H=271 1
- Fos + Fys = Fazpheg * Qsphpo * Fazrhn * Yphoe (H-271) |
- ]
ﬂ
: where g
i‘ w
i‘ (uangr - 1)-1n({é_f “Péz,- r(1 + IQIZ?OI(f§-+ «Bg) (1-272) ﬁ
; beg = 1+ k€ i
- hoiny, = 008Y ;
3 2 2 (H-273) 3
ﬂ: | ‘70 - \ \ + “2 \ 2

=n() + spp)ein(y, + apy) ¢ “z' “ZW‘ (H-271)
:

"

WSS e I e P e TV

\ - 8inry = KoOBY
\ 3 2 (H~275)
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Equation (H=271) is now substituted into the moment equation (H-268),

and the result is solved for FZ}F

-M03 - Q}PC35 (H-276) _A

Fazp ®

where 1
o |
Cgg = mP3lhgg * Ayy) - &
11, MOMENT INPUT~OUTPUT RELATTONSHIP
The moment inputeoutrut relationship for the present case is
obtained, as stated earlier, by setting equation (H=276) equal to

equation (H=156) and solving the reasulting expreassion for the

equilibrant moment M°33 (case no. 3: FF)

c
M -Miféﬁli-q_‘_w-qfiff}i-qc (H=277)
033 n 1 2 3p-35
€15%19 C15C19 Cyg




d. CASE NO, 4: FR

MOMENT INPUT-OUTPUT RELATIONSHIP

The moment input-output relationship for this case, where

mesh no. ! is in round on round contact while mesh no. 2 is in

the round on flat phase, may also be derived entirely by assembling

oxisting relationships.

Equation (H=276), of the previous sectlon, gives force FZBF
in terms of the egquilibrant moment M03 when mesh no. 2 is in the
round on flat phase, Equation (H-178), derived for case no, 4
(RFR) of the three step-up gear train, relotes this force F23F
to the input moment Min'

Thus, one firs* uwets equations (H=-178) and (H-276) equal to

-each other and then solves the result for M°3u (case 4: FR)

C2u,C36 _ o %2436 | o Caslse |

U3pCss
10%22 C10C22 Ca2

(H=278)
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APPENDIX I
COMPUTER MODELS FOR THREE AND TWO STEP-UP GEAR TRAINS
WITH CLOCK TEETH OPERATING IN A SPIN ENVIRONMENT

The following appendix contalns desoriptions, listings and
sanple outputs of the computer models relating to step-up gear

trailns containing clock (ogival) gear teeth:

1, Program CLOCK 3: Polnt and cycle efficlennies for three
pass clock (ogival) step-up gear train

in spin environment.

2, Progrum CLOCK 43 Point and cycle efficiencias for two

pass clook (oglval) step-up gear train

in spin environment.

The relevant bacokground, the input parameters, the manner
of the computations and the form of the output of each program

are discussed in detall, The program proper forms the last part

of each sgectlion.




1. Program CLOCK 3: Point and Cycle Efficlencies for Three

Pass Clock (Ogival) Step-Up Gear Train

in Spin Environment
The kinematics of program CLOCK 3 is based on the work

in Appendix G, while the moment input-output relationships are
derived in section 1 of Appendix H. The nomenclature of the
program is chosen to coincide as much as possible

with the above appendices, It is to be noted <that,even though
the fuze related geometry produces different expressions for

the various meshes, the kinematioc computations of the individual
meshes are very similar to those shown in CLOCK 1 in Appendix F
for the single meah in the standard position, It is also assumed
that all three meshes will have been tested by program CLOCK 1
for their geometric sultablility, i.e., whesther there 1s enough

rocm Tor tip radil.

a, Input Parameters (see Program CLOCK 3, below)

The following parameters repressnt the input data for the
program (for explanations and nomenclature, see sectlions 1 and 2

of Appendix F, as well as section 3 of Appendix C):

MU, coefficlent of friction, as before

RPM, s8pin veloolty
CAPRP1, CAPRP2, CAPRP3, RP2, RP3, RP4, pitch radil of gears and
pinions with nomenclature

of Fig. G-1

RHOG1,RHOG2 ,RHOG3 ,RHOP1,RHOP2,RHOP3,  radii of curvature of circu-

lar arc portion of gear and

pinion teeth

eaned ey R R bl vt i e g b i e Koo COTHIPINL W,
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ACGl, ACG2, ACG3" = agg,, distance from the center of rotation 1
of the gear of the 1°" mesh to the ;

center of curvature of the circular

aro portion of the gear tooth. (Unless

e

otherwige noted, this and all following ;
nunmbering sochemes refer to those associ-
ated with the mesh mechanics as given

in the text of Appendices G and H.)

