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i INTRODUCTION

f It was the aim of the prasent invastigation to develop a realistic and

¢ | : workable computer ssmulation of the dynamic behavior ot the pin pallot
' runaway escapemant which can be usad in the analysis and synthesis of I
vartous safing and arming devices. This goal has been achioved,

This roport describes and formulates the dynamics of the various
regimes of motion which form the basis for the simulatton. The computer
program and its controls are presented in dotail. The simulation 1s applied
to the tumo delay mechanism of the M525 fuze and the influence of various
paranmieter changes is explored. Previous experimentation and practical
experionce with this mechanism confirmad tha results ot the computations.
Finally, recommendations for continued work are given. The previous work
done in this field is listed in references 1-15.

£ e 3% e i

e e

SIMULATION OF PIN PALLET RUNAWAY ESCAPEMENT

The present effort on the pin pallet escapement rapresents an  ex- {
tension of the work of M. E. Anderson and §. L. Redmond (ref. 7). New
mathods of contact kinematics for couplad motion, of contact sensing. and
of computational controls are developed.

¢

3

Pallot Escape whoel 1

T |

- i

1)”.‘ \ Al
t/ ¢
Direction ‘
. v /7 b
of motion "S .

Figure 1. Coupled motion
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The following outlines the overall assumptions and derivations for
the various regimes of motion. A detailed description of the actual

<compuler program and its controls is then given.
Coupled Motion

Figure 1 shows the upper pallet pin' being driven in coupled motion
by tooth no. 1 of the escape wheel (lop contact). The ascape-wheel angle
v is defined by the line from the escape-wheel pivot 0S to the tip (with-

out radius) of the contacting tooth (or the one about to make contact) and
the line connecting OS to the pallet pivot O . Similerly, the angle ¥,

which is defined by the line from O _ to the activa pallet pin center (top

or bottom) and the center line, describes the motion of the pallet. The
escupe whesl is driven by the constant moment 7 in the positive direction
of rotation. While it is assumed that friction acts on the pallet pin/escape
wheel tcoth interface, it is neglected at both pivots since investigation
showed that its effects are negligible when the pivots are of the usual
small diameter.

The quantity g, which represents the distance from the contact
point to the tip of the escape-wheel tooth, is used to determine the end of
coupled motion. Appendix A contains derivations for this expression,
as well as all other kinematic quantities associated with coupled motion.
Appendix B, with the help of appendix C, gives the derivation of the dif-
ferential equation of couplad motion in terms of the escape- wheel angle ¢
(eq. B-10).

Free Motion

When coupled motion is finished (i.e..g = O) or when separation

of contact occurs after impact, the escape wheel and pallet move indepen-
dently of each other in free motion. Figure 2 shows this free motion for
the bottom phase of the action, i.e. the bottom pallet pin is about to make
contact with tooth no. 2 of the escape-wheel. The constant torque T con-
tinues to act on the escape-wheel, while the motion of the pallet depends
only on its initial conditions. Again, any frictional retarding moments at
the pivots are neglected. Iusition sensing during free motion is based on
g'. the distance of the pallet pin center from the tip of the escape-wheel

IThis report uses the word upper when referring to entrance motion and
lower when referring to exit mation.
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95. Aty

tooth (parallel to the face of the tooth) and f, the distance between the e
pailet pin and tooth surfaces normal to the tooth) . Expressions for these

quantities are derived in appendix D. The differential equations for the

free motion of the pallet and the escape-wheel are derived in appendix E.

SRR S

Figure 2. Free motion

K e

Impact

Impact foliows free motion whenever f equals zero, g' is smaller
than zero, and the relative velocity between the contacting surfaces war-
rants it. Such an impact usually reverses the motion of the pallet (fig. 3)
and under certain circumstances also reverses the motion of the e€scape - »
wheel temporarily. While the impact equations, derived in appendix F,
allow for both normal and tangential impulses to produce changes in the
angular momenta of the pallet and escape-wheel, the computer program
presented here neglects the tangential impulse for the sake of simplicity .
The classical coefficient of restitution formulation is used to account for
the energy loss during impact.

B

Figure 4 shows free motion for the subsequent top phase uf the
motion, i.e. the top pallet pin is about to make contact with tooth no. 3
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Direction
of “otion

Figure 3. Impact

of Motion

v

Figure 4. Impending top contact
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All kinematic and dynamic expressions are derived in such a manner
that they are valid for top and bottom action. The simulation recognizes
only contact on the front faces of the escape-wheel teeth. Pathological
conditions, such as impact on tho tips or the back faces of the escape-
whael teeth are not considered. (The control quantities g and g' make
it clear that when such a condition exists the computation can be discon-

tinued.)
Escapement Nomenclature

Figure 5 shows a schematic representation of the pin pallet escape-
ment and indicates its basic geometric nomenclature.
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r = Pallet pin radius (equal for top and bottom)

T T T R R RO TSRS

. « = REscupe-wheel tooth half angle
i 8 = Angle betwaen oscuape-wheel teeth 1
' ¢ = Anguiar position of escape-whuel

L7

Angular position of pallat

DESCRIPTION OF COMPUTER PROGRAM

The following gives tho gssential steps of the computer program as
listed in appendix G*. The flow churt of the program is shown in figure 6. o
The choice of variable dusignations was made in such a way that they differ
as little as possible from the nomenclature used in-the various derivations :
in appendixes A to F and H.

