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INTRODUCTION

The point efficiencles of various types of fuze related step-up gear trains
were laveatigated and insights concerning the reasons for the resulting differ-
ences In these efficiencies are provided. The investigation also represents an
application and extension of the tools furnished in Fuze Cear Train Analysis
(FGTA) (ref 1).

The FCTA report (ref 1) deals primarily with the derivation of expressions
and their subsequent computer formulation for point and cycle efficienclies of two
and three pags step-up gear trains, with involute or clock gear teeth, which must
operate in a spin envirorment. These programs are easily modified to simulate
nonspin environments. In addition, derivations and computer programs are given
for efficiency analyses of single pass involute and clock gear meshes which oper-
ate in nonspin environments. The report also contains a program for the design
of the unity contact ratio involute meshes having unequal addenda, which were
uged in the study.

The present report gives the results of the efficlency comparisons between
involute and clock gear two and three pass step-up gear trains which operate in
spin and nonspin environments.

To perform these comparisons and to make their vesults as meaningful as
poasible, a numher of preliminary tasks had to be carried out. Since no American
standard for the design of c¢lock tooth gear and pinion sets could be found, a
computer program was written which uses British Standard No. 978 (ref 2). The
three pass step-up gear trains were modeled after the M125A1 (brass) safety and
arming device, and since no comparable two pass step-up train was initially
available a two pass train with essentially the same step-up ratio was designed.

In ordetr to simulate the randomness of the gear train sgsembly and to start
the simulations with the worst possible starting conditions, the initialization
parameters J; have hbeen introduced into the programs. These parameters make it
possible to start the motion of any mesh anywhere between OX and 100% of the
total angle from earllest to latest tooth contact in a single tooth cycle of the
driving gear. The worst starting condition for an involute mesh occurs at the
start of approach action, i.e., when J, equals zero. For a clock gear mesh it
occurs at the end of the recess action when Jy equals unity.

To learn more concerning the geometrical factors which influence the point
efficlencies of multipass step-up gear trains, additional analyses pertaining to
compound gears and single pass meshes with involute and clock typa teeth were
performed. It was found that the distance of the line of action of the resultant
force of the driving gear on the driven pinion from the friction circle, associ-
ated with the pinion pivot, ie an important indicator of efficiency in step-up
meshes.” This distance, which depends on a number of parameters in addition to
pivot radius and coefficient of friction, may be used as an optimization criteri-
on in future work.

—
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SUMMARY

Friction Circle and Efficlency of Single Gear and Pinion Combination

v The concept of the friction circle was reviewed and related to the efficien~-
: cy of a compound gear and pinion. The resulting expression, associated with this
" simple wmodel in which the input force acts on the pinion while the equilibrating
© output force acts on the gear, indicated that the input—output efficlency 1is a
: function of the distance of the line of action of the input force from the fric-
; tion circle. The larger this distance, the greater becomes this efficlency.
: Locking will occur if this distance becomes zero or the line of action paeses

1 inside the friction circle.

B Efficiency Comparison Between Involute and Clock Gear Type Single Pass
N’ Step~up Gear Trains

' Computer comparison of point efficlenciuvs for increasingly severe friction
‘. conditions between involute and clock gear single pass step~up gear trains are
presented hetre. Subsequently, analytical expressions for the distance of the
i line of action of the resultant force of the gear on tha pinion from the pimion

ax1ls are given for both types of gearing and discussed. (The distance to the ;.‘
pinlon axis, rather than tha one to the friction circle was choosen for
simplicity.) E

Comparing the point efficlencles of the two types of gear trains revealed:

1. Regardless of the magnitude of the coefficient of friction, the
point efficlency at dinitial contact, 1.e., at the earliest possible position
| during approach action, 1s always higher for the clock gear mesh than for the g ¢
involute mesh. This effect becomes especlally pronounced for higher values of !
_ : the coefficlent of friction, when the involute mesh indicates a tendency to
b lock., This result may eplain the greater tolerance of clock tooth trains when
foreign material L8 unintentlionally present.

; 2. The nmaximum point efflclencies of both types of meshes are essen-
b _ tially the samec for a gilven coefflcient of friction and occur at or near the
& ' piteh point.,

3. The efficlencles of both types of meshes decrease during recess
action w the greater decrease taking place in the clock gear configuration.

) 4. As a consequence of the above, the worst starting condition, i.e.,
the greatest danger of stalling due to a limited input moment and a high coeffi-
. cient of fricrion, is assoclatad with the beginning of approach action for inve-
A lute meghes and the end for recess action for clock gear meshes.




The following conclusions were obtained from work performed concerning the
distaace of the line »f actlion of the resultant force of the gear on the pinion
from the pinion axis in involute maahes:

1. An increase of the coefficlent of friction causes a decrease in
this distance, becoming especially pronounced at initlal contact if the approach
angle 1s large. .

2. ‘The distance 1s pgenerally smaller during approach action than
during recess action.

3. An increase in the step-up ratio of a mesh in which the pinion re-
maind the same causes a small decrease in the dimtance.

4. When the plteh radius of the pinion ia large, this distance becomes
larger.

5. An increase in the pressure angle of a glven mesh decreasea this
distance from the line of action of the force to the pinion axis.

Comparing clock gear and involute meshes relative to the line of action of
the force of the gear on the pinion from the pinion axis revealed:

1. Just as the point efficiency at initial contact 1is higher for the
clock pgear meshes than for involute meshes, regardless of the magnitude of the
coafflclent of friction, the distance 1s always larger for clock meshes at that
{natant. This difference in magnitude becomes more pronounced as the coefficilent
of friction increases.

2. The 1increase of the distance as approach action progresses is
smaller for comparable clock meshes than for involute meshes. At the pitch
point, the distance 1s essentially the same for both types of configurations.
During recess, this distance decreases more for clock meshes than for involute
meshes hecause the approach angle is lurger in involute meshes while the reverse
18 true for the recess angle.

There 18 a proportional relationship between the distance of the line of
action from the pinion axis and the point efficiency for any given contact condi-
tion, and, therefore, any geometrical change which increases this distance will
also increase the point e¢fficiency.

Since the point efficlency of involute meshes 1s only undesirable at the
very beginning of the approach action, any modification which decreases contact
before the pitch point, while maintaining an acceptable contact ratio, may pro-
duce gear meshes with generally higher point efficiencies than are found in clock
gear meshes.
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Efticlency Comparisons Between Involute and Clock Two and Three Pass
Step—~up Gear Trains in Spin and Nonspin Environments

The two pass trains were designed to have the same step-up ratio as the
three pass traing and the newly introduced initialization parameters were used to
obtain the worst posssible starting conditlons for all individual meshes.

The comparisons led to the following conclusions:

1. For a gt'en mesh and spin condition there is no significant differ-
é¢nce in the range of polnt efficiencies between involute and clock gears.

2. Without spin the two pass atep~up trains are more efficient than
the three pass trains.

3, With spin the three pass meshes are slightly more efficient than
the two pass meshes.

4. All mesh point efficiencies are independent of the magnitude of the
spin velocity.

Revigsion of Program INVOL3

A revigsed version, as well as an updated description of program INVOL3 which
allows the determination of point and cycle efficlencies for three pass involute
tooth step-up gear trains operating in & spin environment 1s given in appendix
A, (All meshes have unity contact ratio.)

The original program was listed and described in detail in appendix C-3 of
reference 1.

The present verslen of the program contains three initialization parameters
J; which allow the initlal point of contact of each of the three meshes to be
chosen arbltrarily. further, for convenlence and appropriate checking, certain
gear aud fuge paramcters have been made part of the data and/or the output of the
program. The data used iln the new sample program are 1identical tov those of the
original sample program in reference 1. In order to obtaln the worat starting
conditions for un lovolute train, the three inltializatlion parameters were set

equal to zerv In the sample program.

Ruvislon of Program INVOL4

A revised verslon, as well a8 an updated description of program INVOL4 which
allows the determination of point and cycle efficlencles for twu puss lnvolute
touth sBtep=up gear Ltralns operating in & wpin enviroument is glven ln appendix b,

(All meshes have unlty countact ratio.)

I LR AL A DAL Y
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The original program was listed and described in detail in appendix C-4 of
reference 1.

The present version of the program contains two inltialization parameters J;
which allow the initial point of contact of each of the two meshes to be chosen
arbitrarily. Further, for reasons of convenience, and to allow appropriate
checking, certain gear and fuze parameters have been made part of the data and/or

the output of the program.

The data used in the new sample program differ from those used in reference
1. A new gear train, which has essentfally the same step-up ratio as the three
pass train, was designed. The gear parameters associated with this traln were
obtained with the help of program INVOLlL (originally given Iin appendix C-1,
reference 1). The output of this program, one for each of the two meshes, 1is
listed in appendix B. In order to obtaln the worat possible starting conditions
for an lavolute train, the two initialization parameters were set equal to zero

in the sample program.

Design of Clock Tooth Gear aud Pluion Set According to British
Standard No. 978

Program BRITSTD for the design of clock tooth gear and pinion sets,
according to British BStandard No. 978 (ref 2), 418 given in appendix C. This
program furnishes all necessary {input parameters (i.e., gear and pinion
dimensjions) for programs CLOCKL and CLOCK2, which are both listed in appendix &
of reference 1, as well as the revised programs CLOCK3 and CLOCK4, which are

given in appendixes D and E, respectively, of the present repott.

The appendix also shows how to determine the center of curvature conrdinates
of the addendum radius of clock teeth with data from the standard. The
agsoclated computer program is listed in the appendix. In addition, five sample
outputs are given. These furnish the 1input data for the sample rums of the
revised programs CLOCK3 and CLOCK4.

Revision of Program CLOCK3

A reviged version, as well as an updated description, of prograw CLOCK3,
which allows the determination of point and cycle efficlencies for three pass
clock tooth step-up trains operating in a spin environmant 1s given in appendix

b.

The original program was listed und described in appendix I-1 of reference
l.

The present version of the program contains three initialization parameters
J; which allow the initlal point of contact of each of the three meshes to be
cﬁosen arbitrarily. Certailn gear and pinion parameters have been added to the

. NS
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input as well as to the output of the program. The data used in the sample pro-
gram are identical to those 1in reference 1 with respect to diametral pitch and
number of teeth of the individual meahes. The specific tooth dimensions were
obtained with the help of program BRITSTD. (See first three sets of outputa in
appendix C.) In order to approximate the worst starting conditions for a clock
tooth train, the three initialization parameters were set equal to 0.9 in the

sample program.
Revision of Program CLUCK4

A revised version, as well as an updated description, of program CLOCK4,
which allows the determination of point and cycle efficiencies of two pass clock
tooth step-up gear trains operating in a spin environment is given in appendix E.

The original program was listed and described in appendix I-2 of reference
L.

The present version of the program contains two initiallzation parameters Jj
whizh allow the initial point of contact of each of the two meshes to be chosen
arbltrarily. Certain gear and pinion parameters have been added to the input as
well as to the output of the program.

The data used in the new sample program differ from those used in reference
1. The new clock tooth train has the same step-up ratio, gear and pinion tooth
numbers, and diametral piltches as were given to the new involute tooth two pass
train (appendix B .~ the present report). The specific tooth dimensions were
obtained with the hL2lp of program BRITSTD (fourth and fifth output sets in ap-
pendix C). In order to approximate the worst stuarting conditions for a clock
toovh train, the two initialization parameters were set equal to 0.9 in the sam~
ple program.

FRICTION CIRCLE AND EFFICLENCY OF SINGLE GEAR
AND PINION COMBINATION

Friction Clrcle

A free-body disgraw of a single gear aud plolon combluation 1s shown In
figure 1. The cormon pivot shaft has the radlus P.  This compound gear is driven
in a clockwlse direction by the Lnput [orce Fy which acts on the pinion portion
of the combination at distance a from the pivot axie 0. Force F,, at dlstdnce b
from the plvot axis, is exerted by the next componeut of the gear train on the
gear portion of the combination. The pivot bearing applies the reaction R on the
pivot shaft. 1t consists of the normal component N and the tangential friction
force component KN (where I represents the coefficlent of friction between pivot
shaft and bearing). Since the friction force must oppose rotatlon, the vector
sum

R =N+ uh (1)

SISy
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Figure 1. Free-body diagram of single gear and pinion combination
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can only be satisified if the Line of action of force R is located at the right
hand side of the pivot center 0. Varignon's theorem 1s used to determine the
distance ry; of this line of action from the pivot axis. This theorem states
that the moment of a force with respect to an axis equals the sum of the moments
of the components of this force with respect to the same axis. Taking moments
with reapect to point O, one obtains for the forces R and HN:

reR = PN (2)
(Note that the normal component N exerts no moment about point 0.) With

N = Rcos ¢, and (3)

b= tan ¢ (4)

one obtains from equation 2,

rg = Psin ¢ (5)

This distance rg represents tie radius of the so~called friction circle and
regardless of {te divection, the bearing reaction R will always be tangent to

this circle.

Efficiency of Single Gear and Pinion Comblnatlon

While figure 1 represents a simplified description of the loading condition
of a single gear and pinjon combination, since forces F; and F, are parallel, one
may still obtain valuable insights concerning efficiency and locking from it.

To obtain the relationship between forcea F, and Fy, the following force and
moment equilibrium conditions are used:

By = 0: - Ky - F 4R =0 (6)

My = 0:  bF, - aFy + rgk = 0 (N
The moment equation 7 may be rewritten with the help of equation 6.
bFy - aFy + re(Fy + F ) = 0 (8)

The above furnishes the following expression for the output force F,.

Fo = Fol e (9




Equation 9 may now be used to devige an efficiency expression. Assume that
the combination gear rotates through a clockwise angle A6,

The work done by force Fj is given by
Wy = Fia 46 (1v)

The work of force F, becomes for the same rotatlon

‘8 =T '
Wo = Fyb 48 (rn;) ()

The efficiency N may now be found from the ratio of the output to the input
work. Thus,

s
m @

W

0
(12)
LA

)
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The following conclusions concerning the efficiency of aingle gear and pin-
ion combinations are drawn from equation 12:

l. The friction circle radirs rg should be as small as poseible.

2. The distance b should be as larg~ as possible. This generally of-
fers no difficulty in step-up gear trains since force I, is applied to the gear
portion of the combination which has a relatively large pitch radius.

3. Mowt importantly, the distance a should be as large as possible.
This condition s critical in step-up gear trains since force F; acts on the
pinion portion of the combination and the associated distance a 1is never very

large,

Equation 12 shows that friction locking may occur when a < rg, 1.e., when
the line of action of the force on the pinion passes either tangent to or inside

of the friction circle.

EFFICIENCY COMPARISONS BETWEEN INVOLUTE AND CLOCK GEAR
TYPE SINGLE PASS STEP-UP GEAR TRAINS

To make the conclusions of the comparisons more general, the influence of
the position of the line of action of the force of the geat on the pinion, with
respect to the pinion pilvot, on the mesh efficlencies is discussed for both types
of gearing.
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Efficiencies of Single Pass Step—up Gear Meshes with Involute and
Clock Gear Type Teeth

Point efficiency comparisons between similar involute and clock gear type
meshes are given in table 1. The involute mesh was designed with the help of
computar program INVOLl (vef 1), The efficiency computations for the involute
megh were obtained from computer program INVOL2 (ref 1), Computer program
BRITSTD, which im listed and discussed in appendix C forms the basis of the
design of the clock gear train, The efficlency computations of this single step~
up megsh were made with computer program CLOCK?2 (raf 1).

Both types of meshes have the following data in common:
Pq = 44, diametral piteh
Ng = 48, number of teeth of gear
Np = 8, number of teeth of pinion

Py ™ 0.060 in. (0,152 em), pivot radius of gear (also subseript 1)

Py = 0.030 in. (0.076 cm), pivet radius of pinion (also subscript 2)

" The coefficlent of friction is varled from u = 0.1 to py = 0.8.

The specific data for the finvolute mesh, as designed by INVOLL to have
unequal addenda and unity contact ratio, are as follows:

© = 20° the preamsure angle
Rp = 0,54545 in. (1.3R54 cm) rp « 0,09091 1in. (0.2309 cm) (pitech radii)
Ry = 0.51256 in. (1.3019 cm) Ty - 0.08543 1in. (00,2170 cm) (bhase circle

radii)
0.55609 1n. (1.4125 cn) r, ™ 0.10985 in. (0.2790 em) (outside radil)

=
(=3
[ |

The specific data for the clock gear mesh, as obtained with the help of
nprogram BRITSTD, are given by:
Rp = 0.54545 {n. (1,385 cm) L 0.09091 in. (0,2309 cm) (pitch radii)

= 0,54157 in. (1.7756 cm) ap = 0.09083 {n. (0,2307 cm) (positions of

8¢
centers of curvature)

—
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;| Table 1. Comparison of single pass astep-up gear efficiencles '
: as functions of coefficient of Erictioa with nonzero
§ pivot radii. (Obtained with programs INVOL2 and CLOCK2) 1
1
3 Clock tooth shape Involute tooth shape !
; . efficlency efficiency .
E: H N
e Coeffi- Initial Pinal Inttial Final
- ' clent of contact Maximum contuct contact Maximum contact 9
, friction point point point point point poiat ;
‘ € € € € € 3 )
B () (5 (§) () (e) (5 ¢
‘]
: 0.1 0.933 0.956 0.883 * 0.900 0.954 0.919
3 ]
; 0.2 0.866 0.913 0.785 0.796 0.912 0.846
; | i
; Co 0.3 0.800 0.872 0.700 0.688 0.874 0.781 )
] ' ‘
L 0.4 0.734 0.833  0.626 0.576 0,83  0.721
‘g, :
i ,l | 0.5 0.668  0.796  0.562 0.460  0.806  0.666
f C o {
1
i 0.6 0,602 0.760 0.505 0.340 0.776 0.615
f 0.7 0.536 0.726 0.455 0.214 0.748 0.568 i
r 1
i 0.8 0.471 0.693 0.409 0.084 0.722 0.525 '
' i
r-‘l ! :I
3 ‘
! i
g !
3 E
; " 11 h
i
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pg = 0.04886 in. (0.1241 cm) pp = 0.01591 in. (0.0404 cm) (radii
of tooth curvature)

tg ™ 0.03608 in. (0.0916 cm) t, = 0,02382 in. (0.0605 cm) (tooth
thicknessea at pitch circles)

Similar efficiency comparisons for the same meshes are given in table 2. To
i1lustrate the effects of tooth contact friction only, the pivot radii py and P
ware made_equal to zero.