F TR S ST

ACPL, ACP2, ACP3 = acpi. distance from the center of rotation
of the pinlon of the 1th mesh to the

iy

center of ourvature of the cirocular
aro portion of the pinlen tooth
Rl, R2, R3, R4 = %, (nomenclature of Fig. G-1) ;
TG, TG2, TG3, TPL, TP2, TP3, maximum thickness of gear and K

pinion teeth (mesh nomenclature)

NGi, NG2, NG3, NP2, NF, NP4, numbers of teath in various gears
and pinlons (nomenclature of PFig,
G-1)
RHO1, RHO2, RHO3, RHO4, gear and/or pinion pivot radii (nomen- ]
olature of PFig., G-1)
Mi, M2, M3, M4, masses of gear and/or pinion combinations

MD, see program INVOL 3

'Sinoe many parts of the ocomputer program were written before
the nomenclature for these distances was changed in the report
from aggy and agp, to ag, and ap,, there 1s a certain discrepancy

between the program and the resport.
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K, range divisor
PHDOT1 = =1, all velocity computations are based on this value.

The input motion in the fuze gearing model is
negative (see Fig. (G-1)).

b, Computations (see also COMMENT cards in program)
I. Computation of Gear Tooth Parameters

The tooth parameters of the gears and pinions

of all three meshes are firat computed., These computations
are osgentially the same as those shown in program CLOCK 1
for a single mesh, Certain parameters are omitted becausge
they have been checked ssparately by using CLOCK 1 and are

not required for the kinematiosg of CLOCK 3.
In addition, the pivot to pivot distances Bl, B2 and B}

are obtained,

II. Computation of MIN, GAMMAS and BETAS

To begin with, the program computes the input moment

MIN = My, = mdb? (1-1)

Subsequantly, the angles Y20 Y30 Y and By, Byp, 33 are
eatablished according to the expresasions of sestion 6b of

Appendix A.

III. Computation of Other Parameters

The angles 49, and Ay, between the centerlines of adjacent

gear and pinion teeth, respectively, are determined in this
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R

seotion of the ocomputations, In addition, the lengths Ly
are found (see eoqs. (G-?), (G-53) and (G-88)). Finally, the
centrifugal forces Q;, Qz, Q3 and Q, are computed according
to eqs., (H-65), (H-46), (H=25) and (H=6), respectively,

IV. Proliminary Computations for Mesh }

A. Determjnation of Transition Angle
The primary consideration for determining the transition
angles in the fuze related oloock gear meshes 1s i1dentical with

that used in Appendix P, The transition angle *T is eatablished

as that angle for whioch, depending upon whether the input angle 9

has counterclockwise or clockwise motion, a small inorease or
decrease in ¢, respectively, will cause the associated value of
g to become smaller than its transition value fp. Since the
gear of mash 1 turne in & oclockwise direotion, the above inore-
ment of ¢ will be negative.

The program uses this ocriterion in the following manner:

(a) Transition angles ¥4y @&nd y¢ypp are computed acoording
to eq. (G=39).

(b) The subroutine TRANSL (which is valid for meshes in
whioh the input gear has clockwise rotation, as is the case
also for mesh 3) is called, and the angle 9yq (PHIT), whioch is
assoclated with V4, is computed with the help of eqs., (G~40)
and (G-41).

(¢) The angle 9 1s made slightly smaller than ¢.ny to
produce the angle PHINEXT, and eq. (G-29) is used to find the

agsoclated angle PSINEX. 83ince there are two such angles, the
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subroutine selects the one which is closest in value to the
transitlion angle yyp . Subsequently, the associated value of
811 18 computed according to eq. (G-27).
(d) Steps (b) and (c) are then repeated 1dentically for
the second transition angle y ps. This results in the determina-
tion of g;5.
(e) Control returns to the main program, and that value
of vy is chosen for which the associated value of 8y is smaller
than fpl'
For ohecking, a subsidiary test, which is similar to the
one shown in Appsndix F, is added to the program, It ls based
on the idea that, for the correct transition angle ¢4, the
line represeriting the flat portion of the pinion will make a
smaller angle with the centerline 0,0, than will be the oage
for the incorrect one. TEST1I1 and TESTi2 find these angles
with the help of the expressions shown below., These expressions
hold for all values of Bl and make use of a new variable
Viegt+ Which had to be introduced since the tests require that
the transition angles be expressed in a range between -180° and

+180%, Thus,
For 0% < Vpqqt < 180°
TESTIL = |1 =By + ¥pqgt = 3P| (1-2)
For -180° < ¥yqag¢ < 0°

TEST12Z = |1 + By = (Vgegy + 20 = ap )| (1-3)
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To deiarmine the angle Veagt let

Veagt = ¥ip If =180° < yyp < 180° (1-b) %

)