The main program starts the simulation with-top contact coupled
motion at a starting angle ¢ = 135° (called PHID in-the computer program)
and a cumulative-ascape~whaeel angle PHITOT of 0°. The choice of this
starting angle is-connacted with the grometry of the example mechanism
usaed ((pM = 132.487° for the exnmple mechanism) .

Coupled Motion (location 100)

To solve the differential equation of coupled motion (see squation
(B-10) of appendix B) the main program calls on-an available fourth-order v
Rungé=-Kutta routine.® The subroutine FCT computes-all nseded values b
and presents the-second-order diffoerential equation:in -terms of two first-
order ones to RKGS. PHI (1) and PH1 (2) represent the angle ¢ and the
angular velocity - q). xaspectively. The associated subroutine OUTP is
responsible for printing out tha results of the integration togather with
the current values of time, g, g, V, \p, and PRITOT. In addition, it has

the task of deciding whether coupled motion is to-be continued. Coupled i
motion is continued ’

8. aslong as g < 0. (See equation (A.12) and note, that
because of the nature of the coordinate system, g is always nagative while f
the pallet pin makes contact with the escape-wheel tooth,) And, b

“The program shown is written in FORTRAN for the CDC Systom at ARRADGOM,
Dover, NJ, It is also available in a slightly modified form for the IBM

Systom/360 at the-City College of New York. ‘ 3

IRKGS Routine, 1BM-System/360 Sciontific Subroutine Packags,
(360A~CM-0X3) Vorsion III, i

'
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b, for a positive (counterclockwise) rotation of the escape-
whoeal, if the succeeding absolute valuaof Y (DPSI) is larger than the one
obtained from the preceding computation (called DPSIP) . These values of
\y ave computad with the help of equation (A.18). which assumes closure.
This condition is necessary, since {n coupled motion when ¢ is positive
the escape~-wheel can only drive the pallet, not slow it down. If sucha
slowdown ls indicated, it means that pullet and escapa-wheael have saparated
and free motion will take place. Or,

a. for a negative rotation of the escape-wheel (which may
occur after Impact), a succeeding absolute value of ¥ nzust ba smaller than
the preceding one. If for some reason the escape-whoel should speed up
and cause the computation to show a larger succeeding value of \p it would
also servae as an indication that closure has terminated and free motion
has started.

To make this process less sensitive, the last twc conditions wiil only be
violated when the absolute magnitude| \11 | 21 rad/sec.

Thus, when.control is returnad to-the main program, it ie sither
‘because the pallet pin has left the end of the tooth and there is no further
possibility of coupled-motion ar the pin-has disengaged from the inside
of the tooth, In either case, free motion rasults and control is eventually
shiftad to the subroutine FREE (location 200}, This is dona dirsctly if g
<-0. In the case that g < 0, the maln program must dacida whether the
precading computations have been made-for top or for botiom-action and
whether the next contact will occur on top or on boitom. In-the sample
mechanism, g = 0 when ¢ is approximately 146° for top action and approx-
imately 207° for bottom action, (The values of ?, for top and:-bottom action

are located in the section on the example -mechanism) . If ¢ < 150°, ull
Ppossibility for top contact is ended and: ¢ must be incr ementad- by tha
tooth angle & (see figures 2 and §) , while y must be incremented by the
angle (2w - ). For ¢ > 150% top contact Is expectad at the-end of bottom
action and ¢ must be decremented by the-angle 2 5 (sve figure 4, where
the new top tooth no. 3 comes into action) . At the same time, the pallet
angle ¥ must be-decremented by (- 2 w +4). These indexing operations

‘have no effect on the-continuous computation of the cumulative escape-whaeel
-angle PHITOY'.

—

' — -~




Free Motion (Location 200)

After transferring the initial values for time, angles, and angular
velocities from the main program, the subroutine FREE computes the sub-
sequent positions and angular velocities of pallet and escape-wheel in free
motion according to equations (E.2), (E.3), and (E.7) and (E.8), respec-
tively, for time increments of 107® seconds. In addition to the above vari-
ables, PHITOT is also continually computed and caused to be printed out.
The decision, whether or not to remain in this subroutine, is made with
the help of the sensing variables, f (according to equation (D-7)) and g‘
(according to equation (D-11) and now called GP).

If£> 0 and g' <0, free motion is continued without indexing. If
f> 0-and g' > 0, free motion is also continued, but since contact is no
longer possible for the component pair for which the previous compututions

were made, indexing takes place. This is accomplished in the same manner
as described before.