Both tables show maximum point efficlencies and point efficiencies for the
earllest possible contact of the meshes (at the maximum angles of approach), as
well as for the final contact, when a new set of teeth 1is about to come into
engagement,

The data for tables 1 and 2 are derived from the typical outputs of program
INVOL2 and CLOCK2 which are shown in tahles 3 and 4, reapectively.

Conclumions of Bfficiency Comparisons
Inspection of table 1 parmitas the following conclusfonas:

1. Repardless of the magnitude of the coefficient of friction, the
point efficiency e, at initial, t.e., earliest possible, contact 1s always higher
for the clock gear mesh than for the invelute mesh. This effect becomes espe-
cially pronounced for higher values of the coefficient of friction, when the
involute mesh indicates a tendency to lock. This result may explain the greater
tolerance of clock tooth type trains for the presence of foreign material during
assenbly,

2. Both involute and cloek gear point efficiencies increase steadily
after 1inttfal contact has heen made and until maximum point efficiency is
reached. The rate of {increase of efficiency 1is much greater for the involute
mesh (tables 3 and 4).

3¢ The maximum point efficiencies of both mesh types are essentially
the same for a given coefficient of friction. They occur when the contact point
hetweaen gear and pinfon coincides with the line connecting their pivots. Since
in this position there is no relative velocity hetween the contacting surfaces of
the teeth, there is also no friction force.

b The efficiencies of both mesh types decrease steadily after the
max{mum has heen reached at piteh point contact. The rate of this decrease is
much less pronounced for the involute mesh. The latest possible contact effici-
ency of the involute meah {8 higher than that of the clock gear (table 1),
Therefore, {f one can design a modiffed involute step—up mesh which avoids
contact hefore the pitch point as much as possible and still has an acceptable
contact ratlo, it may show higher efficlencies than a comparable clock gear mesh,

12
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Table 2. Comparison of single pass step-up gear vfficilenciles
as functions of coefficient of friction with zero
pivot rudii. (Obtained with programs INVOL2 and CLOCK2)
Clock tooth ahape Involute tooth shape
efficlency efficiency
Coeffi~ Initial Final Initial Final
cient of contact Maximum contact contact Max imum contact
friction point point point point point point
W £ €) € € € £
R “p. % Cp) A L o L o L
0.1 0.977 1.000 0.929 0.947 0.999 0.964
0.2 0.954 0.999 0.867 0.890 0.999 0.930
0.3 0.930 0.998 0.812 0.830 0.998 0.899
0.4 0.906 0.998 0.765 0.765 0.998 0.870
0.5 0.881 0.997 0.722 0.697 0.997 0.843
0.6 0.856 0.997 0.684 0.623 0.996 0.818
0.7 0.831 0.996 0.650 0.545 0.995 0.795
0.8 0.804 0.996 0.619 0.460 0.994 0.773

13
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Table 3.

GEAR _PLICH RADIUS (CAPRP). .2 ,64545.
GFAR QUTSINE RADLILS (CAPRO). = %5609 __PINION._DUTSINE.RADIVUS FOR UNITY CONTACLY
BRESSVRE _ANGLE IN DEOREES (THETAD). 2. .20.00
OEAR PIVOY RADIUS (RHOCAPN) = 4060 PINION PIvaT RaDIUS. (RHON} « ,030
COEFFICLIENT. OF FRICTION (MU} =.,10 —

RANOGE DivisSOR._(K) x. S8

Typleal output of program TNVOL2 for table 2

PINION PLTcH RADIUS (RP) = ,09001

. _POINTEF = .A4996

POINTEF w 290U1l4

_M_EQLHJEI‘._JSDJL

POINTEF & 4,908

- POINTEF = .?070
POINYEF = (90HH
. POINTEF = 49106
POINTFF » 9128

ALBMA # .t aAL._ 5 m. 1.0 . POINTEF.x o914l

POINTFF « 91642

POINTEF .» 49180

POINTEF w ,9199
POINTEF s 9217
POINTEF = ,9216

SBOINIES. 2. 489254

POINTEF » 4927
POINTEF » 9291
PULINTEF 3 49310
PAINTEF ». 49328
POINTEF a 9347
POINTEE v _49166

POINTEF = 493R6
POINTEF » 49401
POINTEF & ,942)
POINTEN a 49440
POINTEF & 49449

POINTEF = 94171
POINTFF » (%646
POINTEF & 4951%
POINTFF » ,9%4&}
POINTEF =2 (9%7¢
POINTEF = (94508
BOINTEF = 29489,
POINTEF m ,9471
POINTEF » (94%4
POINTEF = ,9437
POINTEF = ,9420
POINTEE = ,9402

ALPHAD. .2 22,31 5 =1.0__ PQINTE! = _,9.85.

I

ALPHAD = J6&.0) . S 2 ),
AL PHAD & 14,78 § = 1.
ALPHAD = 16,9]1 S ® 1.0
ALPHAD = 17,06 § « 1,0
ALPHAD = 17,21 . S.= 1.0.
ALPHAD = 17,38 5 % 10
ALPHAT = 57481, .8 . % 1.0.
A PHIU & 1 "yab S = 1.0
ALPHAD . /.96 S & {,.0
ALPHAD = 1R.11. .S = 1,0
ALPHAD 2 JR,P6 § 2 1,0
ALPHAD » 1#,4] S.x 0.
AL PHAD & tR,86 & w |,n
ALPHAD & 18,21 .S x laf..
ALPHAD = YA.AH S & 1,0
ALPHAD = 149.01 S r 1a0
Al PHAD = 19,164 S = 1,0
ALPHAD 2 19,31 ... 8.3 )40
ALPHAD = 19,48 S % 1.0
ALPHAD = Y9 81, 5 % 1.0
ALPHAD = 19,74 S = 1,0
ALPHAD & 19,91 S * 1.0
Al PHAD = 20406 S » 1.0
MEHAD » 20421 . 9 % 140
Al PHAD = 20,6 S % le0
ALPHAD = 20,51 S.or Lal
Al PHAD = 20,h6 S v 1.0
ALPHAD = 2p,.8) S ® 1.0 .
Al PHAD = 2p,04 § %al,0
ALPHAD = D1 1l § »e140
A PHAD =& 3,04 LB TR}
ALPHAD = 23441, S 2xlall .o
AL PHAD a1 31,.%8 5 ==1.0
At PHAD 2 21,11 5 t-laf
Al PHAD & 21 AhK S ue)y0
ALPHAD = 2241 5 wela0
At PHAD 2 22,8 S ==],0
ALPHAD » P2 um ] !-laO
ALPHAD s P2,41 § w140
ALPHAD « 2,76 S --l.n
ALPHAD = 22,91  § s=].0
ALPHAD = 23,0M § waiel
ALEHAD.lwzl‘Zl___S

ALPHAD * 213, ww] 0
ALPHAD = 21,51} S ko]0
AL PHAD * 21,m6 S tu],0
ALPHAD ¢ 21,81 S5 wely0
AL PHAD 2 29,98 S ==140

POINTFF u ,Q1hQ
POINTEF = 4,913%0
POINTFF » ,B332
POINTEF = 49316
POINTFF » ,9299

l_lgﬂ___Pﬂleﬁfmj.49261‘

14

OINTEF v (9264
PntN?FF B a9247
POINTFF = 49210
POINTEF = 49212
POINTFF = .9)98

RATLI0 (ROEIN) = 4109685
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The results of efficiency computations for involute and clock gear meshes
with zero pivot radit (table 2) show the same genaral tendencies ns were found
for the configurations of table 1. In addition, it confirme the well-known rule
of making the pivot radii as small as possible in order to assure high point

effictencies.

Poaition of Line of Action of Force of Gear on Pinion in Involute and
Clock Gear Meshes

The section on efficiency of single gear and pinion combination showed that
to avoid locking and to improve the efficlency of a asingle compound gear and
pinion it {s desirable to have the lina of action of the input force pass as far
as posalble from the frictlion circle and with that from the pivot of the pin~
ion. The following provides some insights concerning the position of this line
of action 1in involute and clock gear meshes during the various phases of
contact. It 1is {incended to sgerve as a starting point for future work on mesh

efficiency {mprovement.

Position of Line of Action of Force of Gear on Pinion in an Involute
Mesh

The force of the gear on the pinion, together with the associated line of
action, as it appears during both approach and recess, 1s shown in figure 2. F,
represents the contact force during approach and ¥, 1g the same force during
recess. As indicated in the figure, the direction of the friction force compon~-
ent WF 1is reversed as contact changes from approach to recess. It is to be re-
called that this 18 due to a similar change in the direction of the. relative
velocity batween the gear and pinion contact points. Since the relative velocity
18 zero when contact occurs at the pitch point, the friction component also van-
i{shes at that tnstant. (For a discussion of the above concepts see appendix A-1
(ref 1). The normal component F of the contact force retains its dirsction

throughout the complete cycle of motion.

The distance of the line of actlon of the resultant force from the pinion
pivot O_ 1is smaller during most of the approach motion than it is during recess
motion ?Eig. 2). The symbols ry, and ry, are used for this distance during ap-
proach and recessa, respectively, while r ie used for pltech point contact. The
following gives analytical expressiona q%r these terms and discusses possible

ways of maximizing them:
1. Disgtance ry, During. Approach Motion

The distance of the line of action from point 0, may he determined with
the help of Varfgnon's theorem, {.,e., the sum of the moments of the forces F
and uF with respect to point 0q equals the momant of the resultant Fﬂ with re=-
spect to the same point. Thus, vectorially
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. line of action for contact
before pitchpoint

3 l line of action for contact
‘ after pitchpoint

binton ,

R o

Ty

BT RS T Rl s T & <

\

. direction of friction force
for contact before pitchpoint

R T e S

gear

- -

. direction of friction
' force after pitchpoint

HED

4
- \_-,/

!: rotation

X ' Figure 2,  Line of actlion of force of gear on pilnion
i , in an involute step-up mesh
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Tya X Fy = [-ryng + (d=a,) (-Ngp)] x [Fugy + WEng) (13)
vhere
b = coefficient of friction between teeth
F, = rasultant force during approach, equal to ¥ v 1 + uz
F = normal component of resultant force
WF = friction component of resultant force
ty, = pinion base radius
d = distance LL' (fig. 2)

a, = distance from point L to gear and pinion contact point Cq during
approach. (ag < LP)

Tg = #infl + conf] y

gy = =cosfl + sinbj

When equation 13 {s solved for the moment arm r,., which rapresents the perpen-
dicular distance from the line of action to point 0,, one obtains the following
scalar quantity:

ry .- W(d - aa)

Ha- 3
1 4+ ¥ (14)

r

For greater insight the above expressfon is rewritten with the help of

Fy = tpcos 8, where £, is the pinion pitch radius

d - (RP + rp) 8ind, where Rp 18 the gear pitch radius

. K Rpaine » where K, ~ C,L/LP <1 aince the length
C:L is less than the distance CP. The cloaer the
contact of gear and pinion to point L along line LP,

the emaller is Ka

Lyge equations A-4 and A-5 of reference 1 for these unit vectors. 8 {8 the
prussure angle.
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Thus, one obtalus for wequation 14

r R

: g =
I - et - 9 -.g ~ k
: Ty = {cos 8 - uain® [ 1 + e (-k)] ! (15) :

.

' : ' 2. Distance rMp for Contact at the Pitchpoint

f:

A

£y | Since there 1s wno friction component when contact takes place at the %

: ! pitch point, the distance ry becomes 1
.

(16)

Typ = Tp * rpcone

i " '\ ,;}‘,‘ :-.‘
¢ { 4
E' j 3. Distance ry, During Recess Motion 1
N ]
, For contact during recess, the asign of the friction componaent WFhy 1in !
equation 13 must be reversed. Also since contact is now mado after the pltch j
h . point, the distance from point L to tha contact point (not apecifically called }
| .i ' : out in fig. 2) becomeas i
?: oy i
_l
F where K
b 1
" :
: Ke > 1 ;
I :
b The resulting scalar expresaion has the form |
; .
3 r R
j e - jr-JL—-{coue - wetn® [ Bk -1 -1]} (17)
A 2 p

1 +p

If the above is expressed similar to equation 14, it becomes

i
{
i
1
!
]
u
|
Pl
i

L +h(d-ay)

b

4 Ty ™ (18)

: 14 2

3 1+

b
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4, Conclusions for Involute Mashes

Kquations 15 through 17 and the data in tables 5 and 6 were used to draw
. the following conclusions concerning the distance ry of the liEe of action of the
; resultant Fforce of the gear on the pinion from the pinion pivot:

L : For All Contact Conditions.

: § 1. The larger the pitch radius of the pinion, 'the larger becomes the ;

, digtance ry and with that the less becomes the danger of locking or of obtaining

| excesslvely low efficiencles according to equation 12. (Note that the symbol ry now ¥
raplaces the symbol a in this expression. Further, it must be understood that :

iR

p'k .: equations 15 and 17 are not valid for contact at the pitch point.)
. ’0‘.\“‘ ! ;
A b 2. With the exception of a short distance, at the beginnlng of recess '

R
i motion, an ilancrease of the coefficlent of friction decreases the distance «c.
! M
: (Compare columns III and IV of table 5.)

- A

: 3. For otherwise fixed conditions an increase in the step-up ratio

i Rp/rp generally causes a small decrease in the distance Ty

4. For equal didtances along the line LL' before and after the pitch

. point (fig. 2), L.e., for K = 1 - x and K = 1 4+ %, the distance 'y is always

‘{ ' smaller for the approach caae. (Compare valuea for K, = 0.8 and K. = 1.2 in all
columns of table 5. Similar loformation is contailned in all rows of table 6.)

eI e e

— e & L an,

5. For otherwise fixed conditions, the distance ry decreases as the
pressure angle is lncreased (table 6).

A T

For Contact Durlng Approach. For dany given configuration, the factor K, .
should be ag close to unity as possible in order to avold excessively small values
i of ¢ This impliey that initlal contact between the gear and the pinion should be

nedar the piteh polut, i.e., the angle of approach should be small.

R T T S S T T ey e

. Lt 18 to be noted that ry, is always less than r, which represeuts
3 ity value at the pitch polnt (equation 16 and columns ILI, IV and V of table 5).

For Contaclt During Recesas. For any set of fixed conditions the maxinmum
value of r4 Ts reached shortly after the pitch point is passed. This maximum value
of ry, 18 larger than the assoclated distance Tup at the pitch point. This maximum

“The distance from the pinlon rriction clrcle gives direct information coucerning
the posslibllity of locking. Any conclusions concerning mesh effilclency must i
also take the distunce of this line of action from the gear plvot into account. ]




,; Table 5. Distance ry of line action from pinion axis
3 according to equations 15 through 17 ]
[for pressure angle © = 20 °] o
11 111 v v %
. B Distances Distances Distances 1
3 . Approach Recess a0 Eap s Mp s Ty B Tya B Ty A
T factor factor for u 4 0.1 for H £ 0-5 for ) C -
» & K RBfnms Rlnms 0 Ryl m8
|
: ' - j 0.4 - 0.778 I.‘p 0.448 tp 0.737 rp £
3 ' 4
e 0.6 - 0.819 04566 0.792
TRy ':
: 0.8 - 0.860 0.684 0.846 g
| 0.9 - 0.880 0.749 - 0.873 j
1 ! 0.95 - 0.891 0.772 0.887 |
l Pitch point - 0.934 r,=ry 0.934 £y 0.934 r,
‘o !
b - 1.001 0.968 0.997 0.969 ]
: - 1.01 0.966 0.993 0.966 1
p: .
. ' - 1.10 0.949 0.939 0.942 R,
& ]
i ' - 1.20 0.928 0.880 0.914 i
4 - - 1.40 0.880 0.762 0.860 "
.1’ - "
1) )
A |
2, ":
\:\ e . 21
4
k.
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Table 6. Influence of pressure angle on distance
according to equations 15 through 17

r
[?or p= 0,1, Rp/rp = 6]

- Pressure Approach Recess
! angle 6 distance ry, Pitch point distance ry,
. (degrees) (X, = 0.9 distance v (K, = 1.1§
' a Mp r
| —_— ——
i 14 0.927 r, 0,970 r,, 0.975 1,
o 16 0.913 0.961 0.967
‘N’_Q:K,;
-y
1 18 0.897 0.951 0.958
-
20 0.880 0.940 0.948
i : 22 0.863 0.927 0,937
g 24 0.844 0.913 0,925
£ !
ﬁ 2
’:.‘ l
\’ .;‘
nl .
. |
. .
i
' 22
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value 1increases with an 1increase in the coefficfent of friction (conclusion no. 2
above).

Position of Line of Actlon of Force of Gear on Pinion
in a Clock Gear Mesh

Distance Tyved for Round on Round Phase of the Motion

The normal force F of the gear on thea pinion, together with the friction
forece LF for a typlcal contact condition during the round on round phase of the
motion is shown in figure 3. While the normal force always has the direction of the
unit vector n, , the direction of the friction force depends on the diraction of the
relative veloéity v " between the contact point S of the gear and the contact
point T of the pinigx (fig. 3). ©PBquation E~50 (ref 1) shows that the sense of this
friction force may be obtained with the signum function S8g " VS/T/‘VS/T s+ The
friction force with a positive ep is shown in figure 3.