Vtogt = V¥im + 21 Af yyp < -180° (1-5) %
Vteat = ¥ip = 21 AT yyp > 180° (1-6)
|
X B, Determination of Correoct for 4 :
ii Flat Regime 3
%' The sign preceding the square root in eq. (G-29), for the ?
g round on flat regime, is detormined with the help of ®;p. The 5
condition ylelding that angle ¥qp Which 1s closest to the angle E

yyp 8overns. The variable SICNLIF is used for the sign in
question,

e TS

C. Computation of Final and Initial Values of o and vy
The finhal and initial values of the gear and pinion angles

LY and Vi respuctively, ire found by continuously evaluating

D H e e L e e a2 s i _ ot 8] i

the round on flat regime eq. (G-29), using the previously
determined value of SIGN1IF, and aimultaneously checking the
contact condition for the subssquent set of testh as given by

eq. (G-46), This loop is initiated at the transition angle oy, 1

g s o i Ty £

and it 18 terminated when the condition of eq. (G-46) is met,

This allows the determination of the angles PHILF and PSILFF,at
which the first set of teeth loses convact,as well as of the angles
PHI1I and IBI1I at which the second set of teesth simultancously
comes into engagement, The initial enmgepgement angles PHILI and PSIL1L
are obtained by adding ¢y to the "loss of contact " angle FHILF

B

&
B
!
!
4
!
!
g
i
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and by subtracting ayy from the “loss of contact™ angle PSILFF,

D. Determination of Correct S9ign for Round on Round Regime

Eq. (G-12) 1s used to determine the angle ¥1+ while the
gear and pinion are in the round on round regime. The correct
slgn for this expresslon is obtained by comparing the values W1.
as computed with PHILI, with the value for PSI1I. SIGNLIR is the

variable used for the desired asign,

V. Preliminary Computations for Mesh 2

A. Determination of Transit le

The primary oriterion for determining the transition angle
is agnin similar to that used in Appendix F and described earlier
for mesh 1,

(a) Tranaition angles Vopy 8and WZTZ are ocomputed acocording
to eq. (G=79).

(b) The subroutine TRANS2, which is valid for meshes in
which the input gear has ocounterclockwige rotation, is called,
and the angle 9,7y, Which 1s mssoolated with y,py 18 computed
with the help of eqa. (G-80) and (G-81).

(¢) The angle 92 18 made slightly larger than Pamy to
produce the angle PHINEXT, and eq. (G-~71) 1s usmed to find the
ansooilated output mngle PSINEX, Sinoce there are two such angles,
the subroutine selects the ons which is clomest to the transition
value ¥3q;. Subsequently, the associated valus of gyq is
computed ancording to eq. (G=69).

i g LAl
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(d) Steps (b) and (¢) are then repeatsd identically for

the second transition angle $ompe This results in the deter~
mination of gyj.

]

(e) Control returns to the main program, and that value E

of ¢ap 18 ohosen for which the assoclated value of g, 18 smaller !

« !
. than fpz.

The procedurs for the associated subsidiary test for the

transition angle iz similar tn that for mesh 1 and is given by

R I T A R L)
L g el

4 Por 0% <€ ypquy < 180°

3 4
\‘ TEST2l = lﬂ =By + Vgeat * dpz' (1-7) ‘1
) For -lﬂoo < wb.lt < O° :
- | TEST22 w [Bp + M =~ (Uygqe *+ 20 + app)| (1-8)

& To determine thoe angle ¢iq.¢s lot é
. o o )
" Vtast ™ “‘QT if 180" <« ¢‘2T< 180 (I-9) i
; eept ™ Yap + 20 AL ppn < =180° (1-10) )
Veogt = Yap = 20 AL ¢pq > 180° (I-11) |
| \

B, b o [ ]
Flat Regime

e T e e

The mign preceding the square root in eq. (G=?71), for tho

round on flat regime, is determined with the help of 9+ The
condition yielding that angle ¢,p which 1s closest to the angle
; Yom SOVErns. The variable SIGN2PF is used for the sign in question.

1-9
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i! C. Computation of Pinal and Initiel Values of ¢, and ¢»
The final and initial values of the gear and pinion angles

9, and ¢,, respectively, are found by continuously evaluating

L e e 5 e AT T A b Gl i

the round on flat eq. (G-71), using the previously determined
value of SIGN2P, and simultaneously checking the contact

ocondition for the subsequont set of teeth, as given by eq. (G-86),
This loop ila initiated at the transition angle ®,q and is termi-
nated when the condition of eq. (G-B6) is met. (Recall that in

meshes 1 and 3 the driving gear turns clockwise, while in mesh 2

it turns in a counterclookwise direction.) This allows the

determination of the two angles PHI2F and PSI2FF at whioh the
firast set of teeth loses contact as well as of the angles FHIZI
and PSI2I at which the second set of teeth simultaneously comes
Ainto contact, The initial engsgement angles PHI2I and PSI2I
are obtained by subtraating a9y from the "loss of contaoct™ angle

PHI2P and by adding ‘v» to the "loss of oontseoct" angle PSIZFP.

| e el e o o L v o AL WA St L

Bq. (G-58) is used to determine the angle ¢, while the

ot it

gear and pinion are in the round on round phase of motion. The

correct sign for this expression is obtalned by comparing the
value of i,, as computed with PHI2I, with the previously obtained
value for PSI2I. SIGN2R is the variable used for the demired
slign.