If £ < 0, control is returned unconditionally-to the main program-
If it finds that g' > 0, indexing takes place and control is given back to
the subroutine, FREE. When f < 0, contact is about to take place or has
just occurred. The program-must decide whether this contact just repre-
sents-a close approach, which will be followed by further free motion,
whether it represents an impending impact, or whether it is the beginning
of coupled motion. To this end, the quantities V_ and V_ (see equations
(F.22) and (F.23)) are computed for the top andPbottom® free-motion tests.*
The first three cases of the top free motion test of the main program are
illustrated in figure 7. With-both angular velocities ((}; is PHI (2) and
V is DPSI) positive, the following three possibilities exist:

1, X |V_| >|'TVS| , the contacting surfaces will separate

again, free motion wil? result, and control must be-transferred -to subrou-
tine FREE (location 200).

2. If [v_| =|/VSI » the escape-wheel will start-driving the

pallet in coupled motion, and:control must be transferred to subroutine
RKGS :(location 99 initiates RKGS) .

“Under the present circumstances, if ¢ < 150°, only top contact can
follow; if ¢ > 150°, bottom contact will occur,

10
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3. 1f |V | <|Vs| , impact will occur. and control must
be given to subroutine IMPACT {location 300) .

The remainder of the top free motion tests and the bottom froe motion
tests are constructed along similar lines for different combinations of

angular velocity directions.

(¢ and \I:;:areipositive. Distance-f is enlarged.)

Figure 7, Top free motion-test
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Impact (Location 300)

The subroutine IMPACT uses the current values of the angular
velocities <})i and \hi and computes the post impact angular velocities (i)f

and \;,lf. applying equations (F.20) and (F.21). (Note that the tanganiial
impact has baen neglected and, therefore, B; =D, and F; = A,).

After control is returned to the main program, it is decided whether
free or coupled motion follows the impact. This is accomplishaed by con-
sidering the post-impact contact point velocities, Vp and VS. in the impact

tests, which are similar to the free motion tests.

If the contact velocities are vectorially equal to each other or if the
absolute value of the difference of their absolute magnitudes is less than
2.0 in/sec (5.08 cm/sec), control is transferred to coupled motion. If
these velocities are such that they indicate a subsequent separation, which
is more usual, computation-is transferred to-free motion,

The computation is terminated when-either t = .1 seconds or when
PHITOT 2> 315°. These conditions are related to the sample mechanism
which runs less than .1 seconds for 310° of ascape~-wheel rotation,

‘EXAMPLE MECHANISM
The pin pallet escapement of the M525 fuze is used as the example
mechanism. The following, first, gives the dimensions of the basic ascape-
ment (standard configuration) and then discusses certain other data and
computed values which are-of importance-in the computer simulation.

Dimensions-of the Mechanism

The standard geometric configuration has the following dimensions:

.1931 inches (mean-center distance) (.4905 ¢m)

b = ,15838 incheas (.40229 cm)
c = ,09683inches (.24595 cm)
by = ,01365 inches (.03467 cm)
« = 4°
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B = 60° (see figure-H-1 in appendix H)

A = 109.337°

5 = 40°

N = 9 (number of teeth of escape-wheel)

I = .91 x 10~7 lb~sec®-in. (moment-of inertia IPAL of pallet)
P (1.03 x 107*N - sec®-m)

I, = .17x 10~7 1b-sec?-in. (moment of inertia ISTAR of

(1.92 x 10-* N - sec®’~ m) escape-wheel)

Gear Train Driving Escapement

The escapement of the M525 fuze is driven by a.clock spring through
a step-up gear train with a ratio of 45.98. The timing function of the fuze,
which involves-a delay of between 2 to 4 seconds, is accomplished once
the spring driven input gear has rotated through 310°, This corresponds
10 a 45.98 times-greater escape-wheel rotation. Since-the motion becomes
stablilized after-one cycle of the pallet (correspending to approximately-
40° of escape-wheel rotation), one-obtains an excellent idea of the total
time by computing the response time for 310° of escapement rotation and
multiplying this result by the aforementioned gear ratio (see the section
-on results for standard configuration) .

Stanc'ard Torque:Used in the Simulation

Meaeasurements on actual fuzes showed that the initial torque on the

escape-wheels varied between ,0177 (2.000 x 10~* m-N) and .031 in-lb (3.503
x 10~*m=-N). Since the angle of rotation of the input-gear is small, the de-

crease in torque-during the rotation is also relatively small, Therefore, a
-constant torque was assumed in the simulation. Its standard value was-
chosen to be .0177 in-1b (2.000 x 10™% m-N).

Other Dimensions Associated With Standard Configuration

For purposes of control in the computer program ths following other
dimensions are-of interest.