Varignon's theorem was used to determine the distance TMpq Of the 1line of
action of the resultant force F,.4 from the pinton pivot 0., i.e.,

Tyed * Frd - (agﬁp - péﬁk) x (ﬁ;A+ usp ﬁﬁ&x) (19)

where

/.. "
Frd - F 1 + H

ap = 0,Cps the distance from the pivot to the center of
curvature of the pinion profile

- radius of curvature of pinion profile

n - cos (y ~ SP) 1 + sin (y - GP).E,
see equation B-4 (ref 1)

=  cosrl + sin) J, see equation E=2 (ref 1)

w  =gin\ 1 + cos\ J, see equation -3 (ref 1)
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When equation 19 is solved for the absolute value of the moment arm ry.4, one
obtains

{ap [stn (A =y + 8,) + uay cos (A =y + §,)] (20)

) . - 1
3 ' Mrd /——-—-2—

{ 1+ y - nagpp |
A Distance Tye for Round on Flat Phase of the Motion

The normal force F of the gear on the pinion, together with the associ~

. ated friction force WF for a typical contact condition during the round on flat

g : phase of the motion is shown in figure 4. This contact is made at point T of the

o ' radial pinion flank which is at a distance g from the pinion pivot O,. The nor-

: nal force always has the negative direction of the unit vector nq ?equatipn E-

‘ - 22, ref 1), while the friction force has the direction of the un E vector e (eq
N : E-23, ref 1) at all times.

1 Since friction force, wF, does not exert a moment about the pivot
point, O,, the moment of the resultant force, Fe, at the distance rye, must be
equal to the moment of force F at the distance g. Thus,

?ﬁf x Ff - éﬁF x F(JFNF) (21)
where, again

'.; Ff =F /1 % ur‘

When equation 21 14 solved for the absolute value of the moment arm
I'yg» one obtalins

. . r - ......3.__

W ME ,-———-—2-
- 1+ 4 (22)

8 , Distance ryp for Contact on the Line of Centers (Pitch Point)

J When contact points § and T coincide with the line of centers, i.e.,
the line connecting the gear and pinion pivots, the relative velocity V p ven-
. ishes as it changes directions. The clock gear computer programs 1nd§éate the

d passing of the contact pointas through the line of centers by a change of aign of
' the signum parameter. Such & change of sign of the parameter sy between the
g angles ¢ = 178.0813° and ¢ = 178.2313° while the mesh is in the round on round
i g phase of the motion is shown in table 4., Since all presently examined clock gear
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Position of line of action of force of gear on pinion
in round on flat phase of motion of clock gear mesh
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3 meshes show centerline contact during the round on round phase of motion, the
) derivation for the distance of the line of action from the pinion pivot must use
3 the round on round parameters of equations 19 and 20. )

k- with ¥ , = 0, the friction component u F vanishes and the normal
forca F becomes e resultant force of the gear on the pinion (fig. 3). The
normal distance fy, of force F from the pinion pivot may be obtained by set-

N ting w = 0 in equa@iou 20. This furnishes

AT typ ™ spsin (A = ¥ + &) (23)
As previously, the absolute value of ™p is desired.

. Comparison of Line of Action Distances ry for Clock and
F'. Involute Type Meshes

! ! Comparison of the distances of the lines of action of resultant forces
- l of the gear on the pinion from the pinion pivots for comparable clock gear and
' ! involute type meshes which opsrate with coefficients of friction of 0.1 and 0.8
is shown in table 7.

, The gear and pinion sets are thoss described in the section on single
{ ' pass step-up gear meshes with Llnvolute and clock gear type taeth and which form
the bases of tables 3 and 4. Both have a diametral pitch of 44 and the numbers
of the teeth of the gears and the pinions are 48 and 8, respectively.

The computations for the involute guar mash are based on equations 14,
16, and 18. Specific parameters for the evaluation of these exprassions are as
follows:

e o

Ty = rpcose = 0.,09091 cog20 = 0.08543 in. (0.2170 cm)

' d = (R, + ry)tand = (0.51255 + 0,08543) tan 20
= 0,21764 1in. (0.5528 cm)

The distances a, and a, are computed with the help of aquation A-203 (ref 1),
10..|

tertg = Ry (24)
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Table 7 Comparison of line of action distances
ry for clock gear end involute meshes

. Distance ry for u = 0.1 Distance ry for u = 0.8
. Contact Clock mesh Involute mesh . Clock mesh Involute mash
- angle In. Eq no. _In, Eq no. In. Eq no. _ In, Eq no.
; ' (deg) (cm) (em) (cm) (em)
{ 1
T', ' 0.00 0.0864 20 0.0781 14 0,0523 20 0.0235 14
. ! {0.2195) (0.1984) {(0.1328) (0.,0597)
l . 0.90 0.0883 20 0.0789 14 0.0589 ° 20 0.0286 14
L Mg (0.2243) (0.2004) (0.1496) (0.0726)
- 1.80  0.0891 20  0.0797 14 0.0640 20  0,0336 14
‘ (0.,2263) (0.2024) €0.1626) (0.0853)
‘ 1.80 Pitch (") Pitch (*
point point
0.0907 23 0.0907 23
(0.2304) (0.2304)
1.95 0.0911 20 0.0798 14 0.0768 20 0.0334 14
(0.2313) (0.2029) (0.1951) (0.0848)
3,30 0,0889 20 0.0810 14 0.0700 20 0.0420 14
(0.2259) (0.2057) (0.1778) (0.1067)
3.45 0.0885 22 0.0812 14 C.0694 22 0.0428 14
‘ (0.2248) (0.2062) (0.1763) (0.1087)
4,244 D) Pitch (*) Pitch
point point
0.0854 16 0.0854 16
. (0.2169) (0.2169)
A 4,39 (*) 0.0879 18 (%) 0.0853 18
; (0.2233) (0.2167)
6.90 0.0802 22 0.0861 18 0.0624 22 0.0712 18
(0.,2037) (0.2187) (0.1610) (0.1808)
7.35 0,0809 22 0.085) 18 0.0635 22 0.0687 18
(0.2055) (0.2167) (0.1613) (0.1743) g

# = not computed




The angle a for any position of the involute mesh may be obtained from table 3.
What {8 referred to as contact angle in table 7 1s obtained from the formulation

A Contact angle = a - 16.61° (25)

g ' where 16.61° represents the earlieat possible contact angle of the {nvolute
[ . mesh. The total angle of rotation of the gear for one cycle of contact s
B obtained from the difference between the initial and final angles, 1.e., 23.96° -
poteo 16.61° = 7,35°. By way of the change of sign of the slgnum parameter, the pitch

. ' point contact for this mesh occurs batween o = 20.81° and 20.96° (table 3). A k
' more praecise computation, according to equation A-215 (ref 1), gives the value of

v ' 20,854° for this angle.

o y The computations for the clock gear mesh are based on equation 20 for
' the round on round phase of motion and on equation 22 for the round on flat
phase. The pitch point computations, 1.e.,, when the contact points are located

oy, - on the line of centers, make use of aquation 23.
Y ey
[ LY
‘-"“-} Table 4 furnishes the following required parametars:
|

ap = 0.09083 in. (0.2307 em)
pP = 0.01591 in. (0.040‘0 Cm)

r Co 5p = 2.524°
} o In addition, table 4 shows that round on round contact starts when ¢ = 176,2813°
| [ ‘ and that contact coincides with the 1line of centers shortly after ¢ =

178.0813°. The latter is indicated by the change of sign of the signum parametar
8, The round on flat phase of the motlon begins at ¢ = 179,7313° and ends at ¢

{ - ~"183.6313°,

T Similar to equatfon 25, the contact angle for the clock gear mesh {is
L detarmined by way of

” Contact angle = ¢ - 176.2813° (26)

- The total angle of rotation of the gear for one contact cycle (s again
3 . 7.3%°. The values of the variables y , sp and g, which are needed for the var-
ious computations, may alpo he found in table 4. The necessary values of the

} angle A\ are shown in table 8.
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Table 8, Angles ¢ (PSID) and A (LAMDAD) as functions
of angle ¢ (PHID) for same clock gear mesh of

table 2

¢ Vv A
PHID o 176.2813 [ PSI0 5 3,5016 |LAMDAD 3 262,9153
PAID = 17644313 | PSI0 & 245994 |LAMDAD = 263,0789

PHIN = 17K7313
PHIN = 177.0313
RHIO 2 172.0813 ]
PHIND 3 1773314

PHID = 17748313

PPHIND = 17749313
[—PHIOD x. llae08dd |
T PHID = 17R2313
PHTD = 17,4313
PHID w 17TAA313
PHIN 3 17941313

PHIND = 17944313
| PHID 2 17945813,

PHID .a. 17445803} PRSIV u. . . 146992

PSiD =

PHID & 17608813 ) pSID u 359.9038.
pSlD & 359,00786

.44 A5A.1128.
Pé‘u n 3%7.2178
PHIN. = 17704813 { p5i0 » 356.3238.
RSID » 345,429

VPHID. 2 17747813 | PSI0. » 35445347
PO4D » 35346400

| Bl = 35

pSLD w 3%1,08491
' PH[QHRNL7801811_TNP$LU_IMJSO-9521.
pall u 350,0885
PHID = 17a.uBl1d | PSID 4 349.18574.
p::“) = 368.2583
PHID 2 178.9a81d | pslD x 347,358
RSID = 346,4572
PHID. = 11942813 | pSiD = 345.%5%2.
Ple ™ 3‘0‘.&522
DSI0 =n 63,7482

<8008

221449

LAMDAD . _263,2192_
LAMDAD = 263,336)

LAMDAD. m_263.,4301.
LAMDAD » 263.5013

 LAMDAD.&-263,5483.
LAMDAD ® 263,5744

LAMDAQ..®. 263,576
LAMDAD = 263,556}

[ LAMDAD . »_.2561,5126.
LAMDAD = 263,4462

| LLAMDAD..»-.261,3520..
LAMDAD = 263,2448
LAMDAD.w _263,1097.
LAMDAD = 262,9516
| LAMDAD = _262,7705.
LAMDAD a 262,8662
| LAMQAD_ w_262,3389.
LAMDAD = 262,0885
LAMDAD. m..261,8148.
LAMDAD = 26)1,5180
LAMDAD. .=..261.1980.

Pl




The specific cholees of the contact augles in table 7 dare based on the
various regime changes. Thus,

CiA. = O° represents initial contact

b : C.A. » 1.,80° represents near pitch point contact
for the clock gear mesh. (Both
' equations 20 and 23 are evaluated

'@--i ‘ with the associated data.)

= oA,

J.45° representy the baginning of the round
on flat phase of the motion of the
clock gear mesh.

(o]
>
[ ]

4,244° repregents pitch point contuct for the
involute mesh.

C.Av = 6.90° represents contact at the mininum of
the distance g for the clock gear

?: mesh.

.o C.A. = 7,35° rupresents final contact for both
' meshes.

Computdtions dre omitted whenever no significant changes occur.

Conclusione of Comparison of Distances ry

i The resulte of table 7 were used to show that the differencus in point efti=~

) clencles between clock gear and involute meshes, for a given coefficlent of fric-

' tion, are reflections of the assoclated differences in the magnitudes of the
distances ry.

1. Just us the point efficiency at initial contact is higher for the
clock gear wesh than for the involutu, regavdless of coetficleat of friction, the
distance ty is also always larger for the clock mesh at that (nstant. This dit- ]
farence in magnitude becomes wore pronounced as the coetficient of friction is !
{nereused.

2. The magnitude of ry lncredases after the initial contuct in both b
. types of meshes until the piltch point 1is reached, or until shortly after the
3 pitch point is passed. Parallel incruases of point efficlencies, with maxima at
or goon after the pltch point way ba found in tables 3 and 4.

3, At the pitch point, ry 1s independent of the coefficient of fric-
: tion. The assoclated value of ry is somewhat larger for the clock gear wesh.
the pitch point is reached after 1.80° of gear rotation, after initial contact, ]
in the clock gear mesh of table 7, while 4.24° of gaar rotation for the Linvolute 3
mesh ia required. Thus, the angle of approach of the clock mesh is considerably k
smaller.

Vet . 11




4. Just as the point efficlenclies of both meshes decrease steadily

after the maxima have been reached, there 18 a continuous decrease in the magni-

, tudes of the associated ry. For a glven coefficient of friction, this decrease
; is smaller for the involute mesh.

Since, according to equation 22, ry is proportional to the round on flat
N phase distance g near the end of contact, the above efficiency decrease may pos-
sibly be controlled by increasing the minimum value of g by an appropriate rede-

| sign of the tooth.

Any change 1in geomatry vhich increases the magnitude of the distance ry will
also increase the polnt efficiency of the mesh.

EFFICLENCY COMPARISONS BETIWEEN INVOLUTE AND CLOCK GEAR TYPK
o INO AND THREE PASS STHEP-UP TRAINS WITH AND WITHOUT SPIN

The physical configurations and the associated analyses are those of thu
{ FUTA (ref 1), The two pass and three pass configurations are shown in figures 5
and 6, respectively.

The point eftficlency computations for the involute tooth type trains ware
obtuined with the help of programs INVOL] and INVOL4. The programs CLOCK3 and
CLOCK4 supplied the point efflciencles of the cloeck tooth type trains.

As discussed earller, the above programs were modified by the introduction
of the initialization paraweters J,« These parameters make it possible to vary i
the initlal pointe of contact of tha fndividual meahes, and with that allow the !
determinatlon of that ustartlng configuration of a given train which rasults in ]
Lhe lowest point efficlency. Investigation showed that the woret wtarting
condition for an involute CLooth type traln occurs when all meshes make their 1
in{tlal contact at the earliest possible point during approach motion. For clock
tooth type tralns the worst starting coandition is associated with a configuration
whure all meshes have thelr motlon initlated as late as possible during recess ]
‘ motion. (This has becn shown to be true for single pass mushes in the section -
entitled Bfficlency Comparisons between Involute and Clock Gear Type Single Paas
Step-up Gear Tralns.)

The involute as well as the clock tooth type twu pags step=-up gear tralns
wure deslgned with o step-up ratio of 47.265 in order to be comparable to the
three pass tralns which have a step~up ratio of 47.25 and whose coufigurations !
i are identical with that of the M125AL (brass) safing and arming mechanism, '

- The uvssential paraweters of all fuze gear tralns and the specific conditions p
ot the assocliated computer programs follow. Bubsequently, the results of the
efficlency comparigons are shown in table 9 and figure 7.
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f Table 9. Step-up gear }xain comparisons with and
3 without spin

: Two step~up mesh Three step-up mesh ﬁ
3 efficlency efficlency 3

- ‘ Number Initial Max {mum Minimum Iniftial Maximum Minimum

o and contact point point contact  point point

ﬁ;*‘ ! type point polunt :
\‘ : (Ep) (SJ)) (ep) (CP) (EP) (SP) (\ﬂ

! ! - ;
E 1. Involute, 0.618 0.787 0.618 0.507 0.708 0.507 !
g ' no spin '

. Do 2, Involute  0.314 0.440 0.314 0.320  0.481 0.320
S with spin il
: |

b 3. Clock, 0.611 0.794 0.600 0.499 0.699 0.489

. ; 1o spin

E 4. Clock 0.319 0,448 0.316 0,320  0.476 0,315

y : with spin

b b :
) ; * ALl have worst possible astarting condition. )
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Two Pass Step~up Gear Trains (Fig. 5)

The common parameters of both the involute and the clock type two

pass gear trains are listed below.
are specific to either one of the trains are discussed separately.

Those parameters and program details which

Mesh No. 1 (gear L and pinion 2)

x
[=%
—

E

=z
o«
-
»

Nyz -

50, diametral pitch

55, number of teeth of gear 1

8, number of teeth of pinion 2

= 0,550 in. (1.397 cm), pitch radius of gear 1

= (0,080 in. (0.203 cm), pitch radius of pinion 2

Maesh No. 2 (gear 2 and pinion 3)

Pyy = 70, diametral piteh

= 55, number of teeth of gear 2

Npg = 8, number of teeth of pianion 3

Common Parameters

= (0,39286 in. (0.9979 cm), pitch radius of gear 2

= 0.05714 in. (0.1451 em), pitch radius of pinion 3

w 0,12 x 1073 1bwsec?/in. (2,101 x 107% kg), mass of gear 1

= 0,253 x 1074 Lb=sec?/in. (4.430 x 1073 kg), mass of
pear and pinion 2

- 0,153 x 1077 lb-sec?/in. (2.679 x 1074 kg), mass of

pinipn 3
= 0,062 {in.
= 0,025 tn.
= 0,018 in.

= (0,225 in.
center

n 0,497 in.
from fuze

—

(04157 cm),
(0.064 cm),
(U.046 cnm),
(0,572 c¢m),

(L.262 cm),
body center

S ot AL AR AR ke i e e

pivot radius of gear 1
pivot radius of gear and pinion 2
plvot radius of pinion 3

location of gear 1 from fuze body

location of gear aud pinion 2
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83 = 0.640 in. (1.626 cm), location of pinion 3 from fuze body
ceater

nd? = 0.275 x 1073 1b-sec?~in. (3.105 x 1077 kg-m2), the
rotor parameter product of gear 1, responsible for input moment
Miy 1n inch pounds when the quantity is multiplied by the
square of the spin angular veloclty.