1-10
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VI. Preliminary Computations for Mesh 3
A. Determination of Transition Angle ?

The determination of the transition angles for mesh 3 runs 3

along parallel lines to the one shown for mesh 1 since the driving

gear alao rotates in a clockwisge diraection, In all casaes, the

parametora of seotion 3 of Appsndix G are uased.

(a) Tranaition angles #qpy 8nd ¢qpy are computed with the -
help of 8q. (G~99), 1

(b) The subroutine TRANS1 determines the angle Pamy s

associated with ¢3T1' according to eqs. (G-100) and (G-101),

(o) PHINEXT, which 1s now obtailned by a decrease of the

angle Py from Pypys Serves as the input variable of eq. (G-94),

and 18 used to determine PSINEX. Appropriate controls, aa

desoribed before, determine the angle ¢3T1' In addition, the

assnolated value of @y; ia computed with the help of eq. (G-95). b
(a)

Steps (b) and (o) are again repeated for the second
transition angle Y4n; and g, is determined,

(e) After control 1s returned to the main program, that

value of ¢qp 18 chosen for which the associated value of 8q is
smaller than rp3.

The subsidiary test for the transition angles runs parallel

to that desoribed for mesh 1, i.e,,

Por 0% < Uyqapt < 180°

TESTIL = |7 = By + 0gept - apy | (1-12)

I-11
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Por -~180° < ¢4 04 < 0°

TESTIZ = |1 + Bq ~ (4pqny + 21 = apy)| (I-13)

To determine the angle Vpagts let

Ygegt = ¥3r Af -180° < 37 < 180° (I-14)
] Ygeat = Y3p + 21 Af ¥9qp < -280° (I-15)
T |

: Vpost = Y30 = 2m Af ¢gp > 180° (1-16)
}

y

g B, terminat [ on Flat

? The sign preceding the square root in eq. (G=94), for the

round on flat regime, is determined with the help of the angle
Pyq The oondition ylelding that angle ¢3F whioh is oclosest to

ﬁ the angle ¢3T will govern. The variable SIGNIF ias used for the
: ; sign in question,

C. Computatic, of Finml and Initial Values of QB and 23
The final and initial values of the gear and pinion angleas

Qa and ¢3. reapsctively, are found by continuously evaluating
E the round on flat regime eq. (G-94), using the previously
determined value of SIGN3IF, and simultaneously oheoking the
contact condition for the subsequent set of teeth, ag glven by
| 6q. (G=102), This loop 18 initisted at the transitinn angle
$3p, and 1t 1is terminated when the condition of eq. (G~102) is
met, This allows the detsrmination of the two angles FHIIF :
and PSIIFF at which the first set of teeth loses ocontact as well

3
}
}
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as the angles PFHI3I and PSI3I at which the second set of teeth
simultaneously comes into contact. The injitial sngagement
angles PHI3I and PSI3I ares obtalned by adding A¢3 to the "loss

of contact" angle PHI3F and by subtracting Aw3 from the "loss
of contact" angle PSI3FD.

D, Determination of Coryeot Sign for Round on Round Regime
Eq, (G=87) is used to determine the angle %) while the gear
and pinlen are in the round on round phase of motion. The
correoct sign for this expreasion 1z obtained by comparing the
value of 5, a8 computed with PHI3I, with the previously obtained
value for PSI3I. SIGN3R is the variable used for the desired sign,

VII. Gear Train Motion Model: Kinematics, Point and
Cycle Efficlency

The gimulation of the gear train model, which 1s necesgary
for the computation of both POINTEF and CYCLEFF, ig found in a
loop, starting with statement label no. 23 (card no. 458 ) and
ending with card no., 812, The motlons of the indlvidual driving
gears are initialized at their respective angles PHILI, PHIZI and
PHI3I, (This again 1s arbitrary.) The meshes will be in round
on round contaot until they reach their respective transition
anglea PHILT, PHI2T and PHI3T. Once the transition angles are
passed, the meshea will Le in round on flat contact. These
regimes continue until the final angles PHILlF, PHI2F and PHI3P

are reached,

The inorement DDPHIL of the angle FHI1 of the input gear 1

I-13
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is obtained from an adaptation of =qs. (A-211) and (A-213), in
which tooth numbers, rather than base circle radil, are used,
The increment DDPHI2 of gear 2 is related to the increment of
the pinlon angle FSIl. Similarly, the increment LCDPHI3 is
obtalned with the help of the pinion angle PSI2.