The maximum absolute value-attainable for tha dimension g for the
given escapement is computed according to equation {(H-4) of appendix H:

gMAX = -,05487 inclias {(-.1388 cm)

vt e o




The » vnciated values of the escape-wheel angla P are obtained
with the use of equation H~10. For top-action

= o
(pM 132.487

Because of this value, initial-coupled motion is started at 135°.
(See the section on the computer program,) For bottom action, this angle
becomes:

@y = 187.51¢°

The corresponding values for the pallet angles ¥, are found through the
use of equation (A.8) appendix A and-are computed with g = -.05467 and
a = 40°, For top action,

- o
WM 39.491
and for bottom .action,

: 0
WM— 320.396

These values serve. as valuable checks-on the computer output.

The escape-~wheel angloes ?, corresponding to g = O, i.e. the position

when tho pallet pin leaves the tooth-in:-coupled motion, are obtained according
to equation (H=12). For top action,

P, = 146.328°
Because-of this angle, decisions-concerning indexing, the free motion
and impact tests are based on whether the angle ¢ is smaller or larger than
150°. (Seethe section on the description of the computer program.) For
bottom action, this angls becomes
®, = 206.512°
The corresponding pallet angles are

¥, = 60.138° for top action, and

¥, = 299.869° for bottom action, respectively.
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Finally, it is important to know the center distance between pallet .
and ascapa-wheel for which disengagement will occur. According to
aquation (G.l14)

a = ,208 inches (.528-cm)

dis

RESULTS FOR STANDARD CONFIGURATION

Appendix 1 shows computer output for the first, second and eighth
cyclas of a run for the standard configuration with a coefficient of friction,
p = .8, and a coefficient of rastitution, & = .25 (run no. 46), Table 1 sum-
marizes the rasults of the first two and onae half cycles. In appendix I, a
cycle is-definad as the interval batween first contacts on top. In tables 1
and 3 the interval is between the last contacts on top.) As discussed earlier,
top motion in the coupled mede initiates the program. In the subsequent
first bottom action, the first impact is followed by free motion while the
sacond impact leads to-coupled motion by virtue of the cut-off criterion.
Starting with the second top contact, both top and-bottom action-consists
of two impacts followed by free motion. The subsequent third impact pro-
duces little rebound-of the pallet pin.and thus is-the beginning of coupled
motion which lasts until the pallet pin leaves tha tooth.

’ The various impacts cause raeversals in escape-wheel motion. In
the actual mechanism, this backward rotation is limited by the-possibility
of the pin making contact with the backface of the next escape-wheel tooth.
The program does not-provide for the presence of this condition-and any
contact-of this type makas itself known only if during or after the first
impact, the escape-wheal angle ¢ < 132.487° for top action or ¢-< 187.518° :
for bottom action. If such a reversal of the escape-wheel takes place during :
coupled-motion, g will be less than -.05467 in. (-.1284 cm). (See the sec-
tion on:other dimensions of the standard configuration for discussion of the ]
above values.) ‘

Inspection of table 1 shows that this condition first occurs in cycle no. 3
for top contact, i.e. ¢ =132.480°. Table 2 gives the values of the-maximum
raversal angles for the first eight cycles. While these reversals-of the
ascape-whaeel angle never reach critical values for bottom action, they ex-
ceed critical values a-number of times for top action. (The geometry lends
itself more for this condition with respact to top action.)
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The fact that tho absolute value of BMAX will be-exceeded in cartain

configurations will be accepted or more dissipative values for p and &

will have to be used®. The discussion in the section on the influence of
parameter changes in the total fuze time will show that a slight increase of
the center distance a decreases the absclutae value of g at maximum reversal
to well below BMAN This correlates with the results for p = .3and ¢ = 0

given below.

Table 1 shows that the stability of motion is essentially establishad
during the first cycle. The time interval per cycle, now counted between
the instants when the pallet pin leaves the top tooth, is shown to be .00774
and .00773 seconds. Subsequent intervals (not shown here) are .00773,
00775, .00785, .00784, and .00773 seconds. The total time of the fuze
may be obtained with the help.of the time at PHITOT ~ 310°. Appendix ]
shows that t(310.362°) = .06058 seconds. Thus, the total fuze delay time
becomes .06058 x 45.98 = 2.79 seconds. (See the section on the example
mechanism.) This result is well within the fuze requirement of between
2 to ¢-seconds.

Appendix J gives portions of the computer output when the standard
configuration was run with & = 0, while p = .8 was kept (xun no. 70).
Table- 3 summarizes the events-of the first 3} cycles and.table 4 lists the
maximum reversal values of the escape-~-whaeel for eight cycles.