Parameters and Computational Detalls Specific to the Involute
Tooth Type Two Pass Step~-up Uear Train

The gear and piluion parameters which are specific to the two meshes of
the involute two pass gear txain are listed in appendix B. They are also shown
in appendix B as the output listings of program INVOLl, which coumputes the diman-
slone of involute meshes with uiequal addenda and unity contact ratio. (See
reference 1 for program listing and discuasion.)

Point efficlency results of two computer runs for two pass fuvolute
traing are shown in table 9. Both ruus were made with program INVOL4. Run A-l
simulates zerc aspin velocity, while run A=2 was made for 1000 rpm. An overall
coefficient of friction of B = 0.2 and a range divisor K = 25 were used for both
runé. (See appendix B for an explanation concerning the range divisor.) To gat
the lowest posasible starting point afficiency, the initialization parameters J
and J, were set equal to zero. For these conditiony both meshes make initia
contact at the beginnlng of their approach motion. To obtain run A-l, which
simulatas zero spin and with that the absence of any centrifugal foxrces on the
traln components, program INVOL4 was modified by introducing the  input wmoment
M;.» equal in magnitude to one corresponding to a spin of 1000 tpm.J The output
of run A-2 1is reproduced 1n appendix B. The output of run A-l 18 not given.

Parametars and Computational Details Spacific to the Clock
Tooth Typa Two Pags Step=-up Gear Train

The gear and plnlon parameters which are specific to the two meshes of
the clock tooth type gedar train are listed in appendix £. These parameters were
obtained with the help of the computer program BRITSTD, which is shown and dis-
cussed in appendix C.

3This moment is given by

: 2

1000 x 2
2 -5 _—
Mill - ll\dzm = 0,275 x 10 ‘ ( 60 )

- 0.30157 x 10"} tn.~1b (0.34073 x 1072 N.m)
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Point efficiency results of two computer runs for two pass clock trains

. are given in table 9. Rasults for both runs were obtained with the help of the

] computer program CLOCK4., Run A-3 was made for zero spin, while run A-4 simulates
[\ a spin of 1000 rpm. Again, an overall coefficient of friction u= 0.2 and a
X ’ range divisor X = 25 were used. Since the lowest starting efficiency for thie
L type of gear train is obtained when both meshes make initial contact at the end
. " of recess motion, the initialization parameters J; and J, were both set aqual to
R 0.9 for these runs. While run A-3 1is not shown in this report, the complete
‘ f output listing of run A-4 is reproduced in appendix E. To obtain run A-3, which
A simulates zero spin, the input momant was again directly introduced into program
' CLOCK4 in the manner discussed earlier in counnection with the two pass involute

'?? o train.
g 2. Three Pass Step~up Gear Trains

As stated before, the basic configuration of both types of three pass
- atep—-up gear trains was taken from that of the M125A1 (brass) safing and arming
3 ; machanisns The following first enumerates all parameters which are common to
B both the involute and the clock tooth type pgear trains. Subsequantly, those

parameters and computational details which are aspecific to either of the two are
discussed aeparately.

Mesh No. 1 (gear 1 and pinion 2)

Pqy = 44, diametral pitch

Nop = 42, number of teeth of gear 1

: : Npp = 8, numbar of teeth of pinion 2

Rjy = 0.47727 in. (1.2123 cm), pitch radius of gear 1
= 0,09091 in (0.,2309 cm), pitch radius of pinion 2

Mesh No. 2 (gear 2 and pinion 3)

- B e - -

P2 ™ 65, diametral piteh

= 27, number of teeth of gear 2

=z
]
LX)

Np3 = 9, number of teeth of pinion 3
R,y = 0.20769 in. (0.5275 cm), pitch radius of gear 2

b r 4 = 0.06923 in. (0.1758 cm), pitch radius of pinion 3

“.v.

38

- A e e e A

B s i mvi s A

L na rorend.
- it e




Mesh

No.

3 (gear 3 and pinion 4)

Further Common Parameters

m

"2

L]

™y

77, diametral pitch

27, number of teeth of gear 3

9, number of teeth of pinion 4

0.17532 in. (0.4453 cm), pitch radius of gear 3
0.05844 in. (0.1484 cm), pitech radius of pinion 4

0,12 x 1073 1b-sec?/in. (2.101 x 1072 kg), mans of

gear 1

0.85 x 107> 1b-sec®/in. (1.488 x 10™3 kg), mass of

gear and pinion 2

0.34 x 1073 1b-gec?/in. (5.953 % 1074 kg), mass of

gear and pinion 3

0.15 » 107> 1b-sec?/in. (2.626 x 10~% kg), mass of

pinion 4

0,062 in. (0.157
0.025 in. (0.064
0,018 in. (0.046
0.016 in. (0.041

0.225 in. (0.572
1 Erom fuze body

0.436 in. (1.107

cm), pivot radius of gear 1

cm), plvot radius of gear and pinion 2
cm), pivot radius of gear and pinion 3
cm), plvot radius of pinion 4

cm), location radius of gear
centear

cm), location radius of gear

and pinion 2 from fuze body center

0.504 in. (1.280 em), location radius of gear
and pinion 3 from fuze body centar

0.520 fn. (1.321 cm), location radius of pinion 4
from fuze body center

0.275 x 1072 lb-seci-in. (3.105 x 10~7 kg-m2),

rotor parameter of gear 1, responsible for input
moment My.. This quantity becomes in.-1b whean multiplied
by the square of the apin angular velocity.
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Parameters and Computational Details Specific to the
Involute Tooth Type Three Paus Step~up Gear Train

The gear and pinion parameters specific to the three pass involute
step—up gear train are listed in appendix A. They were originally computed with

program INVOL1l (appendix C of ref 1).

Point efficlency results of two computer runs for three pass involute
trains are shown in table 9. Rasults for both runs were obtained with the help
of the computer program INVOL3. Run B-1 simulates zero spin velocity, while run
B-2 was made for a spin veloecity of 1000 rpm. An overall coefficient of fric-
tion 4 = 0.2 and a range divisor K = 25 were used for both runs. Since the low~
est starting efficiency for this type of gear train occurs when all three meshas
make initial contact as early as possible during their approach motion, the ini-
tialization paraweters Jy, J; and Jy were set equal to zero. To obtain run B-1,
which simulates zero spin and with that the absence of centrifugal forces on the
geuar train components, the computer program INVOL3 was also wodified by introduc-
ing an input moment M;,. equal in magnitude to s wmoment which corresponds to a

spin of 1000 rpm.

The output 1listing of run B-2 is reproduced in appendix A. The output
liating of run B-1 48 not given.

Pyrameters and Computational Details Specific to tha Clock
Tooth Typa Three Pasa Step-up Gear Tvain

The gear and pinion parameters of the threa mashes of the three pass
clock atep~up gear train are listed in appendix D. These parameters were comput-
ed with the help of computer program BRITSTD (appendix C).

Point efficiency results of two computer runs for three pass clock
traius are shown in table 9. Results for both runs were obtained by way of the
computer program CLOCK3. Run B-3 was made for zero spin, while run B~4 simulates
a 8spin of 1000 rpm. Again, an overall coefficient of friction u = 0,2 end a
range divisor K = 25 are used. Since clock type three pass step-up trains expe~
rience the lowest point efficiency at starting when all three meshes make initial
contact at the end of their recess motion, the initialization paraneters J,, Jo
and Jy were set equal to 0.9 for both runs. To obtain run B-3, which simulates
zero spin, the {nput moment M;, was again modified in the manner described above
for the three pass {involute train. The computer output 1listing of cun B-4 is
reproduced in appendix D. The output of run B-3 i@ not given.

3. Conclusions of Efficiency Comparisons and Discussion

Infeial contact, maximum and minimum point efficliencies during one
tooth cycle of the input gear for two and three pass ste: -up meshes, with invo-
lute and clock type teeth, which operate with or without the presence of spin,
are shown {in table 9. Graphs of point efficiency versus input gear rotation in a
spin environment for the four types of gear trains are shown in figure 7. In
each cape one tooth cycle of the Input gear {s shown, using the data 1in appen-
dixes A, B, D and E ({.e., from computer programs INVOL3, INVOL4, CLOCK3, and
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CLOCK4)s  All {input gear rotation data are adjusted to a zero degree start by
subtracting the initial angle in each case.

J Subsequently, general factors which influence the point efficiency in
E. multipaas step-up gearing are discussed. In addition, an explanation is given ;
L * for the fact that the mid-eycle efficlencles of the three pass meshes are some- y

L, what higher than those of the two pass meshes when both operate in a epin envi- )

E N : ronment. j

e The polat eoffletency comparisons were obtained with the following

f : conditions common to all uvver—all and component meshes:

o a. The worst poassible starting conditions were used for all component j
meshes (J; » 0, for the involute meshes, and J; = 0.9, for the clonk gear |

_ maeghes).

3

RN b, All mcehes have essentially the same step~up ratio (47.265 for the

L } two pass tralns and 47.25 for the three pass trains).

; ¢ When sgpin was simulated, the constant 4input moment used ap~ 1
’ proximated the one produced by an appropriately sized rotor at a spin vate of .
1000 rpm.  For the no-spin runs, the identical constant input moment was used.

d, The same coefflclent of friction, i.e., u = 0,2, was used for all
mantey and conditlons. Tt applies to plvot as well as to tooth contact friction. L
“l” I @« All involute meshes have unity contact ratio. This also applies to .

clock typa meshes since {n thle type of gearing there can nevar be more than one
pet of teoth {n contact.

S S

Ovevall Conclusions

The followlng conclusions were drawn from table 9 and figure 7:

1, For a given mesh and spin condition there is no significant differ-
ence  in maximum and mintmum point efficlencles for the types of involute and
clock guaring used. (Compare runs Al to A3, Bl to B3, A2 to A4, and B2 to B4.)

_ 2. In the absence of spin the two paas step-up meshes show higher
4 maxtmuw and wminimum point efficiencles than the three panss mashes: (Compare rune
Al and Bl as well as runs A3 and B3,)

: 3. While it 1s somewhut surprising that thare ls no difference between
L the inftial contact, t.e,, minimum, point efficlencies of two and three pass gear
B traina operating in a spln environment, it is even wmore surprising that the maxi-
] mim efficlencien of the three pass trains are somevhat higher than those of the
two paus tratus. (Compare runs A2 and B2 as well aa rune A4 and B4 in table 9.) i

e T T tm D e =
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The average polnt efficiency of the three pass gear trains ls higher (fig.
. This fact is reflected by the somewhat higher cycle efficlencies of the
three pass tralns. (For a definitfon of the cycle efficiency €, see equation 4,
[ref 1.]) The following values for the various cycle efficiencles are listed at
the end of the computer outputs in the previously mentioned appendixes:

two pass involute: ¢p = 0.385, three pass involute: €~ 0.414
two pass clock! gg = 0.379, three pass clock: g 0.404

Thugse lower efficiencies of the two pass trains have their cause in the need
for a heavier gear in the second mesh of these trains, This causes a larger
centrifugal force and with that a larger referred pinion friction moment than 1is
the case for the three pass trains. (For detail see the discuaslon in the mec-
tion entitled Explanation of Higher Effi{ciencies of Three-Pass Trains.)

The graphs of the two pass trains show the multiple cyclic variations in
point efficiency of the second mesh superposed on the aingle cycle of point effi-
clency of the first mesh. Similar superpoaitions of mesh point efficiencies may
be observed in the graphs of the three pass trains.

A decrease in the amplitudes of all cyclic variations, based on geometrical
rather than frictional modifications, represents a meaningful optimization goal
for this type of gear train (fig. 7). This might be facilitated by decreasing
the approach action of all involute meshes as much as posaible, while maintaining
at least a unity contact ratio.

General Factora which Influence the Point Efficiencles of
Multipass Step-up Gear Meshes

To understand the factors which determine the point efficiencies of wulti-
pass step-up traine, one must consider the genaral form which the asmociated
expression takes with or without the presence of spin.

Equation 3 of reference 1 defines polnt efficlency as

M
2 @7

e = K
P RATIO Min

where
Kpatzo ™ instantaneous angular velocity ratio of
the output pinion to the input gear

M - the instantaneous output equilibrant moment

Hy = the instantaneous input moment
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The output moment expression for the various meshes and contact conditions was

gshown in refarence 1 to be of the form®

- 2
My = Kyq My PR (28)

a constant for a given train configuration which depends on
various geometric parameters associated with the gears and
pinions of the train. In addition it is a function of the tooth
geometry, the pivot locations, the pivot radii, and the overall
coefficient of the friction.

~
P
B

Ky =~ constants whict are dependent on the same parameters as Ky.,.
In addition they are functions of the individual gear or gear
and pinion masses my. (i = 1, 2, 3 for two pase meshes, while
for three pass meshes 1 = 1, 2, 3, 4,)

w = the conatant angular velocity of the fuze body.

For a rotor driven mechanism, with constant spin velocity, the input moment
My, has the form

Mip = m G{Irc w? sina (29)

where
m; =~ mass of the rotor, i.e., of gear 1
® = distance from spin axis to rotor pivot axis
r, = dlstance of trotor center of mass from rotor pivot axis
¢ = rotor angle with respect to fuze body
Substitution of equations 2B and 29 into equation 27, followed by eome taear-

rangement of terms, gives the following expression for the point efficiency of
spin rotor driven gear meshest

I K
K 1

- K - , (30)
p RATIO in Kin“& ulrcsino

[

LSee the following expressiona in reference 1l: A-125, A-193, H-81, H-118, H-138,

i~180, H-216, H-218, H-239, H~241, H~260, H~261, H-277, and H-278.
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! Equation 30 shows that the point efficlency 1is {independent of spin
‘ velocity. It may be maximlzed for a given configuration by making the constant
< K together with the denominator of the second term [nside the parenthesis as
3 large as possible, while keeping the summation term as small as possible.

No conclusions concerning the Influence of the angular veloclty ratlo Kpario
on the point efficlency may be drawn since the terms inside the parenthesls are

. also related to various gear ratlos.

A In case these types of gear trains operate without spin and the {nput moment

i‘. f 1s supplied by a spring, equation 28 becomes

} '

i'n Mo = Kin Min o (31)
: 1

. ' and the point efficiency expression (equation 27) reduces to

' . i

e

' 1 € * ¥paTIO Kin (32)

i; Co For a given velocity ratio of the train, the point efficlency can again be

v maximized by waximizing the constant K;. . This value ias larger for a two pass

% configuration than for a three pass. (Kefer to casmes 1 and 3 of table 9.)

I :

L l ‘ Explanation of Higher Efficiencies of Three—Pass Trains

5 o The unexpectedly equal or higher point efficiencles of the three pass
! ' mashes, when compared with those of the two pass mashes, may be principally ex-
b . plained by the gmed for a larger pitch radius, and with that of & larger mass,
; . for gear no. 2. This larger mass, and the ausocliated larger spin axis to pivot
! . axis distance, causes a larger centri{fugal force and with that a larger pivot
f friction moment than is the case for the comparable mesh of the three pass train
! with 1its lower step~up ratio. 1In addition, the increased step-up ratio countri-
E butes to the decrease in the available input moment, (See discussion conceraning
{ ! raferred friction moments below.)

The above is best illustrated by comparing the sums of the individual pivot
friction moments due to centrifugal forces only, as raferred to the input gear,
for both types of gear trainas.

T R T
£ e

% . 5Every effort was made during the design of the two pass train to keep the gear
and pinion masses, together with the spin axis to pinion axis distance, as small

; . . as posaible (table 10).
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If the friction moment on an individual gear and, or, pinion 1is given by
Mgy the referred friction moment Mgy, acting on the input gear, may be found by
way of the principle of virtual work from

Mgy = Mgy /4 (33)
whare
61/51 = angular velocity ratio between the ith gear and, or, pinilon
and gear no. 1 (Average values must be usad for clock type
gears,)
i » the gear or pinlon wumber. For the two pass train £ = 1, 2, 3 and

for the three pass train 1 = 1, 2, 3, 4,

The friction moment due to the centrifugal force only on any individual
componant is given by

Mgy = myflypy wu? (34)
vheara

my ~ naes of individual cowponent

@, = distance from spin axis to individual pivot axis
py ® individual pivot radlius
U w coefficlent of friction

The parametears of equations 33 and 34 together with the refarred momants
Mféi for both types of gear traing are listed in table 10. The pum of the refer~
red friction moments 1is higher for the two pass meshes than for the three pass
meshes, and thus represents a greater veduction of the identical {nput momant.
For a apin rate of 1000 rpm and a coefficlent gf friction of p = 0.2, thesw fric-
tion momernts become 1.02 x 107* and 0.71 x 107% in.-lb, reapectively, This shows
a conpiderable incréase of friction for the two pasg train 1if one conelders that
the input moment My  has a magnituds of 3.01 x 107“ in.~1b. (See data printouts
{n the varlous computer programs in the appendixes.)
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Table 10.

Purameter

&)
]
U¥ )
®,
m
my
my

R4

&2/3l
$3/$l
bb
Meyy
My
M1
M4

Hum of referred
Friction momants

Two pass train

0.225 in.
(0,572 cm)

0.497
(1.262)

0.640
(1.626)

-

0.120 x 1073 1b-2/1n.
(2101 x 10°2 kg)

0.253 & 1074
(4,430 = 10"3)

0.153 x 10“2
(2,679 x 10°4)

0.062 in.
(0187 c¢n)

0,025
(0, 064)

0.018
(0,046)

-

6,875
47.265

10674 x xo“g wod L0.-1b
(0,189 x 1076 pw? (N.m)

21,61 x 1077w,
(0.244 x 1076wty

#0330 % 1077
(0.941 x 1077 wd)

46,681 x 10'; pud
(5.275 x 1077 )

47

Compar ison of referred friction moments

Three pasa train

0,225 in.
(0,572 cm)

04436
(1.107)

0.504
(1.280)

0.520
(1.32‘1)

0.120 x 10'2 1b=s¢/1n.
(2.101 x 10~2 kg)

0.8%0 x 1073
(1.488 x 10°3)

0.340 % 1073
(5,953 x 1074)

0.150 x 1079)
(2.62 x 1074)

0.062 in,
(0-157 cm)

0.025
(0.064)

0.018
(0.046)

0.016
(0.041)

5.25
15.75
47,25

1674 x 1076 wed dn.-1
(0.189 % 1070 W (N.m)

4,864 x 10“; ol
(0,550 x LO0™7 )

4,858 x 1077 wed
(0,549 x 1077 wud)

5.897 x 1077 pud
(0.666 x 1077 wa?)