While the motion of gear 1 1s terminated when the angle
PHI1 reaches the angle PHILF (or rather PHILF 4+ DDPHI1L for
moment summation purposes), both gears 2 and 3 must be reset
to thelr respective starting angles whenever thelr final angles
PHI2F and PRI3F are reached.

The appropriate cholce of moment equation deperids upon
which of the elght possible combinatlons of contact conditlons,
a8 indicated by Table H-1, 13 applicable.

The following dlscusses the kinematlecs of the individual
meshes as well as the determination of the point and cycle

efficiencies in greater detail,

A. Xinematlcs

(1) Mesh 1
Dependirig on whether PHI1 1s larvger or smaller than PHILT,
the parameters of the round on round or the round on flat regime
are computed, (Recall that gear i1 turns in a clockwise direction.)

For the round on round phase, the followlng caloulations

are madei

s s warsnas rmre nmsranmpy 8 18




1
ﬁ 99, according to eq. (G-11), and with the help of the previously ;
determined SIGN1R ’
f Ay, according to egs. (G-13) and (G-14) ;
% Jl. according to eq. (G-15) E
; Vay/Tipe  &coording to eq. (G=20) j
3 s;p+ @occording to eq. (H-1) as adapted to mesh 1 2;
ﬁ: For the round on flat phase, the following calculations i
;i are made: ?&
- &
%: 940 a@ccording to eq. (G-29), and with the help of the previously 5
3 determined SIGNLF
j 8y, @according to eq. (G-27) '5
; él. ahoording to 8q. (G=30) i
% Vsi/mpr @coording to eq. (G-33) f
? syp, a&ccording to eq. (H-2) as adapted to mesh 1 ;
L (2) Mesh 2
%. ! The inorement DDPHIZ for each round of computation 1is i
f obtained with the help of the change in the angls ¢4 between ;
2 the present and the previous computatlon, 1.e.,as shown at ?
; statement label no. 3i

? DDPHI2 a2 PSI1 - PSILP (I-17)

i Por the first round of ocomputations, the "previous" Y90 1o, ;
? | PSI1P, is equal to PSI1I. f
g' It must be recalled that gear 2 rotates in a positive &
ﬁ direction, and therefore, the angle ¢ increases with continued s
| 13

|
g,
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motion. The angle PHI2 1s re-indexed to PHI2I oncs it besoomes
larger than FHIZP,

As for mesh l,comparison with the transition angle
decides whether the mesh 1z in the round on round or in the

round on flat regime,

The following round on round paramsters are caloulated:

=

950  acoording to eq. (G=58), and with the help of the previoualy
determined SIGN2R

Az, according to eqs. (G=59) and (G-60)

S er oy i R e

I Note that the "input angular veloocity" for mesh 2, 1.@.,62.

* 1 ]
equals the momentary value of wl.

! &2, sccording to eq. (G-61)

4

4 VSZ/TZR ' according to eq., (G=63)

: sppy  8ccording to eq. (H-1) as adapted to mesh 2

! For the round on flat phase, the following calculations

are madet

TR

45y according to eq. (G-71), and with the help of the previously

determined SIGN2F
&>, Aacoording to eq. (G-69)

Again, &2 equals the momentary value of El

e g e T R T P

Jz. according to eq. (G=72) _

VSZ/TZF' according to sq., (G=74) j
: d
; Y
: Saps according to eq. (H=2) as adapted to mesh 2 X

I-16
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(3) Mesh 3

The increment DDPHI3, for each round of computation, ia

skl o

obtained with the help of the change in the angle Vs beatween

Lo

the present and the previous computation, 1.s,, as shown at

statement labal no. 33

e

. DDPFHI3 w PSI2 - PSIZP (1-18) :
.. B
; Por the first round of computations, the “previous* y,, 1i.e., ;
¥ PSI2P, is equal to PSIZI. :
ﬁ‘ Gear 3 rotates in a negatlve (cl&okwiae) direction, and ;

et T AR £ aite L e S gl T R S G e e IR e Y

é therefore, the angle °3 decreasss with oontinued rotation,

E The angle PHI3, which represents this angle, ls re-indexed

k to PHI3I onoce it becomes smaller than PHIJ3F.