As expected, the fully inelastic coefficient of restitution causes the
initial impacts to be followed by coupled motion. Now, g < BMAX at all

times. (Again, the reversals-are smallsr for bottom- action.) As in the
first-program above, the motion stabilizes immediately with cycle intervals
of .00725, .00730 and ,00725 seconds. Subsequent intervals, not shown
here, are .00726, .00729 and .00726 seconds. The total fuze delay time

is computed with t(PHITOT = 310.600°) = .05699 seconds (see appendix J) .
This results in 2.62 seconds.

xSir‘xca no high speed motion-pictures of the M525 are available, it is not
known whether contact with-the backside of the escape-whaeel tooth is
gver made.
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Table 1. Summary of events In the first 2} cycles for standard configuratlon
withp = .3 and ¢ » 2§ (Program No. 46)

Escape-
whee! Time Total escape-
angle ¢ Time interval whee! angle
Type of action (deg) (sec) (sec) {deg)
Top: start of coupled motion 135,000 0.00000 0,000
start of {ree motion (end of tooth) 146.491 0.00340! 11,49
Bottom:  impact followsd by free motion 184,178 0.00382 19.179
maximum return motion (free)
continuad free motion- 192,911 0.00402 17,911
impact followed by coupled motion
(cut-off criterion; lel - IVSII <2),1983.366 0.0041§ 18.366
maximum return motion (coupled) 183.281 000425 18,281
start of free motlon (end of tooth) 206,844 000645 31,844
Top: impact followed by free motion 135,522 0.00688 40,522
maximum return motion (free)
continued fres motlon 133,361 0.00714 38,381
Impact followed by free-motion 133.435 0:00720 38,435
maximum return motion 133.214 0.00724 38,214
{mpact followed by coupled motion
(cut-off criterion) 133,214 0;00724 38,214
maximum raturn rotlon- {coupled) 133,540 0500753 37.540-
start of {ree motion (end of tooth) 146.514 0:011142 0.007743 51.514
Bottom:  impact followed by frea-motion 193.802 0501154 58,802
maximum return motior (frea)
continued free motion 192,321 0:01176 §7.321
impact followed by free-motion 192,808 0,0118% 57.803
maximum return- motion -(fres)
continued {ree motion 182,749 ;01183 57.7248
fmpact followed by coupled motion
{cut-off criterjon) 192,790 0.01197 §7.790
start of free motion (end of tooth) 206,768 0:01417 71,768,
Top: impact followed by free_motion 135,518 0701460 80,518
maxjmum return motion -(free)
continued free-motlon- 132.292 001487 28,297
impact followed by free motion 133.394 0.01493 78.394
maximum return motion ({ree) 133,185 0:01497 28,165
fmpact followed by coupled motion
(cut-off criterion) 133.185 0.01497 78.165
maximum return motion (coupled) 132.480 0.01526 77.480-
start of free motion (end:of tooth) 146.496 001887 0.00773* 91.496

TStart of first cycle

!End of first cycle, start of second- cycle
'Time interval for first cycle

‘End -of second cycle

*Time interval for second cycle
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Table 2. Maximum reversal angles and associated values of g for

standard configuration with p = ,3 and € = .25
(Program No. 46)

Top -action Bottom action
Maximum Maximum
reversal reversal
angle, ¢ g (in.) angle, ¢ g!

-

Cycle No. (cpM = 132.487°) :(gM = -, 05467) (cpM = 187.5189 (gM =

1 192.910

2 132.540 ~,0547 192.321
(~.1389 cm)

3 132.480 ~.0549 192.303
(-.1394 cm)

4 132,312 -,0555 192.320
(~.1410 cm)

5 132.305 -, 0555 192,485
(-.1410 cm)

6 132.094 -.0562 191,837
(-.1427 cm)

7 131.593 ~.0580 182,078
(~.1473 cm)

8 132.634 ~.0543 192,315

(-.1379 cm)

INot applicable. Occurs during free motion.
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Table 4, Maximum reversal angles and associated values of g for
standard configuration withp= ,3ande=0
(Program No. 70)

g Top action Bottom action
f Maximum Maximum
reversal reversal
E angle, ¢ g (in.) angle, ¢ gl (in.)
1 Cycle No. (<pM =132.487°)  (g,, = ~.05467) ((pM = 187.518°) (gM =-,05467)
é 193.776 -.0401
; 1 (-.1019 cm)
2 133.957 -.0495 193.083 -.0418
(~.1257 cm) (~.1062 cm)
3 133.504 -.0512 193.698 -.0403
(-.1300 cm) (-.1024 cm)
4 134.171 -.0487 192.883 -,0423
(~.1237 cm) (-.1074 cm)
5 133.466 -.0513 193.659 -.0404
(-.1303 cm) (-.1026 cm)
6 134,170 -.0487 192.883 -.0423
(~.1257 cm) (-.1074 cm)
7 133.466 -,05613 193.653 -.0404
(-.1303 cm) (~.1026 cm)
8 134,170 -.0487 192,884 -.0423
(-.1237 cm) (-.1074 cm)

20

b N R b e Fa SRR T R TR T R TR T R AR e, e o o X T

DT o s SR

g~



INFLUENCE OF VARIOUS PARAMETER CHANGES ON THE TOTAL FUZE TIME

) The following reports on the results of numerous computer rurs in

which a single input or geometric parameter was varied in order to de-
g - termine its influence on the total fuze time. In all cases, the individual
changes were made with respect to the standard configuration in the sec-
tion on the example mechanism, with p= .3 and € = .25.