, wl ol
32,359 x 10™7
(3.657 x 1077 wut)
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The original program descriptions were given in appendix C of Fuze OGear
Train Analysis (ref A-l). The present appendix contalns revised descriptions,
listings and sample outputs of computer program INVOL3, which computes point and
cycle efficliencies for three pass Involute gear trains in a spin environment.

All meshes have unity contact ratio.

The following ¢hanges were made:

1. The diametral pitches of all three meshes are given as data and are
printed in the output.

2. The numbers of teeth of all three meshes are given as data and are
printed in the output.

3. The initialization parameters J (one for each mesh) are
introduced. They are given as part of the data anl are printed in the output.
This parameter allows the initial point of contact of a given mesh to be chosen

at an arbitrary point within the range of poasible contact pointas.

4. The angles P (equations A~200 and A~202, ref A~l) are now printed
out by the program in order to be able to judge the effects of various changas in

the configuration of the gear train.

The computer program INVOL3 1s basad on the moment input-output relationship
for a three pass step-up gear train operating in a apin environwent. ALl meshes
have unity contact ratio. The nomenclature of the program is chosen to coincide
as clossly as possible with that of the original derivations. The expresslons
for the contact geometry and other auwxiliary geometric terms may be found in

appendix A (ref A-~l).

Input Parameters

The follawing parameters represent the input data for the program. Those
which involve gear dimuensions only must be obtained from the results of INVOL1
(ref A-1) since the moment expressions are derived for unity contact ratio only:

PSUBD1 41

PSUBD2 = By,
PSUBD3 = Py3
NGL = Ng1
NP2 = Npj
NG2 = Nga
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NP3 = Npj
NG3 - NGB
NP4 - NP“
MU ~ U, coefficient of friction at all pivots and at all

tooth contact points

RPM, revolutions per minute of the fuze body
CAPRPL = Rpl

CAPRP2 = sz

CAPRP3 = Rp3

RP2 = Ipy

RP3 Y

RP4 =Ty

THETAL = 91

THETA2 = ©
THETA3 = 93

ISTOP, arbitrary single digit integer for multiple data
sets. It must be zero for laat set of data.

R1 - “1
R2 - 6,
R3 - 4
R4 - &,
RHOL = Py
RHOZ = P,
RHO3 = P,
RHO4 = P,

CAPRBL = Rbl

CAPRB2

4

EERRTIR Ll




;: CAPRB3 = Ry,

. RB2 = Iy 3
g ' RB3 " Iy, s
\I y RBA - Ty, ,'{
.." L CABROL = R A

Lo CAPROZ = R,

L, | CAPRO3 = R ,
9 '
: RO2 =T
b, ! [
3\\“‘\“' RO3 t03
o [
3 | ]1 RO4 - r°4
. i M1 = m, mass of input gear 1
% ; M2 = my, mass of gear and pinion 2
' | M3 = my, mass of gear and pinion 3
: M4 = M;, mass of pinion 4
. ’ i MD = mdz, mass~distance product contained in the
‘ expression for the input moment My,
, K = Ky, the range divisor which is assoclated with
3 ' gear 3, the driving gear of the last mesh (eq. A-211,
] _ tef A-1)
.; . J1, J2, J3, initialization paramaters
: ‘
A Computations

Computation of MIN, GAMMAS and BETAS

3 To start with, the progtam computes the input moment
2 MIN = M, = md?? (A~1)
B Subsequently, the angles v, Y3, Yy and Bj, By, B3 are established according to
k . the expressions given in appendix A (ref A-l).
y
1
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Determination of the Gear Train Constants
The determination of the gear train constants consists of the following:

RATIO = Kparro €eq 2, ref A-l). Since the angular valocity is
constant, this parameter may be expressed
in terms of the applicable base radii, i.e.,

Rh] x ha x Rh:
t‘bz X rbs X I‘.‘M

TESTL, TEST2, and TEST] represent the tangent functions of the mesh
pressure angles, which are used in conjunction with the values of the signum
functions s.

Dl, D2, and D3 are given by equations A-204, A-217, and A-223, reference
1, respectively, and represent the distances batween the points of tangency to
the base circles along the lines of action of the three meshas.

MIOT w» O represents the initialization of tha aum of the output
moments. This is used for the determination of the cycle efficinancy.

Determination of Rarliest and Latest Posaible Values of
ALPHAS, Initialization of ALPHAS. Cantrifugual Forces

The determination of the earliest and latest possible angles of votation
is accomplished with the help of subroutine ALPHA, at the end of the program,
which makes use of equations A~205, A-206, A-218, A-219, A-224, and A-225, raef-
arence A-l. The angles of initial contact o, are determined with the help of the
initialization parameters .J; according to!

a, = a, + Ji(a (i=1,2,3) (A-2)

{ ™ tFIN = 41N

The additional parameter J, serves to distinguish between the two pos~
sible contact conditions of mesh no. 1. Jy ™ 0 when the firet set of teeth is in
contacts J, = 1 when the latest possible value of a) has been reached and con-
tact Is transferred to the second set of teeth. J, = 0 at all timas when J; = 0,
fe., contact is made {n mesh no. 1 at the earliest possible point, and, there-
fore, contact need naver be transfarred to the second wset of teeth to obtain a
complete cycle (cards no. 116 and 131).

The angular increments of gears 3, 2, and 1, i.e., DELAL), DELAL2, and
DELAL1 are determined with the help of equatfons A-211 through A-~213 (ref A-1),
respectively.

4.




The centrifugal forces, which act on the pivots of the various gear
and/or piaion assemblies, arc obtained by way of equationa A-33, A-57, A-84, and
A-107 (ref A-1).

Point and Cycle Efficlencies

Both point and cycle efficliencies are basad on equations A-125 (ref A-~l)
for the output moment MO4 = M ,.

The point efficlency is computad directly in the manner of equation 3,
(ref A'l) l«e-,

Mo,
cp * KRATIO W " POINTEF (A-3)
in

The cycle afficiency is treated in the manner of equations C-8, (ref A-
1), l.e.,

0 o4 -
g w —RATIC - = CYCLEFF (A=4)
P oMy Gypry = %)

The program gives the summation ae

MTOT = DM, (A-5)

Gear Train Motion Model

The gimulation of the gear train motion, which 1is necessary for the
computation of both POINTEF and CYCLEFF, is found in a loop which starts with
statement label no. 14 (card no. 129) *and ends with card no. 215. As discussad
earller, the motions of the individual driving gears are initialized with the
help of the parumeters Jy, Jp, and J3. The position of each mesh is subsequently
incremented by the appropriate DELALL, DELAL2, or DELAL3:. Whenever the Ji's
(1»1,2,3) are not equal to zero, and one of the angles a, has been reached,
the parttcular mesh 18 reset to its respective angle a gfkce mesh 2 and 3 go
through numerous tycles while mesh 1 goes through one ‘¢ycle, this type of reset-
ting occurs many times (cards no. 129 and 130). When J; = 0, i.e., contact in
mesh 1 15 made at the earliest poasible point, CYCLEFF {ia docarmined and the
computation 18 ended once the angle ALLFIN - DELALl i{s reached. When J; # 0, the
above occurs whan ALPHAl reaches the magnitude of {ts 1initial- angle minus
DELALL. (The nature of the numerical Integration requires that only K computa-
tions be included.)

The values of the signum functions 81, 8o, and are determined contin-
uously according to equations A-216, A-222, and A-227 (te?

A"l)o

e re . e gt aps pe e Ssblgarar s as i e b
LURBD rrumpe e ee e - el A @ e W e wapern s e L S — - — e

I

"l

TR



3 _..._....J e et Sl S L VUL TR ST i 3 o o b N R

The instantaneous diastances to the contact polats, i.e., Al = a) and A2 =
ay, and A} = a5 are determined for each of the meshes by an appropriate adapta-
tions of equation A-~203 (ref A-1) (also eqs A-214, A=220, and A-226, ref A-l).

The determination of the instantaneous output moment M04 = Moy raquires
the continuous computation of the variable quantities Aj to Apg; C) to Cg and Iy
to D, which are given originally in conjunction with the various equilibrium
conditions in appendix A (ref A~l). The program uses the following nomenclature
for these variables:

AAl  to AA20
CCl to CC6
DDl "to DD4

Output

Again, the output of the program i best explained by means of the sample
computation which i{s shown at the end of the program. This example uses the gear
data of the firat three sample computations of program INVOLL. The output lists
the following:

Input Parameters

Megh No. 1
CAPRP1 ™ Ry ™ 0.47727 in. (1.2123 cm) PSUBDL = Pyy =~ 44
CAPRBl = Ry = 0,44849 in. (1.13916 cm) NGl “ Ngy = 42
CAPROL = R, = 0.48791 1in. (142393 cm) NP2 = Npp» 8
RP2 “r, " 0.09091 1n. (0.2309 cm) Ji - 0

RB2 - l‘bz = 0,08543 in. (0.2170 ecm)

RO2 =r," 0.11000 in., (0.2794 cm) (This is & ROFIN
as given by INVOL1.)

Also,

TRETAL = 01 = 20°

Mesh No. 2
CAPRP2 = sz = 0.,20769 in. (0.5275 cm) PSUBD2 =~ P4ys = 65
CAPRB2 = Rpy = 0.19517 fn. (0.4957 cm)  NG2 - Ngg = 27
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CAPRO2 = R 5 = 0.21579 in. (0.5481 cm) NP3 = Np3 = 9

‘ RP3 - rp3 = 0.06923 in. (Q0.1758 cm) J2 =20
5:' RB3 * rpy ™ 0.06506 in. (0.1652 cm)
] RO3 = r_, = 0.08089 in. (0.2055 cm)
E . “j Also
é*. ! THETA2 -8, = 20°
E Mesh No. 3
i v CAPRP3 = R,y = 0.17532 in. (0.4453 em) PSUBD} = Pyy = 77 1
l K CAPRB3 = R, = 0.16475 in. (0.4183 cm) NG3 = Ngy = 27 '
fﬁifﬁng CAPRO3 = R 4 = 0.,18216 In. (0.4627 cm) NP4 = Npy = 9
; | '2 RP4 = ry, = 0.05844 in. (0.1484 cm) J3 -0 ?
L RB4 = ry, = 0.05492 fn. (0.1395 cm) 3
_ ROA = r., = 0.06828 in. (0.1734 cm) |
F‘ | | Also,
| .l” : THETA3 = 6, = 20° f
:‘F ' ' In addition, :
g MU -y - 0,2 .
§ RPM = 1000 ' ;
§ | M1 =m = 0.12 x 107 1lb-sec?/in. (2.101 x 1072 kg) f
- M2 =mp = 0.85 x 1077 1b-sec?/in. (1.488 x 1073 ig) f
- M3 “my = 0.34 x 1077 1b-sec?/in. (5,952 x 1074 kg) f
- | M4 =m, = 0.5 x 107 1b-sec?/in. (2.626 x 107 kg) ?
. Rl - 6%1 = 0,225 {n. (0.571%5 em) |
R =® = 0.436 in. (1,107 cm) :
R3 =fy = 0.3504 in. (1.2802 cm) ]
j Re =@, = 0,520 in. (1.3208 cm) !
. 57 ]
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RHOl = Hh - 0,062 in. (0.1575 cm)

1 RHO2 =

P, = 0,025 in. (0.0635 cm)
. RHOJI - 03 - 0,018 in. (0.0"57 cm)
R RHO4 = p, = 0.016 in. (0.0406 cm)
.‘ “ :
b MD = md? = 0.275 x 1070 1b-sec?-in. (3.105 x 10”7 kg~m?)
X - 25

X Computed Values

) The point efficiency is given as a function of the angle a,, togather
*] with the aignum parameters s), 85, and s; (given for checking purposes). Tha

, cycle efficiency is shown at the end of the output. In addition, the input mo-
ment MIN i{s printed out as well ag BETALD, BETA2D, AND BETA3D.
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APPENDIX B

COMPUTER PROGRAM INVOL4 (REVISED)
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The original program descriptions were given in appendix C of Fuze Gear Train

Analysis (ref B-1). The following appendix contains revised descriptions, 1ist-

ings and sample outputs of computer program INVOL4, which computes point and ;

, cycle efficlencies for two pass involute gear trains in a spin environment. All
; meshes have unity contact ratio.

N The following changes were made:

1, The diametral pitches of both meshes are given as data and are
| printed in the output.

; 2. The numbers of teeth of both meshes are given as data and are
printed in the output.

‘ﬁ! ‘ . 3. The initialization parameters J (one for each of the two meshes) are
' introduced. They are given as part of the data and are printed in the output.
' Again, these parameters allow tha arbitrary choice of the initial point of con-

o tact of a given mesh anywhere within the range of possible contact pointe.
W
. “‘] In addition to these changes, it contains gear computations (according to
o program INVOLl) which are necessary to give the two pass step-up gear train the 3
. same overall gear ratio as that of the three pass step~up gear train. 1
3 \ The program INVOL4 is based on appendix A (ref B~l) which derives the moment Q
g ; input=output relationship for a two pass step~up gear train, operating in & spin
- ! ‘ environment. Hera again, all meshes have unity contact ratio. INVOL4. is very
: similar to INVOL3 in ies construction. Again, the expressions for the contact
! gaometry and other auxiliary geometric terms may be found in appendix A (ref B-
1), : .
3 Input Paranmeters
|
The following parameters represent tho input data for the program. Those
. which f{avolve gear dimensions only must be obtained from the results of INVOL1 ;
1 (ref B-1) since the moment expressions are again derived for unity contact ratio "
1 ; only. |
! PSUBDL = Py i
PIUBDZ = By
i : NG1 = Ngy |
»' i
." NP2 - sz i
o NG2 = Ngy f
. )
‘ NPJ - NP3 '
‘, . ‘
MU * U, coefficient of friction at all pivots and at all j

tooth contact points 4
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RPM, revolutions per minute of the fuze body

L e bk e Tk

o CAPRPL = R |
j po RP2 = £
s j RPI =1y g
o | THETAL = €, 1
" , THETA2 = 6,
'»"}"-'x ‘ 18TOP arbitrary single digit integer for multiple data sets. k
j \\1 It must be zero for last set of data.
- ( R1 - ‘tl
" . ‘I
3 il R2 - “2
b R -6y
- l : RHOL = oy
o RHO2 = p,
1 ’ RHOJ - .'33
i \
{3 »
} l CAPRB2 = Ry,
': | RB2 - T.'bz
[ RB3 = ry3
i CAPROL = R_;
-
l‘ CAPRO2 = R,
b - '
'i:‘ . RO2 - :‘02
N 1
B ROJ -y
d o3
; M1 * my, mass of input gear 1
,’,f‘ M2 = my, mass of gear and pinion 2 1
" ' M3 “ mq, mass of pinion 3 i
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Mb = mdz, mass-dlstance product contalned in the expression
for the input mument Min

K = Ky, the range divisor which 1s assoclated with gear 2,
the driving gear of the last mesh for this case
(eq A-207, ref B-1)

Jl, J2, initialization parameters

Computations
Computation of MIN, Gammas and Betus
To start with, the program computes the input moment
MIN = N, = na2u? (B-1)

The program computes the angles Y, Yy und B}, By according to the @ pres-

slon given in appendix A (ref B-1).

Determination of the Gear Train Constants

The determination of the gear train constanta conslsts of the followiny:

RATIO = 0’ (eq 2, ref B=~1). Since the angular velocity im

Krart
constant, thie parameter may be expressed in terus
of the applicable base radil, 1.e.,

“o1 X Mb2
Thy X T3

TEST1 and TiEST2 represent the tungent functlous of thoe mesh pressure
angles, which are used in conjunction with the values of the signum functiouns a.

DL and D2 are given by equations A-204 and A-217 (ref B-l), respective-
ly, aud raepresent the distances buetween the points of tangency to the base cir-
cles along the lines of actlion of the two meshes.

MIOT = O represents the initialization of the sum of the output
moments. This is used for the deterwmination of the cycle efficiency.
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Determination of Earliest and Latest Possible
Values of ALPHAS, Initialization of ALPHAS.
Centrifugal Forces

The determination of the earliest and latest poasible angles of rotation
is accomplishad with the help of subroutine ALPHA, at the end of the progranm,
which makes use of equations A~205, A-206, A-218, and A~219 (ref B=l). The
angles of initial contact a, are determined with the help of the initialization

parameters J) according to:

a, = o (i=1,2) (8-2)

+ 3 C0em Y

i 1IN

The additional parameter J; serves to distinguish betwsen the two pos-
sible contact conditions of mesh no. i, = 0 while the first set of teath is
in contact. Jy = 1 when the lutest possible value of a, has been reached and
contact i@ transferred to the second set of teeth. Jy = O"at all times when J; =
0, i.a., contact is nade in mesh no. 1 at the earliest posuible time, and there-
fors, contact need never be tranaferrad to the second set of teeth to obtain a

complete contact cycle (cards no. 93 and 106).

The argular increments of gears 2 and 1, i.e., DELAL2Z and DELALl, are
determined with the help of equations A-207 and A=-208 (ref B-1), respectively.

The centrifugal forces, which act on the pivots of the various gear
and/or pinion assemblles, ure obtained by way of eguations A-131, A-184, and A=
178 (ref B-1).