4 As for meshes 1 and 2, comparison with the applicable

f transition angle decides whether the mesh 1s in the round on
round or in the round on flat regime,

The following round on round parsmeters are caloculated:

F I Wa. aoocording to eq. (G-87), and with the help of the preaviously
Lo
’ determined SIGN3R

5 Aoy mooording to eqs, (G-89) and (G-90)

Note that the "input angular velooity" for mesh 3, l.e,, 63.

squals the momentary valus of &2. }

ST e YR ST e s T

| &3' according to eq. (G-91)

Vgy/p3pr  Bcoording to eq. (G=92) ;
5 sqp,  &ccording to sq. (H-1) as adapted to mesh 3 /
g [\
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For the round on flat phase, the following oaloulations

are made;,

o3

. cox

3

e tmefiadi. :.:-rc.,-;u‘?:_v.:n;;z..rj

wa. according to eq. (G-94), and with the help of the praviously

detarmined SIGN3F

g3, according to eq. (G-95)
Again, 63 is equal to the momentary value of Jz. _ :

¢3. according to eq. (G~96) | i
v33/T3F’ scoording to eq. (G=-97)

where, with 9, w =1,

e

; 8yp according to eq. (H-2) as adapted to mesh 3 i
A

B, Moment Computations, Point and Cyole Efficjencies )

Regardlass of the combination of contact conditlons, the %

point efficliency is computed mccording to eq. (3), i.e., i

!

i 1n I‘a

j

!

Kratio = |¢3|. (1-20)

The cycle efficliency determination 1s based un eq. (C-10)

e e g e T iy

in Appendlx C, which represents an adaptation of eq. (&)

APy L ¢
« = Bl (1-21)
PLPIN = PLIN

(See page C-18.,) The associated expression in the program, at

statement label no. 45 becomes

I-18
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CYCLEFP a -MTOT#DDPHI1/(PHILPF-PHILI) (I-22)

where
MTOT = MTOT + POINTEF (I=23)

The moment computations begin with the statement label
no. 35 ,and initially oconsist of the determination of the
variables Al to AS4 and C1 to C32 of seotion i of Appendix H.
The governing contuot combination (see also Table H-1) is
determined with the help of the 8 moment control statements,
which start with card no.737 . Onoce the appropriate combina-
tion is established, the program is directed to one of the 8
assoclated moment expreasions. These expressions for M, f
coinoide in nomenclature with those given by eqs. (H«B1), g
(H-118), (H-158), (H-180), (H-216), (H-218), (H-239) and (H-241),

They are listed in the above order, beginning with statement
label no. 36 and ending with statement label no. 4% .,

In devising the control atatements, the manner of rotation
of the individual mesh input gears had to be taken into acocount.
Thua:

For mesh 3:
Round on round (R) corresponds to

PHI3I > PHI3 > PHIIT

Round on flat (F) corresponds to

PHI3T > PHIJ > FHI3P




el B e — s e e

For mesh 2:
Round on round (R) ocorresponds to
PHI2I < PHI2 < PHI2T
Round on flat (F) corresponds to
PHI2T < PHI2 < PHI2FP

For mesh 11
Round on round (R) corresponds to
PHIII > PRIl > PHIT
Round on flat (F) corresponds to
PHILT > PRIl > PHIIP

©. Qutput (see Program CLOCK 3, below)
The output of the program is best explained with the help

of the sample problem at the snd of the program,

I. Input Perapeters

Megh 1
CAPRPL w Rpi = JU7725 in. (1,212 cm)

RP2 = rp, = 409085 in, (0,231 cm)
ACGL = agy = 47725 in, (1,212 cm)
ACPL = ap = 090858 An, (0,231 cm)
RHOGL w PGy = ,03870 in, (0,098 cm)
RHOPL = Pp; = 01740 in. (0.044 cm)
T61 = tg = 403480 in.  (0.084 cm)
TPL = tp; = ,02800 in, (0,071 cm)
NGI = ng = 42

NP2 w npp = 8

1-20




Mesh 2

CAPRPZ w Rp, = «20670 1in,

RP} =

ACG2 = 8co
ACP2 w .P2

RHOG2 = fgz = 102070 in.
RHOP2 = FPpy = 01040 in,

TP2 = tPZ
NG2 Haz
NP} = npy

Mesh 2

RP“‘ w rpal

ACG3 = g4
ACF) = a %)
RHOG3 = a3
RHOP3 w )

TG3 = tgs
TP3 = tpa
NG} = ngy
NP4 = npy

In sddition
NU »w p =
RPM =« 1000
M = B =

"CAFRP} = Rpy = 17560 in.

(0.525 cm)
= .06890 in, (0.175 cm)
= 420670 in. (0.525 cm)
= .,06890 in. (0.175 cm)
(0.053 cm)
(0,026 cm)
= ,02520 in, (0.084 cm)
w ,02080 in, (0.053 em)
- 27
- 9
(0.446 cm)
m ,05005 in., (0.150 em)
w 17560 in. (0.446 cm)
w ,05905 in. (0.150 cm)
w 01910 in, (0.049 cm)
= ,0087% in. (0,022 em)
= 402170 in, (0,055 cm)
= 401750 in, (0,044 cm)
- 27
- 9
2
69515 x 10% 1b-s002/1n.

1-21
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M2 = m, = 97028 x 1073 1b-se02/1n, (1.699 )

M3 = my = 70027 x 107> 1b-seo?/in. (1.226 p) .