Influence of Escape-Wheel Torque

b Figure 8 shows the influence of the escape-wheel torque on the fuze
time. One may compare these timing results with those obtained from- the

well-known empirical expression:

T,
tg = tl T‘n‘

If t; and T, represent fuze time and torque, respectively, as associated
with-the standard-configuration, one obtains from the above:

For T, = .76 T,, ty =2.79 i}-i-s- = 3,22 seconds
i For T, = 1.25 T, t; = 2.79 \E—%g = 2.49 seconds

The-results of the simulation (runs 47 and 48 of table of figure 8) show
-excellent agreement with-the above. The empirical relationship has been

confirmed time and again-by experiment.
Influence of Pallet Moment.of Inertia

Figure 9 shows that the total fuze delay time increases with an in-
crease of the pallet moment of inertia. The ratio of any two fuze periods
is approximately proportional to the ratio of the square roots of the asso~
ciated pallet inertias. These results are confirmed by the experiments of

Anderson and Redmond. (ref. 7).

i T Ty
Liibdaid ol s -

Influence of Pallet Escape~-Wheel Center Distance

s ae

Figure 10 indicates, for the range explored, that the fuze time in~
-creases as the center distance a is increased. For a total increase of .007
inches (.018 cm), the timo increase is approximately 7%. This result is

% o A
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Standard
configuration

3 AN
L

\0\

.01 .02 .03
(1.13x107%) (2.26) (3.39)

Torque, lb-in. (m-N)

Run no. Torque Total Fuze Time
(1b=in.) (sec,)

48 .0133 (75% of St.) 3.23
(1.503 x 10™% m-N)

46 0177 (st,) 2.79
(2.000 x 10™% m-N)

47 .0221 (125% of St.) 2.50
(2.497 x 1073 m-N)

Figure 8. Influence of escape-wheel torque o fuze delay time
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Time
(sec.) — standard
/ configuration
/Io/
.5 x 10~7 1.0 1.5
(.56 x 10-8) (1.13) (1.69)
Pallet moment of inertia, 1b-sec?-in. (N-m-sec?)
Run no. ‘Moment of inertia Total fuze time
of pallet
(1b-seca-in) (sec.)
57 .68 x 1077 2.46
(7.68 x 10~* N-m-sec?)
46 | .91 x 1077 2.79
: (std. conf.) |
(1.027 x 107 N-m-sec?) :
58 1,137 x 107 | 3,07
(1.283 x 10~* N-m-sec?)|
Figure 9. Influence of pallet mument of inertia on fuze delay time
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Time l |
(sec.) i
2.86 L~
2.82
P ox
2,78 1
AL LN
2.74 \- gtandard|confi gui‘atiom
y
y
2.70
.190 ’ 19y .198
(.483) (.483) .(.503)
Center-distance "a", in, (cm)- )
Run no. Center-distance "a" Total fuze time
Un.) (sec.) '
55 +1901 2,70
(.4829 cm) ,
(.4854 cm). .
53 1921 2.78
(.4878 cm).
L6 1931 (std. conf,) 2.79
' (.4805 cm)
49 L1941 2.81
(.4930 cm): )
50 1951 2.82
(.4956 cm):
51 .196Y 2.84
(.4981 cm)-
52 »1971 2.86
(.5006 cm)
Figure 10. Influence of pallet escape-wheel center distance on fuze delay time
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§ generally confirmed by the experimentation of Anderson and Redmond
(ref. 7), where it is shown that an increase of time is effected as the center ¢
distance is increased from a dimension somewhat below nominal.

Influence of Pallet Radius

Figure 11 shows a continuous and quite dramatic decrease in fuze
period as the pallet radius c is increased by .008 inches (.020 cm) . Itis
; believed that this effect is similar to that observed in connection with a-
f decrease in center distance a, i.e. an increase in pallet radius represents
: an effective decrease of center distance. The experimentation performed
in reference 7 gives good correlation with this result of the simulation.

Influence of Coefficient of Friction -

Figure 12 indicates that the fuze time increases as the coefficient v
of friction, associated with coupled motion, is increased. One would ex- N
pect that an increase of energy dissipation-will slow the mechanism. =

Influence of Coefficient of Restitution

. According to figure 13, the fuze time increases considerably-as-the
coefficient of restitution is varied from completely inelastic to partially i
elastic; i.e. from zeroto..5. When € = 0 (see-description of run no. 70 ‘
in the section on results-for standard configuration), coupled motion-follows _
immediately after impact. In run no. 7§ (which:is not reproduced in:this .
report) , where ¢ = .5, top action consists of four impacts, three of which b
-are followed by free motion while the fourth is-followed by coupled motion. :
Bottom action shows two-impacts with the last-one followed by coupled:

‘motion. Each of the impacts is followed by considerable escape-wheel re- }
versal. These multiple impacts and associated-motion reversals seem- to ;
account for the observed increase in fuze time.
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E Time