Point and Cycle Effi{ciencies

Both point and cycle efflciencies are baped on equations A-193 (ref B-1)
for the output moment MO} = M 4.

The point efficliency im computad directly in the manner of equation 3

(ref B-1) {.e.,
Mo?

The cycle efficiency 1s treated in the wanner of equation A~3 of appen-
dix A, ttEo,

Aa, M
¢ KRAT%S 1 °37 = CYCLEFF (B=4)
Min yrn T %N

R} R L LRI T A
e e S - .
—— T




re !

The program gives the summation as
MTOT = 2M°3 ' (B-5)

Gear Train Motion Model

The simulation of the gear train motion, which is necessary for the
computation of both POINTEF and CYCLEFF, is found in a ‘oop which begins with
statement label no. 14 (card no. 105) and ends with card no. 171,

The motions of the individual driving gears ave initialized with the
help of the parsmeters J;, and Jy. The position of each mesh 1s subsequently
{ncremented by the appropriate DELAL]l and DELAL2. Whenever the Ji's (i=1,2) are
not eyual to zero, and one of the angles o N has been reached, the particular
mesh 1s reset to its respective angle % 1N 1§Ence mesh 2 goes through a number of
cycles while mesh 1 goes through one cyhie} mesh 2 has to be reset to itm start-
ing position AL2IN once the angle AL2FIN has been reached., This is accomplished
by the conditional statement on card no. 105, When J; = 0, i.e., contact in mesh
1 is made at the earliest possible point, CYCLEFF 1is determined and the computa-
tion is ended once the angle ALLFIN - DELALL is reached. When J; # 0, the above
occuras when ALPHAl reaches the magnitude of its initial angle minus DELALL. (The
nature of the numerical integration requires that only K computations be

included.)

The values of the signum functions 8; and s, are determined continuously
according to equations A-216 and A~222 (ref B:&).

The inatantaneous distances to the contact points, i.e., Al = a; and A2
= a,, are datarmined for each of the meshas by appropriate adaptations of aqua=
tion A-203 (ref B-1) (also equations A-214 and A~220 (ref B-~1)).

The determination of the instantaneous output moment MO) = M, 3 requires
the continuous computation of the variable quantities A) to A4, C) to C; and D)
to D3, which are given originally in conjunction with the various equilibrium
conditions in appendix A (ref B-1). The program uses the following nomenclature
for these variables:

AAl to AAl4
CCl to CC4
PDl to DD

Output

The output of the program is again beat explained with the halp of the sample
computation shown at the end of the program. This example uses the gear data
with the help of computer program INVOLl. The output lists the following:
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-y Input Parameters

? Mesh No. 1 ' :
L GAPRPL = Rj = 0.55000 in. (1.3970 cn)  PSUBDL = By; = 50 1
g . CAPRBL = Ry, = 0.51683 in. (1.3127 em)  NGL = Ngy = 55 %

§ ! CAPROL = R ; = 0.55936 in. (1.4208 cm) NP2 = Npy = 8

a8 i RP2 = rpy ™ 0.08000 in. (0.2032 cm) J1 =0 :
r RB2 = 1, = 0.07518 in. (0.1910 cm) ;
BN ROZ = r, = 0.09655 in. (0.2452 cm) (This is & ROFIN as given ]
b b§<INVOLL.) !
Also, 1

THETAL = 91 = 20°

o B i i

‘ Mesh No. 2

',ll|3 CAPRP2 = sz w 0,39286 in. (0.9979 cm) PSUBD2 = Pyy = 70

L CAPRBZ = Ry, = 0.36916 in. (0.9377 cm)  NG2 = Ngg = 55 :
_ GAPROZ = Ry, = 0.39934 in. (1.0148 cm) NP3 = Npy = 8 '

L RP3 = r., = 0.,05714 {n. (01451 cm) J2 = O j

RB3 = rp3 = 0.05370 in. (0.1364 cm)
b RO3 = roy = 0.06898 in. (0,1752 cm)
Also,

THETA2 =~ 62 = 20°

3 In addition,

3 | MU -y = 0.2
. RBM = 1000 |
?' . M1 = m = 0,12 x 107 1b-sec?/in. (2.101 x 1072 kg) }
f , M2 = mp = 0,25 x 1074 1b-sec?/in. (4.430 x 10™2 kg) 5
S M3 w my = 0,153 x 1073 lb~sec?/in. (2.679 x 1074 kg) }
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RL = R = 0.225 {n. (0.5715 cm) 3
R = Ry = U497 in. (1.2624 cu) i
R3 = Ry = 0.640 in. (1.6256 cm)
7} RHOL = o, = 0,062 in. (0.1575 cm) 'f
'% e “i RHO2 = Py = 0.025 in. <0.0635 cn) :f
Q?L| % RHO3 = py = 0.018 in. (0.0457 cm) %A
MD = md? = 0.275 x 1073 1b-sec®-in. (3.105 x 10™ kg~n?) \
\:’ ' K = 25 ‘::
j”$":' E
gtkfﬁyi Computed Valv:s
§

St

S The point efficiency is given as a function of the angle a,, togethar ‘
B , with the signum parameters s; and s, (given for checking purposes)., The cycle By
.3 : ,efficiency is sbown at the end of the output. In addition, the input moment MIN g
- . } is printed out. ¥
N 4
¥ ! |
IR Use of Computer Program INVOL! to Obtain Unity Contact Ratio . Jﬁ
[ @ : Parameters for Both Meshes x N
1 . 9
iy . The following gives the outpute of computer program INVOLY (app A, ref B-1) g
b for the present two pass step-up gear mesh with a total wtep-up ratio of (55/8) x Hl
A (55/8) = 47.265. The above is essentially the seme as the gear ratio of the W
¥ . three pass gear train of appendix A. i
i‘
| b
A b
;
| 3
i 3
A
}:. 5 79 _'
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The present appendix deals with the design of clock teeth according to
British Standard No. 978 (ref C-1): . Gears for Instruments and Clockwork
Mechanisms; Part 2, Cycloidal Type Gears.

Computer program BRITSTD, shows the design of gear and pinion meshes with
clock teeth in such a manner that its output data may serve as the input data for
the computer programs CLOCK1l, CLOCK2, CLOCK3, and CLOCK4 of Fuze Cear Train Anal-

* yals (ref C-2).

o ST i e

e

British Standard No. 978

EREEC
¥
o

T

i The British Standard Wo. 978 (ref C-1) is used to determine the important =
3 . dimensions for clock type gears and pinions, It originally employs the module |
o {(m) as a basic parameter. It 1s presently more practical to operate in terms of
5 ' diametral pitch (Pd), so that
‘.‘0 \ . . E
ig; " ’o\g\ - _1_ — “J
& “5 By = (c-1)
P!
L With the above, the module may become an irrational fraction. W
£ Gear Degign Parameters
Lo
' l . The important design parameters for the gears of step-up meshes are
o ghown in tables 2 and 3 of reference C=l. These parameters are! the tooth

thickness along the pitch circle, the addendum, and the radius of curvature of
the addendum. The addendum factor f as well as the addendum radius factor £ of
table 3 of reference C-1 are functions of the gear ratio and the number of teeth
in the mating pinion. Similar information is given by charts 1 and 2 of refer-
ence C-1.

Pinion Design Parameters

W T T I I e e e

Pinions are designed according to clause 5, and figures 3 and 4, as well
as table 4 of reference C-l.

R

i
j
i
K
‘

¥ . *This standard was used since it was the only complete standard available to the
i authors at the time this work was undertaken.
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Clock Tooth Design With British Standard

1. Determination of Center of Curvature of Addendum Radius

Before the clock gear design program proper can be shown, it is neces-
gary to derive a procedure by which the location of the center of curvature C of
the addendum radius of curvature may be determined whenever the center of curva-
ture is not located on the intersection of the ceanter line of the tooth and the
pltch circle, i.e., the addendum height equals the radius of curvature of the
addendum.

The British Standard (ref C-1) provides information concerning the
tooth thickness t, along the pitch circle, the addendum height H, as well as the
radius of curvature p of the addendum. (Note changa of nomenclature when
compared to reference C=-1l.)

A schematic representation of a clock tooth which is used in the deter-
mination of the coordinates C, and C, of the center of curvature C ia shown in
figure C-1. The following derivation” is baced on the idea that the location of
the center of curvature of a circle of radius p may be determined if the coordi-
nates of the two points W and V on this circle are known. The equation of this
circle 1s given by

- 2 ™ 2 -m 2 -
(x = €)% + (y = Cy) P (c-2)
For point V with the known coordinatea x =~ tpx and y = rpy, the above becomes
(£, - €)%+ (r =0 )% = ot (c-3)
px X Py y

For point W with the known coordinates x = 0 and y = r,» one obtains

2 2 2
¢+ (r, - cy) [ (c-4)
where
r, * piteh radius
T, =, tH (C=5)
~1
8 tan (tt/2rp) (C-6)
Yox ™ Tp sing (c-7)
Yoy ™ tp cosB ‘ (c-8)
97
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imultaneous solution of equations C-3 and C-4 leads to

2 // 2 2 2 2 2 2
~(-rE) + /(D-rE) - (D +E)(C -AR)

C. = c-9
y 2 3 (€9
D + E
and
c + DCy
Cy = (C-10)
E

where, in the above
A= ot-d (c-11)
B = p2 - ri (Cc-12)
C = A-B (c-13)
D = 2(r, - rpy) (c-14)
E = 2r (C~15)

px

It is to be noted that the smaller of the two possible solutions in equation C-9
must govern.

2, Computer Program BRITSTD
The computer program BRITSTD 1s designed to furnish the input
parameters necessary for computer programs CLOCKl, CLOCK2, CLOCK3, and CLOCK4 of

reference C-2,

Input Parameters. The following paraweters reprasent the input data
for the computer program:

PSUBD = Py, the diametral pitch.
NG = Ng, number of teeth of the gear

NP - NP' number of teeth of the pinion

98




% F a £, constaut for addendum computation (tables 2 and 3 or
4 chart 1 of reference C~1). Obtained by linear

. interpolation if not directly available from

3 standard.

\ FR = f., constant for determination of radius of

b curvature P (see tables 2 and 3 or chart 2, rvef (-

* 1), Also obtained by linear interpolation if not
directly avallable from tables.

M§“ : PROFILE = 1, corresponds to Profile A of figure 4 and table
3 ‘ 4 (ref C-1)

] PROFILE = 2, corresponds to Profile B of figura 4 and table
4 (ref C-1)

) PROFILE = 3, corresponds to Profile C of figure 4 and table

4 (ref C-1)

1sTOP = arbitrary single digit integer for multiple data sets.
A Must be zero for last data set.

Computations.

k ' ) Design of Gear.® To start with, the program determinas the module with
j ! f the help of equation C-1. It further determines (for nomenclature, sece figure C-
S 1):

TTG = teas according to table 2 of reference C~l. Note

that the subscript G stands for gear.

4 ADDG = Hg, according to table 2 of reference C-1

3 RHOG = Pgs according to table 2 of referance C-l

: Num
] CAPRP = R, = —— ]
‘/\: ROG - ROG - Rp + HG 1

- t
‘7‘ BETAG = B, = ‘ﬁﬁgpj"

CAPRPX

Rpx' the x coordinate of point V (fig. C-1)

1 CAPRPY

3 = Rpys the y coordinate of point V (fig. C-1) )
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The subroutine CENTER computes the x and y coordinates and C, of the
center of curvdature according tn equations C-10 and C-9, respectively, !ogether
with the distance a = 0C, as well as the maximum tooth thickness according to

t =2 (P~ G) (c-16)
For programming purposes the maximum tooth thickness of the gear becomes

6 = t,
vhile for the pinion it is expressed by

TP-CP

Pinion Design. The computation of the pinion parameters atarts with
the determination of the pinion radius 1

RP = N

It 18 to be noted that the designations of all pinion variables are
[ similar to those of the gear variables with the letter P substituted for the
f letter G.

Statement numbers 29 through 34 represent profile selection tests
according to figure 4 and table 4 of reference C-l. The resulting computations .
depend upon the pinion profile chosen as well as the number of pinion teeth in-
volved. The specific pinion parameters are computed according to the formulae in |
the table 4 (ref C-1). Whenever the addendum radius center of curvature does not j
coincide with the pitch point, subroutine CENTER is called for the determination i
of the desired dimensions.

T e T -

y Mesh Starting Test. The mesh starting test is based upon equation E~49 :
k- (ref C-2), whlich, when satieifiad, assures that initial contact 18 made in the y
round on round phase of contact. To perform this test, the parameters b (the §
center distance butween gear and pinion), the angle Y., according to equatlon D-5 !
(ref C-2), and the length of flat f£;, according to equation P~7, (ref C-2), must ‘
: first be determined. If the mesh starts in the normal manner, the program will i
! print out MESH BEGINS IN NORMAL MANNER. In case the mesh causes an abnormal |

{

|

{
3

o situatlon, the program will print MESH BEGINS WITH FLAT ON ROUND.

L Output. The output of the program is best explained with the help of
the first of the five sets of resulta shown at the end of the program. The un-
derlined values represent the uneeded inputs to all computer programe dealing with
clock tuweth. The relevant values of the First three sets of results will serve
as input to the revised computer program CLOCK), as given in appendix D. Simi-
larly, the relevant values of the fourth and fifth setes of results represent
input for the revised computer program CLOCK4, given in appendix E.
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Input Parameters.

PSUBD = Py = 44
F - f - 11&50
FR = f.=  2.1%7

PROFILE - 2.0
NG - nc s 42
NP - np - 8

Computed Values.

For the gear

CAPRP = Rp = 0.47727 in.
(1.2122 cm)

! AG = ag = 0.47343 in.
(1.2025 cm)

- 0.04857 ino
(0.1234 cm)

RHOG = pG

: T¢ = tg = 0.03609 in.
(0.0917 cm)

TIC = tpg » 0.03568 in.
(0.0906 cm)

CXG - Pe) = 0,03052 in.
c,( {0.0775 cm)

= 0.47245 in.
(1.2000 cm)

CY6 = Cyg

Also, MESH BEGINS IN NORMAL MANNER

For the pin.y:

RP

AP

RHOP

TP

e

CXp

cyp

-rp

= a
- pP

" tep
- Gp

" Cyp

= (,09091 frn.
(0.2309 cm)

= 0.09083 1in.
(0.2307 cm)

= (0.,01591 in.
(0.0404 cm)

= (0.02382 1in.
(0.0605 cm)

= 0.02386 in.
(0.0606 cm)

= (,00400 in.
(0.0102 cm)

= 0.09074 in.
(0.2305 ¢m)
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The original program descriptions were given in appendix I of Fuze Gear Traln
Analysis (ref D-1). The following appendix contains revised descriptions, list-
ings and sample outputs of computer program CLOCK3, which computes point and
cycle efficienciea for three pass clock gear trains in a spin environment.

The following changes were made!

1. The diametral pitches of all three meshes are given as data and are
printed in the output.

2, The intitialization parameters J are {introduced. They are given as part
of the data and are listed in the output. These parameters allow the initial
points of contact of the three meshesa to be choasen at arbitrary points within the
ranges of poasible contact points.

The kinematics of computer program CLOCK3 is based on the work in appendix G
(ref D-1), while the moment input=—output relationships are derived in appendix H
(ref D-1). Even though the fuze related geometry produces different expressions
for the various wmeshes, the kinematic computations of the individual meshes are
very similar to those shown in computer program CLOCKl in appendix F (ref D-1)
for the single mesh in the standard position. It is also assumed that all three
meshes will have been taested by computer program CLOCKL (ref D-1) for their geo-
metric suitability, i.e., whether there is enough room for tip radii.

Input Parameters
The following parameters represent the input data for the program (for ex-
planations and nomenclature, see appendixes C and F, reference D-l1):
PSUBDl, PSUBD2, PSUBD3 = Pdl‘ P42y Pia
MU, coefficlent of friction

RPM, spin velocity

CAPRP1, CAPRPZ, CAPRPJ, RP2, RP3, RP4, pitch radii of gears and piniona
with nomenclature of figure G-1 (ref D-1)

RHOG1, RHOGZ, RHOG3, RHOPL, RHOPZ, RHOP3, radii of curvature of circular
arc portion of gear and pinion teeth
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ACGl, ACG2, accall 8agy» distance from the center of rotation of the
gear of the 1P nesh to the center of curvature of the circular arc portion of
the gear tooth. (Unless otherwise noted, this and all following numbering
achemes refer to those associated with the wesh mechanics as given in the text of
appendixes G and H of reference D-1).

ACP1, AgPZ, ACP3 = an,,, distance from the center of rotation of the
pinion of the 1th pesh to the center of curvature of the circular arc portion of
the pinion tooth

R1, R2, R3, R4 = & (nomenclature of fig. G-1, ref D-1)

TGl, T62, T63, TPl, TP2, TP3, maximum thicknesses of gear and pinion
teeth (mesh nomenclature)

NGl, NG2, NG3, NP2, NP3, NP4, numbers of teeth in various gears and
pinions (nomenclature of fig. G-1, ref D-1)

RHOL, RHO2, RHO3, RHO4, gear and/or pinion pivot radii (nomenclature of
fig. G-1, ref D~1)

M1, M2, M3, M4, masses of gear and/or pinion combinations
MD = md?, see appendix A of this report
K, range divisor
J1, J2, J3, initialization parameters
The angular velocity of the input gear is incorporated into the program as

PHDOTL = 1. All velocity computations are based on this model. The Lnput motion
in the fuze gearing model is negative (fig. G-1, ref D-1).