:f M = m, « .79188 x 10'6 lb-looz/in.(OJJ9 8) i
Rl = Ky = 750 in, (1.905 cn) 3
] RZ = Ry = .750 in, (1.905 cm) :
) R) = B3 = 750 tn. (1,905 cm) -
% RV w By w .75 in, (1.905 cm) :
3 RHOI w Py w 4060 in,(0.152 cm) B
*1 RHO2 w Py = 030 1n,(0.076 cm) n
3 RHO) w Py w 4025 1n.(0.064 cm) :
| RHOY w £, w= 4020 1n.(0.051 cm) 3
; | MD = md” = .35 x 10™% lb-seo? in. (16.944 g - on?) ,
3 X = 25

el e i

IT. Computed Valves
At the beginning of the output, one finds MIN u My,
Subsequantly, the following are listed for eaoh mesh:

fpys  the length of the pinion flats
By+ the fuge body pivot to pivot line angles

é Yoy and 9py, the transition angles as Well as the assooiated
: subsidiary tests

e £ e e e Rt B e e s, Do T e et

1Ny And YNgs» the inltial angles
Ppny M4 Vpryyr  the final angles

Pinally, ror the full range of the input angle Py the
point efficliency POINTEF is liated, in addition to other parameters
which are useful for ocheoking purposes, Note that DP8I1, DPSI2

I-22




and DPSI} represent ui:l. &2 and 153. respectively. The cyole
sffloiency CYCLEFF is found at the snd of the output,
;ﬁ
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2, JProgrem CLOCK &) Point and Crole Effiolencies for Two Puss
Slook (Oxival) Step~Up Gear Trein in
Spin Environment

The kinematics of program CLOCK 4 is again based onh the
work in Appendix G. The moment input-output relationships are
derived in section 2 of Appendix H. This program is in many
ways very similar to CLOCK 3 with the exeception that only two
meshes are involved, and therefore, wherever possible, reference
will be made to CLOCK 3. Again, it ls assumed that the two
meshes will have baen teated by program CLOCK 1 for their
geometric suitability., The format of the following is identiocal
to that used in seotion 1 of this appendix. For the aake of
olarity, it will be helpful to refer to these parallel
degoriptions.

a. Input Parameterg (see Program CLOCK 4, below)
The follewing parameters represent the input data for the

program (for explanation, refer to seotion ia of this appendix):

MU

RPM

CAPRP1, CAPRP2, RP2, RP3
RHOGL, RHOG2, RHOP1, RHOP2
ACGL, ACG2, ACPl, ACP2
Rl, R2, R}

TG, T62, TPL, TP2

NG, NG2, NP2, NP3

RHO1, RHO2, RHO)
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M1, M2, M3
MD

K

MDOTL = =1

b, Computations (see alao COMMENT cards 1 TOETAN

I. Computat f _Gear Pa ot
The required ocomputations are identiocal to those in CLOCK 3.

1. Computat a

The input moment is computed in the manner of eq. (I-1).
In addition, the angles Y21 Yqo B, and Pp are found according
to the expressions given in gection 6b of Appendix A.

III. Computation of Other Parameters
The computation of the angles Ay and a¥,, the length L,

as vell as the centrifugal foroes Q, Q; and Q; (called Qgp
by eq. (H-245)) ars ldentical to those desoribed in the parallel
ssotion dealing with CLOCK 3.

Iv., liminary C tat r

The preliminary computations for mesh 1 are ldentical to

those given in seotion 1=1IV of this appendix.

v. elimina 1

The preliminary computations for mesh 2 are identlcal to

thoss glven in seotlion 1-V of this appendix,

I-51




VI. Gear Train Motion Model: Kinematjos, Point and
Cycle Efficiencies

The simulation of the gear train model, whioch 1s neceasary

for the determination of both POINTEF and CYCLEFPF, is found in

a loop starting with statement label no.20 and ending with "

TR I

osrd no. 531, The motionas of the individual Ariving gears ars 3
initialized at their reapective angles PHILI and PHI2I. The

meshes will be in round on round contact until they reach their

PO SR

respective transition angles PHILT and PHI2T. After the transition

angles are passed, the meshes will bs in round on flat contact.

These regimes ocontinue until the final angles PHILF and PHIZF

are reached. ; !

o N W e e e e i

Pl

The inorement DDPHIL of the input gear 1 is obtained from

i an adaptation of eqs. (A=-207) and (A~208), in which tooth numbers,
. rather than base circle radii are used. The inorement DDPHIZ of
| gear 2 is related to the inocrement of the pinion angle PSIi,
While the motion of gear 1 is terminated when the angle
PHI1 reaches the magnitude PHILIPFP (or rather PHILPF + DDPHI1 for

D S S R SR P5-T LSS SR . SO IC S

moment summation purposes), gear 2 must be reset to its starting

angle FHI2I whenever its final angle PHI2F has been reached.
The appropriate choloce of moment equation depends upon
§ whioh of the four possible combinatiocnas of nontact oonditions, ';3
;, as indicated by Table H-2, 1s applicable.
{i The following discusses the kinematlos of the individual
meshes as well as the determination of the point and cycle
[ efficlencles where they differ from the description in section 1

k of this appendix.
:




A et

A. Kinematlos ;
The program only utilizes the kinematlos of meshes 1 and 2, p

These are identiocal with those for program CLOCK 3, as given in
section 1.