; (aec.)
3.00
2,90
2,80
2.70
2.60
2.50

FoF T T R T T T ey s T

3 ;
N L
he 1l
‘\j_ o) stbengdarf gonifiguration
\\<. \\ I
NN
O
,\O\
] \\3_.
" il
.092 Q04 .096 ,008 100
(.234) (.239) {.244) (.249) (254
Pallet-radius "¢, In. (cmY)
Run no. Pallet:radius “c" Total fuze time-
A(in.) (sec.)
66 +0928 3.04
(.235% cm):
65 .0938 2,97
(.2383.cm)-
64 L0948 2,90
(.2408-cm)
~(.2433.cm):
1{6 00968 '(’Stﬁ. conf.) 2079
(.2459-cm):
59 0978 2.73
(.2489-cm).
60 .0988 2,70
(.2510 cm).
61 .Q098 2,67
(.2535-cm).
62 . 1008 2.60
(.2560 cm): ,
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‘Figure 11. Influence of-pallet radius on fuze delay=time
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Time ) '
(sec.) { | ,l

. 290 — - /
: 2.80 T - |

2.70 I
?/ stand;rd AN
u

] configuration
2.60 -

TRl S S RGP ee

b R oS

.20 .25 .30 .35

Coefficient of friction, p |

b R Gt

Run no. Coefficient of . Total fuze-time:

friction, p 1 (sec.)

g

Pt

68 | .20 i 2.68
62 | .25 i 2.73

46 ié .30 (std. conf.) | 2.79 %

69 | +35 | 2.92

‘Figure 12, Influence of:coefficient of friction:of coupled motion on:fuze-delay time b
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.y pd

Time
(sec.) | -
3.20
3410 ///? '
3.00 —
2.90 / ),/
2,80 ) \
2,70 -
> o o/""‘"'"‘?/ L stapdard| configuration
0 . 1 .2 63 L] l’ * 5
Coefficient of restitution, &
Run no. Coefficient of Total fuze tima
rastitution, ¢ (sec.)
75 o> 3415
4 ol 3.01
75 o3 2.87
46 .25 (std. conf.) . 2.79
72 o2 2,78
ral ol 2.66
70 0.0 2.62
:Ffigur~e 13. Influence-of:coefficient of restitution on fuze delay time-
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DISCUSSION AND RECOMMENDATIONS FOR CONTINUED WORK

1 There is no doubt that the goal of a workable computer simulation

3 of the pin pallet runaway escapement has been attained. This is mainly
dueto the fact that every effort was made to keep the program and its con~
trols-as simple as possible.

As a consequence of this, there is presently no built-in sensing
mechanism that indicates-whether the pallet pin makes-contact with the
backside of an adjacent tooth-during free motion. While-this abnormality
did not-occur for the M525 mechanism, there is no assurance that it will
never occur.

Secondly, there is the unresolved problem of the-somewhat excessive
escape-wheel reversal for the:-standard configuration unless fairly unrealistic
values are used for the coefficients of friction and restitution. (Recall the dis-
-cussion in the section on the results for the standard configuration.) Table 5
shows the extent to which this escape-wheel reversal depends on the center
distance between the pallet and escape-wheel pivots.

-Clearly, the reversal increases with a decrease-in:center distance
and-decreases as the center -distance is enlarged. Note, ‘that for a = .1941
inches (.4930 cm), which is .001 in (.0025 cm) above:-nominal, | g| <| SMAXI .

Note:further, that the disengagement center distance of .208 inches (.528 cm)
(see-end-of the section on the-example mechanism) is-much- larger than the
‘values which have been explored-in table 5.

Excessive escape-wheel reversal may be indicative of the fact that
‘the-simple impact formulation:is not sufficiently descriptive, as shown by
Anderson and Redmond (ref. 7)-or that the escapement:only-operates in
the:-expected manner when the-center distance is somewhat enlarged from
-nominal.

To resolve this problem;, -high speed motion pictures must be taken
in=order to be able to observe:the actual motion. Following this, certain
modifications of the impact model may have to be made.

Even if the question-of:the motion reversal cannot-be:fully resolved,

the-present simulation is sufficiently descriptive to-undertake the following
extensions:
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1. Adaptation of the pin pallet runaway escapement
simulation to a centrifugally driven mechanism, such-as the M5§77 safe

‘separation device (SSD) .* .

2. Adaptation of the pin pallet simulation to a spring-
driven timing mechanism.

3. Modification of the present model to accommcdate the
simulation of a plate pallet (verge) type runaway escapement.

¢ Successful simulations, incorporating the present escapement model,
of both the M577 SSD and the M125A1 booster have been recently
completed. The results will be given in a future report.

30

L g e T e = == T o mowmem o e

e meem o e W ce - — — e e e e o [

R R e S Ea T T T R =gy T PERMGELT W m s e v
5

L e o e ——

B e T e e




Table 5. Escape-wheel reversal as a function of center distance a

: Value of g at

% . maximum reversal

{ Center distance, a* during top action ‘Program nurrper

(in.): {in.)