Computations

Computation of Gear Tooth Parameters

The tooth parameters of the gears and pinions of all three wmeshes are
first computed. These computations are essentially the same as those shown fin
computer program CLOCKl (ref D-1) for a single mesh. Certain parameters ara
omitted because they have bheen checked separately by using computer program

CLOCK1 (ref D-1) and are not required for the kinematics of computer program
CLOCK3 (ref D-1).

D-lsince many parts of the computer program were written before the nomenclature
for these distances was changed in the report from acgy and agpy to agy and
#p(y there is a certain discrepancy between the program and the report,
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In addition, the pivot to pivot distances Bl, B2 and B3 are obtained.
Computation of MIN, GAMMAS and BETAS

To begin with, the program computes the input mouent

MIN = My, = md? w? (D=1)

Subsequently, the angles v,, Yq) Y and Bl' Bz, 83 are established ac-
cording to the expressions of append{x A “(ref D-1).

Computation of Other Parameters

The angles A¢, and Ay, between the centerlines of adjacent gear and
pinion teeth, reapecti&ely, ar% determined in this section of the computations.
In addition, the lengths L, are found (equations G-7, G~53 and G-88, ref D-1).
Finally, the centrifugal forces Q;, Q;, Qy and Q, are computed according to equa-
tione H~-65, H-46, H-25 and H-6 (ref Dj&), respectively.

Preliminary Computations for Mesh 1

Determination of Transition Angle. The primary consideration for deter~
mining the transition angles in the fuze related clock gear meshes is identical
with that used in appendix F (ref D-1). The transition angle V¥, is eatablished
as that angle for which, depending upon whether the input angle ¢ has counter-—
clockwise or clockwise motion, a small increase or decrease in ¢$, respectively,
will cause the associated value of g to become smaller than {ts transition value
fp. Since the gear mesh 1 turns in a clockwise direction, the above increment of
¢ will be negative.

The program uses this criterion in the following manner:

1, Transition angles wlTl and WITZ are computed according to equation
G~39 (ref D-1),

2. The subroutine TRANS1l (which is valid for meshes in which the input
gear has clockwise rotation, as 1s the case also for mesh 3) {s called, and the
angle ¢éyqpq (PHIT), which 1s associated with ¢1r1' is computed with the help of
equations G-40 and G-41 (ref. D-1).

3. The angle ¢ is made slightly smaller than ¢ 11 to produce the angle
PHINEXT, and equation G-29 (ref D-1) 41s used to find the associated angle
PSINEX. S8ince there are two such angles, the subroutine selects the one which is
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closeat 1in value to the transition angle Wl 1 Subsequently, the associated
value of gy 1s computed according to equation 5-27 (ref D-1).

4, Steps 1 and 2 are then repeated identically for the second transi-
tion angle wsz. This resulte in the determination of g;4.

5. Control returns to the main program, and that value of WIT is chosen
for which the associated value of g; is smaller than fpl’

For checking, a subsidiary test, which 1is similar to the one shown in
appendix F (ref D~1), is added to the program. It is based on the idea that, for
the corract transition angle ¥,,., the line representing the flat portion of the
pinion will make a smaller ang& with the centerline 0y0, than will be the caae
for the incorrect one. TESTIL and TESTL2 find these angles with the help of the
expresaions shown below. These expreasions hold for all values of 8, and make
use of a new variable V¥ which had to be introduced since the tas%- raquire
that the transition an&fSS' be expressed in a range betweean =-180° and +180°.
Thus,

e L]
For 07 < ¥, < 180
TESTLL = | 7 = B, + ¥, .\ = O l (D-2)

test

For =180° < Ypque < O°

TESTL2 = g "+ 81 - (wtesh + 2% - uP1> | (p-3)
To determine the angle wtest, let

Veast ™ Y17 1f ~1809 ¢ Vyp € 180Y (D-4)

Vepge = Vip * 2% L ¥yp < -180Y (D~5)

Vgt ™ Yip = 2FAE ¥y > 180Y (D-6)

Determination of Correct Sign for Round on Flat Regime. The aign pre-
ceding the square root In equation G-29 (ref D-1), for the round on flat regine,
ls determined with the help of ¢;p. The condition ylelding that angle wl which
{s closest to the angle WIT governa. The variable SIGNLF {8 used for the glgn in

question,
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Computation of Lateat and Earliest Poasible Values of ¢; and y,. The
latest and earliest possible values of the gear and pinion angles }; and V),
respectively, are found by continuously evaluating the round on flat regime equa-
tion G-29 (ref D-1), using the previously determined value of SIGNLF, and simul-
taneously checking the contsef condition for the subsequent set of teeth as glven
by equation G-46 (ref D-1).""“ This loop is initlated at the transition angle
Oy and it 1s terminated when the condition of equation G-46 (ref D-1) is
meE. This allows the determination of the anglea PHILF and PSILFF, at which the
first set of teeth loses contact, as well as of the angles PHI1I and PSILI at
which the second set of taeth simultaneously comes into engagement. The earliest
possible engagement angles PHILI and PSI1I are obtained by adding A¢ to the loss
of contact angle PHIIF and by subtracting Ay, from tha loss of contacc angle
PSILFF. (PHILF and PSIIFF represent the latest possible values of ¢1 and wl o)

Determination of Correct Sign for Round on Round Regime. Equation G-12
(ref D=1) is used to determine the angle y,, while the gear and pinion are in the
round on round regime. The correct sign for this expression is obtained by
comparing the value w}, as computed with PHI1I, with the value for PSI1I. SIGNIR

is the variable used for the desired sign.

Preliminary Computations for Mesh 2

Determination of Transition Angle. The primary criterion for determin-
ing the transition angle 1is again similar to that used in appendix F (ref D-1)

and described earlier for mesh 1.

1. Transition angles wZTl and w2T2 are computed according to equation
G~79 (ref D-1).

2. The subroutine TRANS2, which i{s valid for meshes in which the input
gear has counterclockwise rotation, is called, and the angle ¢ which 1s as-
soclated with ¢2T1 is computed with the help of equations G-8 6 and G-81 (ref D~
1y,

3. The angle ¢, is made slightly larger than $or) to produce the angle
PHINEXT, and equation G-;I (ref D~1) is used to find the associated output angle
PSINEX. Since there are two such angles, the subroutine selects the one which is
c¢losest to the transition value Y » Subsequently, the associated value of gjy
is computed according to equation &9 (ref D-1),

D248 1n appendixes A and B, the actual initial contact does not necessarily
coincide with the earliest posaible one. Again, use is made of the
initialigation parameters Jy (A =1, 2, 3).
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4, Steps 2 and 3 are then repeated identically for the second transi-
tion angle ¢2T2. This results in the determination of ggg.

5. Control returns to the maln program, and that value of sz is chosen
for which the assoclated value of g, is smaller than pr'
The procedure for the associated subsidiary test for thaea transition

angle is similar to that for mesh L and is given by:

For 0° < Y, pq¢ < 180°

TEST21 -; M Byt Wgae * upzl (p~7)
For ~180° < Ypeqp < 0°
TESTZ2 = | By + 1 = (byp,, * 21+ apz)’ (D-8)
To determina the angle ¢test, let
Veast ™ Vo Lf ~180° <y, < 1800 (D-9)
Viagt ™ Vop © 21 Lf Ypu < -1809 (D-10)
Veagt ™ Vop = 2W 1f Ypp > 1809 (D-11)

Determination_of Corract Sign for Round on Flat Regime, The sign pre-
ceding the square root in equation G~/1 (ref D-1), for the round on flat regime,

1s determined with the help of ¢,.. The condition yielding that angle wz which
18 closest to the angle ¢2T govérns, The variable SIGN2F is used for ghe sign

in question.

Computation of Latest and Earliest Possible Values of ¢, and ¢». The
latest and earliest possible valuea of the gear and pinion angles ¢2 and &2, re-
spectively, are found by continuously evaluating the round on flat “equation G-71
(ref D-1), using the previously determined value of SIGN2F, and simultaneously
checking the contact condition for the submequent set of teeth, as given by equa-
tion G-86 (ref D-1). This loop is initiated at the transition angle ¢ and is
terminated when the condition of equation G-86 (ref D~1) is met. (Recall that in
meshes 1 and 3 the driving gear turns clockwise, while f{n mesh 2 it turns in a
counterclockwise direction.) ‘This allows the determination of the two angles
PHI2F and PSI2FF at which the first set of teeth loses contact as well as of the
angles PHI2I and PSI2I at which the second set of teeth simultaneously ccmes into
contact. The earlieat possible engagement angles PHI2I and PSI2I are obtained by
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subtracting A4, from the loss of contact angle PSI2F and by adding Ay, to the
loss of contac% angle PSI2FF. (PHI2F and PSI2FF represent the latest ‘possible
valueg of ¢2 and wz.)

Determination of Correct Sign for Round on Round Regime. Equation G-58
(ref D-1) is used to determine the angle Yy, while the gear and pinion are in the
round on round phase of motion., The correct sign for thias expression is obtained
by comparing the value of {,, as computed with PHI2I, with the previously obtain-
ed value for PSI2I. SIGN2R "is the variable used for the desired sign.

Preliminary Computations for Mesh 3

Determination of Trangition Angle. The determination of the transition
angle for mesh 3 runs along parallel lines to tha one shown for mesh 1 since the
driving gear also rotates in a clockwise direction. In all cases, the parameters
of appendix G (ref D~1) are used.

1. Transition angles WSTI and ¢3T2 are computed with the help of equa-
tion G-99 (ref D-1),

2. The subroutine TRANS1 determines the angle ¢3T1’ assoclated
with w3T1’ to equations G-100 and G~101 (ref D-1).

3. PHINEXT, which is now obtained by a decresse of the angle ¢, from
$qmqs Serves as the input variable of equation G~94 (ref D=-1), and is used to
d%@ermine PS INEX. Appropriate controls, as described before, determine the
angle ¢ 10 In addition, the associated value of gqy is computed with the help
of equagfon G-95 (ref L~-1). '

4, Steps 2 and 3 are agaln repeated for the second transition
angle wst and 8, ig determined.

5. After control is returned to the main program, that value of ¢

is
chosen for which the assoclated value of 83 1s smaller than fp3' 3T

The subsidiary test for the transition angles runs parallel to that
described for mesh 1, i.e.,

For 0° < Ypqaqy < 180°

TEST3L = ( v = 63 + wtcnt = Opq (D~12)

- ° 0
For -180° < Wtest <0
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TEST32 = | 7 + B3 - (wtest + 27 - ups) (D-13)

To determine the angle Y 4,¢s let

- - 0 0

¢telt ¢3T if -180Y ¢ WST < 180 (D=~14)
- - 0

wtest ¢3T + 27 if ¢3T < -180 (D~15)
" - 0 D~ .

wtest WBT 2w if W3T > 180 (D~16)

Determination of Correct Sign for Round on Flat Regime. The sign pre-
ceding the square root in equation G-94 (ref D-1), for the round on flat regime,
ia determined with the help of the angle ¢,m. The condition ylelding that
angle Y., which is closest to the angle ¢3T wii govern. The variable SIGN3IF is
used fof the aign in question.

Computation of Latest and Earliest Possible Values of &3 and ¢3. The
latast and earliest possible values of the gear and pinion angles §, and wa, re-
spactively, are found by continuously avaluating the round on flat "regime aqua-
tion G~94 (ref D-1), using the previously determined value of SIGN3F, and simul-
taneously checking the contact condition for the submequent set of teeth, as
given by equation G-102 (ref D-1). This loop is initiated at the transition
angla ¢ and it ¢ terminated when the condition of equation G-102 (ref D-1) is
met. fﬂis allows the determination of the two angleas PHI3F and PSI3FF at which
the firat set of toeth loses contact as well as the angles PHI3I and PSI3I at
which the second set of teeth simultaneously comes into contact. The esarliest
possible engagement angles PHIII and PSI3I are obtained by adding A, to the loss
of contact angle PUIIF and by subtracting 4y, from the loss of contact angle
PSI3FF. (PHIIF and PSI3FF raepresent the lateat possible values of ¢3 and w3.)

Determination of Correct 8ign for Round on Round Regime, Equation G-87
(ref D-1) Ls used to determine the angle ¢, while the gear and pinion are in the
round on round phase of motion. The correcét sign for this expression is obtained
by cowparing the value of ¥,, as computed with PHI3I, with the previously ab-
tained value for PSI3I. SIGN%R is the variable used for the desired sign.

Gear Train Motlion Model: Initial Contact Angles, Point and Cycle
Efficiency. The simulation of the gear ttain model, which is neceasary for the
computatlon of both POINTEF and CYCLEFF, is found in a loop, starting with state-
ment label no. 29 (card no. 459) and ending with card no. 824. The motions of
the individual driving gears are initialized at the angles PHIl, PHI2 and PHI3,
respectively, with the help of the initialization parameters I, according to

b= by Iy (o 6) (1°1,2,3) (D-17)

120




.

—— o s

L ....;._uJ Ll TR TN TR A i ( wi A

The additional parameter J, is set equal to zero to mark the first cyele
of computations (see statement no. 456). J;, becomes equal to unity for all sub-
sequent computations (see statement no. 823).

The parameter Js is used to distinguish between the twe possible contact
conditions of mesh no. 1. Je = 0 wvhenever the first get of teeth is in
contacts Je = 1 once the latest possible valua of ¢, has been reached, and con-
tact must be transferred to the second set of teeth fh order to obtain a complete
cycle of wmotion for this mesh. J5 = 0 at all times if Jp = 0, 1.e., contact is
made in mesh no. 1 at the earliest possible point.

The meshes will be in round on round contact until they reach their
respective transition anglea PHI1T, PHIZT and PHI3T. Once the transition angles
are passed, the meshes will be in round on flat contact. These regimes continuas
until the latest possible anglas PHILF, PHI2F and PHIJIF are reached.

The increment DDPHI1 of the angle PHIL of the input gear 1 is obtained
from an adaptation of equations A-211 and A-~213 (ref D~1), in which tooth
numbers, rather than base circle radii, are used. The increment DDPHI2 of gear 2
is related to the incremant of the pinion angle PSIl. Similarly, the increment
DDPH13 is obtained with the help of the pinion angle PSI2.

While the motion of gear 1 is terminated when the angle PHIl reaches one
increment before its starting angle, both geurs 2 and 3 muat be reset to thelr
renpactivg earllest angles whenever they have reached PHI2F and PHI3F, respec~
tively.n' .

The appropriate cholce of moment equation depends upon which of the
eight possible combinations of contact conditions, as indicated by table H=1 (ref
D-1), 1s applicable.

The following discusses the kinematics of the individual maghes as well
as the determination of the point and cycle efficiencies in greater detail.

Kinematica.
1. Mesh 1

Depending on whether PHI1 is larger or smaller than PHILT, the
parametars of the round on round or the round on Fflat regime are computcd. (Re-
call that gear 1 turns in a clockwise direction.)

D3¢ Jy = 0, the computation is terminated for PHIL < PHIIF + DDPHIl. If J; >
0, and, therefore, Jg = 1, computation {is terminated when PHIl < PHIIA +
DDPHIl. 1In the above, PHIlA represents the starting angle of mesh 1 in the
manner of equation D~17. (See statement no. 454.)
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For the round on round phase, the following calculations are made:

% ¥y, according to equation G~11 (ref D~1), and with the help of the
b previously determined SIGNIR
b \
A . A, according to equation 6-13 and G-14 (ref D-1) .
'§““J &1. according to equation G~15 (ref D-1) .
i

VSl/Tla' according to equation G-20 (ref D-1)

% . : 8jp» according to equation H-1 (ref D-1) as adapted to mesh 1

' For the round on Elat phase, the following calculations are made:

Wl’ according to equation G6-29 (ref D-1) and with the help of the
previously detérmined SIGNLF

——

g1, according to equation G~27 (ref D~1) ;;
&1, according to equation G-30 (ref D-1)
} vSl/TlF' according to equation G~33 (ref D-1)

4 i - syp» according to equation H-2 (ref D-1) as adapted to mesh 1

4 1 2. Mesh 2 |

3 The increment DDPHI2, for each round of computations, is obtained
with the help of the change in the angle §., betwaen the present and the previous
computation, i.e., as shown at statement label no. 31:

DDPHI2 = PSI1 - PSILP (D-18)
For the firat round of computations, the previous wl, i.e., PSILP, is equal to 2
that PSI1l which corresponds to PHILA, .
-i - It muet be recalled that gear 7 rotates in a positive direction, and R
p: therefore, the angle ¢, lncreascs with continued motion. The angle PHI2 18 re- h

3 indexed to PHI2I once it becomens larger than PHI2F. k.

: As for mesh 1, comparison with the transition angle decides whether %
; the mesh 412 in the round on round or in the round on flat regime. i

The following round on round parameters are calculated:

¥,, according to equation G-58 (ref D-1), and with the help of the
previously determined SIGN2R
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xz, according to equations G-59 and G-60 (ref D-1)

Note that,K the input anglular velocity for mesh 2, i.e., &2. equals
the momentary value of wl.

$2, according to equation G-61 (ref D-1)

VSZ/T2R' according to equation G-63 (ref D~1)

: Bygp» according to equation H-1 (ref D-1), as adapted to mesh 2

| For the round on flat phase, the following calculations are made:

V,, according to equation G=-71 (ref D=1), and with the help of the
previously dete%mined SI1GN2F

i
%§§J 82, according to equation G-69 (ref D-1)
'!
. Again, 62 equals the momentary value of @1
I @2, according to equation G-72 (ref D-1)
i VSZ/TZFn according to equation G-74 (ref D~1)
1 ' 8pp» according to equation H-2 (ref D-1), as adapted to mesh 2

; 3, Mesh 3

The 1increment DDPHI3, for each round of computations, 1s obtained
with the help of the change in the angle Yy, between the present and the previous
computation, i.e., as shown at statement label no. 33:

DDPHI3 = PSI2 - PSI2P (D-19)

PSI2P, i1s equal to

For the first round of computations, the previous ¢,, i.e.,
48 obtained with the

that PSI2 which corresponds to the initial value of  PHIZ,
help of Jy.
Gear 3 rotates in a negative (clockwise) direction, and therefore,

the angle ¢3 decreases with continued rotation. The angle PHI3, which
represents this angle, 18 re~indexed to PHI3l once it becomes smaller than PHI3F.