B. ment Computation t a cle [ (1]

Regardless of the combination of contaot conditions, the

?; point efficiency 1im computed according to eq. (3), i.e.,

Mo3y
; sp = POINTER = Kpapio 'le,'," (I-24)
3 where, with &1 n =1

L]

Kratic = |wal (1-25)

The oyocls efficiency determination ias based on eqs, (I-21) _
to (1-23). :

The moment computations begin with the statement label
no.24 , and initially consist of the determination of selested

variables between ALl and A72 and selected variables between

1 T I WY TR e

C6 and C36, as applicable to the analyses of seotion 2 of

Appendix H. e governing contmot combination (see also

SR et b e

o A S T e R ST ST

Table H-2) 1s determined with the help of the four momant

| oontrol statements, whioh start with card no.498 , Onoe the

. appropriate combination is established, the program is directed
| to one of the four associated moment expressions. These

expressions for M3y colnoide with those given by eqs. (H-260),

(H=-261), (H=277) and (H~278). They are listed in the above

e T

e A

piidd e aLs 1 ek LM 'dvl'Jﬁ ot o Ry it ey b ) dpradadid P el e oy
L od W_ d p— — "



o

order beginning with statement label no.25 and ending with
statement label no.28 ,

The rationale of the control astatements for meshes 1 and 2
is identical to that miven for program CLOCK 3 (see section
1-VIIB of this appendix).

{

¢. Output (see Program CLOCK 4, below) :

The output of the program is best explained with the help

of the sample problem at the end of the progran. (j.,_]:

I. Input Parameters

Mesh 1 o

i CAPRPL = Rp; = 47725 in, (1,212 cm)

' RP2 w rpp = .09085 in, (0.231 cm) ‘
| ACGl = agy = 47725 in. (1,212 em)

; l © ACPl = ap = .09085 in.  (0.281 cm) ;

| RHOGL = Pgy = 03870 in. (0,098 cm) ;
1 RHOPL = fp; = .01740 in. (0,044 cm)
‘ TGl = tgy = 03480 in, (0,088 cm)

TPL = tp, = 02800 in.  (0.71 cm) | 4

NGl w ng = 42 \ )

E NP2 = l1p2 - 8

i
. Mesh 2

L
L‘ CAFRF2 w Rm s ,20670 in, (0,525 em)
|

RF} = rp; = ,06890 in, (0,175 cm)
ACG2 = &gy w 20670 in, (0.525 cm)

ACP2 - ‘Pz ] 006890 1“0 (0.175 Cm)

I.54
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RHOGZ = #Pgp = 102070 in. (0.053 cm)
RAOP2Z = Ffps = ,01040 in. (0.026 cm)
TG2 w t,, = ,02520 in, (0.064 cm)
TP2 = tpy, = .02080 1n, (0.083 cm)
NG2 = ng, = 27
NP} » npy = 9

In addition
MU o ,2

RPM = 1000

M = m = .69515 x 10™% 1b-mes?/in. (12.171 p)
M2 = m, = 497028 x 107> 1b-sec?/1n. (1.699 g)
M3 = my = .10780 x 10°5 1b-sec?/in. (0.189 g)
Rl = Ry = .750 in. (1,905 cm)

R2 = ®Rp = 750 in. (1,905 cm)

R} = &3 w 750 in. (1.905 em)

RHO1 w Py = 060 in. (0.152 cm)

RHO2 = f w 030 in. (0.076 cm)

RHO3 = P’3 = .025 in. (0,051 ¢m)

MD = m&® = .15 x 107" 1b-nec? in, (16,944 g - cn?)
K u 25

II. Computed Values
At the beginning of the output, one finds MIN = My,.

Subsequently, the following are listed for each mesh:

D) the length of the pinion flats
Bis the fugze body pivot to pivot line angles

I.55
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VYpy and Ppye the transition angles as wall as the aggsociated
subsidiary tests

PNy and wINl' the initial angles

Ppiny 8N4 VprNye the final angies

Finally, for the full range of the input angle Pq the
point efficiency POINTEF is listed, in addition to other parameters
whioch are ugeful for checking purposes. HNote that DPSIl and
DPSI2 represent &1 and &2. respectively. The oycle efflolency
CYCLEFF is found at the end of the output.
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Program CLOCK 4

e

X
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