As for meshes 1 and 2, comparison with the applicable tranasition
angle decides whether the mesh 1s in the round on round or in the round on flat

regime.

123

1
v

A R mge . e e LR P g memmmem e oo

. ._..‘_LJ.-.-—--\--nnun( SIALT YN TR G T LAY PRt LONrS anebed o) RN . 4 L toukas 4 AW T ARLNPTREX PRPJUTIIT et} Aboalind
ST R Y T A R ROTREN
\2 ¢ 5 B P IS PR LN PRAPIRINICAN W ‘ - “ ' :

B O o ST

|
]
|
!
]
i
|
i




The following round on round parameters are calculated:

V., according to equation G~87 (ref D-1), and with the help of the
previously determined SIGN3R

A3, according to equation G-89 and G~90 (ref D-1)

Note that the input angular velocity for mesh 3, i.e., 33, equals
the momentary value of 2°

¢3, according to equation G-91 (ref D-1)
VS3/T3R' according to equation G-92 (ref D-1)

sjp, according to equation H-l (ref D~1) as adapted to mesh 3

For the round on flat phamse, the following cnlculacionp are made!

V,, according to equation G-94 (ref D~l1), and with the help of the
previously deteriined §IGN3F¥

83, according to equation G~95 (ref D-1)

Again, $3 is equal to the momentary value of @2.
ia, according to equation G~96 (ref D=1)

VSS/TBF’ according to equation G-97 (ref D-1)

83p» according to aquation H-2 (ref D-1) as adapted to mesh 3

Moment Computations, Point and Cycle Efficiencies. Regardleas of the
combination of contact conditions, the point efficiency is computed according to

equation 3 (ref D-1), l.e.,

M

obi -
€p = POINTEF = Kouwrn ¥ (D-20)
in
where, with &1 « -1,
! ( (D-21)

¥y

KraTio ™




The cycle cfficlency determination is based on equation C-10 (ref D-1),
which represents an adaptation of equation 4 (ref D-1):

A, Iep (D-22)

[P A ———————

€ ®pn T Yy
The associated expression in the program, at statement label no. 45,
becomes

CYCLEFF = -MTOT*DDPHIL/(PHIlF~PHI1l) (D~23)

where
MTOT = MTOT + POINTEF (D=24)

The moment computations begin with the statement label no. 33, and inl-
tially consist of the determination of the variables Al to A64 and Cl to C32,
appendix H (ref D-1). The governing contact combination (table H-1, ref D-1) is
determined with the help of the 8 moment control statements, which start with
card nos, 74B. Once the appropriate combination is established, the program is
directed to one of the 8 assoclated momant expressions. These expressions for
Mos coincide in nomenclature with those given by equations H~81, H~118, H-138,
1280, n-216, H-218, H-239 and H-241 (ref D-1). They are listed in the above
order, beginning with statement label no. 36 and ending with statement label no.

43.

In devising the control statements, the manner of rotation of the indi-
vidual mesh input gears had to be taken into account. Thus:

For mesh 3:

Round on round (R) corresponds to PHI3I > PHI3 > PHI3T

Round on flat (F) corresponds to PHI3T > PHI3 > PHIJF

For mesh 2:

Round on round (R) corresponds to PHI2I < PHI2 < PHI2T

Round on flat (F) corresponds to PHI2T < PHI2 < PHIZ2F




i
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For mesh 1l:

Round on round (R) corresponds to PHILI > PHIl > PHILT

Round on flat (F) corresponds to PHILT > PHIL > PHILF

Output

The output of the program is best explained with the help of the sample
problem at the end of the program.

Input Parameters (first sets of gear data, appendix C)

Mesh 1

CAPRP]
RP2
ACGl
ACP1
RHOG1
RHOP1
TGl
TPl
NG1

NP2

Mesh 2

CAPRP2
RP3
ACG2

ACP2

fp2

sz
p3
a2

apy

0.47727
0.09091
0.47343
0.09083
0.04857
0.01591
0.03609
0.02382
42

8

0-20769
0.06923
0.20559

0.06917

in.
in.
in.
in.
in.
in.
in.

in.

in.
in.
in.

in.

(1.2122
(0.2309
(1.2025
(0.2307
(0.1234
(0.0404
(0.0917
(0.0605

(0.5275
(0.1758
(0.5222

(0.1757

126

cm)
cm)
cm)
cm)
cm)
cm)
cm)

cm)

cm)
cm)
cm)

cm)

PSUBDL = Pdl - 44
J1 = 0.90

PSUBD2 = Py, = 65

J2 = 0.90

e s nndnintiicle.
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RHOG2 =
: RHOPZ =
% 62 =
; ™o
; _ NG2 =
(o NE3 =
b Mesh 3
‘:". ’ i CAPRP] =
-
e ACG3 =
[ 1 ACP3 =
] . RHOG3 =
i o RHOP3 =
L 6 -
% -[_. ™ -
NG3 =
NP4 =

s Af R

In addition

g w -
- REM =
. M1 -
‘;.\. M2 L
s M3 -
:

Q Mo
] Rl -

fp3

np4

1000
my
m
oy

4
)]

e R it Rl e o FH Rt RN A

= 0.03323 in. (0.0844 cm)

= 0.01077 in. (0.274 cm)
= (0,02438 in. (0.0619 cm)
= 0.01613 in. (0.0410 cm)
- 27
-9
= 0.17532 in.

(0.4453 cm)

= 0.,05844 in. (00148“ ﬁm)

= 0.17355 in. (0.4408 cm)
= 0.05839 in. (0.1483 cm)
= 0.02805 in. (0.0712 cm)
= 0.00909 in. (0.0231 cm)
= 0,02058 in. (0.0523 cm)

= 0.01362 in. (0.0346 cm)
= 27

=9

0.12 x 10”3 1b-sec?/in.

0.85 x 10™° 1b-sec?/in.

0.34 x 10~° 1b~sec?/in.
0.15 x 10™3 1b~sec?/in.

0.225 {n. (0.572 cm)

127
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PSUBD3 = Pd3 = 17

J3 = 0.90

(2.101 x 1072 kg)
(1.488 x 103 kg)
(3,953 x 10™% Kkg)
(2.626 x 10™% kg)

BTV TSI
o sambiine i Uhcads i ke Lot o




H

R2 - & 0.436 in. (1.107 cm) o}

i R3 = ® = 0,504 in. (1.780 cm)

i R4 = & = 0.520 tn, (1.321 cm) :
%, ) RHOL = p, = 0,062 in. (0.157 en) §
%‘- ’ RHO2 = p, = 0,025 in. (0.064 cm) |
% ; RHO3 = p, = 0,018 in. (0.046 cm)

B RHO4 = p, = 0.016 in. (0.041 cm) |
% k MD = wd?® = 0,275 x 107> lb-sec?-in. (3.105 x 1077 kg-n?) :
& tfﬁﬁi K - 25

Conmputed Values

At the beginning of the output, one finds MIN = Myne Subsequently, the
following are listed for each nmesh:

: ! ' fPi' the length of the pinion flats
Bi’ the fuze body pivot to pivot line angles

wTi and ¢Ti' the transition angles

i $yy and wtt' the earliest angles

$py and wFi’ the lateat angles

Finally, for the full range of the input angle ¢, the point efficiency
POINTEF is listed, in addition to other parameters which are useful for checking
purposes. Note that DPSI1l, DPSI2 and DPSI3 represent v Yoo ¥y, respectively.
The cycle efficiency CYCLEFF is found at the end of the thput.

e AR Vg e
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The original program descriptions were given iIn appendix I of Fuze Cear
Train Analysis (ref E-1). The following appendix contains revised descriptions,
listings and sample outputs of computer program CLOCK4, whieh computes pofnt and
cycle efficliencies for two pass clock gear trailns in a spin environment.

The following changes were made:

1. The dfametral pitches of both meshes are given as data and printed
in the output.

2, The initialization parameters J (one for each of the two meshes) are
introduced. They are given as part of the data and are printed Iin the output.

Again, these parameters allow the arbltrary choice of the initial point of cou-
tact anywhere within the posaible range of contact points.

The kinematics of computer program CLOCK4 is again based on the work In ap-
pendix G (raf E-1). The moment input~output relationships are derived in appen-
dix H (ref E~1). This program is {in many ways very similar to computer programn
CLOCK3 with the exception that only two meshes are involved, and therefore, wher-
ever possible, reference will be made to computer program CLOCK3. Again, it 1is
assumed that the two meshes will have been tested by computer program CLOCK] fov
thair geometric suitabllity. The Fformat of the following is identical to that

used In appendix D.
Input Parameters
The following parameters reprasent the Iinput data for the program {appendix

D):

PSUBD1, PSUBD2

MU

RPM

CAPRPl, CAPRP2, RP2, RP3

RHOGl, RHOG2, RHOPL, RHOP2

ACGl, ACG2, ACPl, ACP2

Rl, R2, R3]

TGL, TG2, TP1, TP2

NGLl, NG2, NP2, NP3

RHO1l, RHO2, RHO3
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M1, M2, M}
MD
K
Ji, J2
The angular velocity of the input gear is incorporated into the program as

PRDOTL = -1. All velocity computations are based on this wmodel. The input mo~
tion in the fuze gearing model is negative (fig. A~10, ref E-1).

Computations

Computations of Gear Tooth Parameters

The required computations are identical to those for the revised com-
puter program CLOCKI in appendix D, with the exception that only two mneshes are
considered.

Computation of MIN, GAMMAS and BETAS

The input moment is computed in the mannar of aquation D~1 of appendix
D. In addition, the angles Yys Ya» 81 and 52 ara found according to the expres-
sions given in appendix A (ref E-la.

Computationa of Othur Parameters

The computations of the angles A, and Awi, the length L, as well as the
centrifugal forces Q, Qp and Q3 (cnllaf‘Q3P by~ equacion H-245, ref E~1) are
{dentical to those described in the parallel ssction dealing with computer pro-
gram CLOCK] in appendix D.

Preliminary Computations for Mesh 1

The preliminary computations for mesh 1 are similar to those discussed
in appendix D.
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Preliminary Computations for Mesh 2

The preliminary computations for mesh 2 are similar to those discussned
in appendix D.

Gear Train Motion Model: Initlal Contact Angles, Kinematles,
Point and Cycle Efficliencies

The simulation of the gear train model, which 1s necessary for the de-
termination of both POINTEF and CYCLEFF, 1s found in a loop starting with state-
ment label nos 20 and ending with card no. 542, ‘he motfons of the {individual
deiving gears are initialized at the angles PHIL and PHT2, respectively, with the
help of the initialization parameters J, (i=1,2) according to equatfou D-17 (app

D).

The additional parameter Jq 1s met equal to zero to mark the flyst
cycle of computationa (statement no. 318). J, becomes equal to unity for all
subsequent computations (sce statement no. 541).

The parameter J, is used to distinguish between tho two possible cou-
tact conditions of mesh wos 1lv J, = 0 whenever tha first set of teeth s Ln
contact, J, = 1 once the latest possible value of ¢; has been reached, and con-
tact must be trannferred to the second set of teeth {n order ta obtala a complete
cycle of motion for this wesh. J, = O at all tlmes L€ J; = 0, {.,e., contact Js
made i{n mesh no. 1 at the ecarllest posaible polut.

Both meshes will be fn round on round contact until either rveaches (to
regpective transition angle PHILT or PHI2T. Onece the trannition angles are paut,
the meghes will be in round on flat contact. These regimes continue until the
final angles PHIIF and PHI2F are rcached.

The {ncrement DDPHIL of the input gear 1 {s obtained from an adaptatlion
of equatlons A-207 and A-208 (ref E-1), in which tooth numbers, rather than bouc
circle radii are used. The increment DDPUI2Z of gear 2 {s related to the (ncre-
nent of the pinlon angle PSI1.

While the motion of guar 1 (s terminated when the angle PUIl reschen
one lncrement before the starting angle, gear 2 must be reset to 1its carlicst
possible angle PHI2I whenever itw latest angle PHI2F hus been reached.

L

If J, = 0, the computation is terminataed for PUIl < PHILF + DDPHILl. 1f Jq
t 0, and therefore J, = 1, computation is terminated when PHI1 < PHI1A

+ DDPHIL, In the above, PHILA represents the atartiug angle of mesh 1 in
the manner of equation D-17. (Card no. 316),
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; The appropriate choice of moment equation depends upon which of the four .
! possible combinations of contact conditions, as indicated by table H-2 (ref E-1), ;

is apylicable.

The following discussas the kinematics of the individual meshes as well ;
* as the determination of the point and cycle efficiencies where they differ from .

e, the description in appendix D.

92 c Kinematics. The program only utiligzes the kinematice of meshes 1 and j
2, These are identical with those for the revised computer program CLOCK3, as

t { given in appendix D,

Moment Computations, Point and Cycle Efficiencies. Regardless of the
combination of contact conditions, the point efficiency is computed according to

equation 3 (ref E~l1), i.e.,

-
e Gl o i

iy 3
" = POINTEF = K Codt (B-1) ﬂ
1 o RATIO ¥

i

E
E
| where, with &1 - -1 1

-

; 'i” : KpaT10 = q’zl (2-2)

{ ' The cycle efficlency determiriation is based on equation I-21 through I-
[ ' 23 (ref E~1).

The woment computations begin with the statement label no. 24, and ini-
' tially coneist of the determlnation of selected variables betwsen All and A72 and
§ selected variables between C6 and C36, as applicable to tha analyses of appendix
b , H (ref E-1). The governing contact combination (table H-2, vef E-1) 1g deter-
E . mined with the help of the four moment contrul statements, which start with card
b no. 508. Once the appropriate combination 1s established, the program is direct-
2 ed to one of the four assncliated moment expressions. These expressions for M 1
3 ‘ colncide with those given by equation H~260, H-261, H~277 and H-278 (ref E-f?.
They are listed in the above order beginning with statement label no. 25 and
ending with statement label uo. 28.

e U b B i W e e

|
= The ratlonale of the control statements for meshes 1 and 2 is identical
; to that given for revised computer program CLOCK3 (appendix D). _

- Output

The output of the program is best explained with the help of the sample :
problem at the end of the program. i

T
+
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Input Parameters (see fourth and fifth sets of gear data of appendix C)

3

E Mesh 1 :f
. | CAPRPL = R,; = 0,55000 {n. (1.397 en) PSUBDL = B, = 50 ]
ﬁ..:.ﬁ RP2 » f, = 0.08000 {n. (0.2032 cm) J1 = 0,90 ,f
fgL' | ACGL = ag; = 0.54656 in. (1.3883 cm) .;
? ' ACPL = ap; = 0.07998 in. (0.2031 cm) L
ﬁ’ ! RHOGL = p,, = 0.04322 in. (0.1098 cm) |
’,\ ; RHOPL = py, = 0,01400 in. (0.0356 cm) '
o

TGl = tg) ™ 0.03175 in. (0.0806 cm)

4
[ S S

TPl mtpy = 0.02096 in. (0.0532 em)
) ‘ NG1 “ng =55
f., : NP2  =onp, =8
0 . Mash 2
? CAPRF2 = Ryp = 0.39286 in. (0.9978 cm) PSUBD2 = By, = 70 - .ff
4 RP3 = Tp3 = 0,05714 in. (0.1451 cm) 2 = 0.9 |
3 ACG2 = agy = 0,39040 in, (0.9916 cm)
z . ACP2 = apy, = 0.05709 in. (0.1430 cm) ]
i f RHOGZ = p, = 0.03087 in. (0.0784 cm)
. RHOB2 = p,, = 0,01000 in. (0.0254 cm)

TG2 - th = 0,02268 {n. (0.0576 cm)
TP2 = tpy = 0.01497 in. (0.0380 cm) 1
NG2 = ngy = 55

NP3 = npy " 8 :

. [P
i - P
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b In addition

MU - 0,2
RPM = 1000

E}*- f M1 = m = 0.2 x 1072 1b-sec?/in. (2.101 x 1072 kg)
- M2 = m, = 0.253 x 1074 1b-sac?/in. (4.430 x 107 kg)
- ’ M3 = my = 0.153 x 10”3 1b-sec?/tn. (2,679 x 1074 kg)
‘i R Rl - & = 0,225 in. (0.572 cm)
- o R2 = ® = 0,497 fn. (1.2624 cm)
; , R3 = ® = 0.640 in. (1.6256 cm)
[ ? RHOL = o, = 0,062 in. (0.157 ca)
| RHOZ = p, = 0.025 in. (0,064 cm)
7 RHO3 = p, = 0,018 in. (0.041 cm)
g 't” 5 ' MD = md® = 0,275 x 10~ 1b-pec?~in. (3.105 x 107 kg-m?)

Computed Values

'{ ; At the beginning of the output, one finds MIN = M, . Subsequently, the
- ' following are listed for each mesh:

Epys the length of the pinion flats }

B,, the fuze body pivot to pivot line angles

i
¢Ti and ¢T1' the transition angles
¢11‘ and wli' the earliost angles
N $py and wFi’ the latest angles

_ F{ually, for the full range of the d{aput .angles ¢., the point
. effictency POINTEF {s 1listed, in addition to other paranmeter whfhh are umeful

[ for checking purposey. Note that DPSI1 and DPSI2 represent 1 and %2, respec- o
. tively. The cyale efficiency CYCLEFF is found at the end of the output.
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