.1901 -.0662 55
(.4829 cm) (-.1681 cm)
1911 -.0635 54
(.4854 cm) (-.1613 cm)
1921 ~-.0600 53
(.4879 cm) (-.1524 cm)
.1931 (std. conf.) -.0580 46
(.4905 cm) (-.1473 cm)
.1941 -.0536 49
(.4930 -cm). (-.1361 cm)
.1951 -.0520 50
(.4956° cm) {-.1321 cm)
.1961 -.0471 51
(.4981 -cm) (~.1196 cm)
1871 ~.0441 52
(.5006-cm)- (-.1120 cm)

*Dimension a :i’sf— variable, otherwise dimensions-are standard config-
uration with:.u = .3, € = .25 and BMax = ~.05467 in. (-.13886 cm).
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APPENDIX A
KINEMATICS OF COUPLED MOTION

n: AR U o M L S i R, S s i

Figure Al shows the kinematic relationship.of the escape-wheel-and
the pallet during coupled motion.

oo e Wmﬂ

UNIT VECTORS

The unit vectors Et and ;n are along and perpendicular to the con-
tact surface of the escape-whesel tooth in the indicated directions, respec-
tively. Thus,

Ht = cos (¢ - a) i+ sin (¢ - a) j (A1) :
[
Hn =~ sin (¢ - a) i+ cos (¢ - a) 3' (A2) ‘

In addition, the unit vectors Hb' for the escape-wheel, and Hc' for
the line connecting the pallet.pivot and the center-of the pallet pin, are 1

introduced:
= =cos ¢ i+sin (p-j_ (A3) -
% \ -
n_=cos yi+sinyj (Ad) P

c B
5
INPUT --OUTPUT RELATIONSHIP \
The mechanism loop-equation is used to determine the pallet angle
V and-the pallet pin location-g with respect to the tip of the escape-wheel
as functions of the escape-wheel angle ¢ and the:applicable mechanism-
constants, i.e.
O=b(cos@1i+singj) +glcos(ep ~-a)i+sin(e - a)j ]
+r{- sin(e - )i + cos(¢p - u)’i?]i -c(cos { i +sin \l;—i-;):

+ai (A5)

The -above is rewritten in component form:

b cos ¢ +.g-cos(¢ -a) - r sin(¢@ -a) ~ccosy+a =0
(A6) f‘
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‘Coupled motion kinematics:
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b sin @ + g sin(¢-a) +xr cos(@p-a)-csiny =0 (A7)

The-angle V' is obtained from (A7):
sin Y = -(1-:- [bsin ¢ +g sin(¢-a) +r cos(p~a)] (AB)

and

coqu:'I-Vc’—[b' sin@ +g sin (@ -a) +7 cos (@-a) 17 ‘
c (A9) |

Substitution of equation (A9) into equation (A6) and subsequent squaring
of both sides of the resulting expression leads to:

[bcos ¢ +gcos(p-a) -rsin(p-a) +a)? .
=¢? - [bsin ¢ +g sin(p-a) +r cos(p-a)]* (A10)
Rearrangement gives:
g* +gl2bcos a + 2acos(¢ - )]

+ [a? +b? +r? - ¢? + 2br sin « + 2ab cos - 2ar sin (¢ -a)) ‘

e w e ks o 9e e e

Finally, solution of equation -(A11) leads to:

A ot S oty e e s

:g=-H+ \];{i ~ 4K (A12)
where-
‘H=2[bcos a+acos(p=-a)] (A13)

K=a® +b? +r? -c? +2br sin a + 2ab cos ¢@~2ar sin(¢p -a)

(A14)

The:-correct value of g, as obtained from equation -(A12) , must have the S
smaller absolute magnitude. :
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OUTPUT VELOCITIES

Implicit differentiation of equation (A11) furnishes the velocity ¢
of the instantaneous contact point on the pallet with respect to the coinci-
dent point on the escape-wheel during coupled motion:

' =§§13 ¢ (A15)
where

P = bsin ¢ + gsin(¢ - a) + rcos(¢ - a) (A16)

S =g + bcos a + acos (¢ - a) (A17)

Differentiation of equation (A8)leads to the pallet angular velocity during
coupled motion:

. _ Qe+ gsin(¢ - a)
V= "e) cos v (A18)
where
Q = becos ¢ + geos (¢ --a) - rsin(¢p - a) (A19)
OUTPUT ACCELERATIONS

Differentiation of equation: (A15) results in an expression for the
relative acceleration of the-contact-point-on the pallet with respect to-that

on the escape-wheel:

.. . .:o . - _.’
yotiat ¢ 'Qa"f:gfpg? sin(g -0) - g (A20)

Further, differentiation of equation- (A18): furnishes an expression for the
angular acceleration of the-pallet during-coupled motion:

V=¢Q-¢P +26 ¢ cos(@ - a) +§ sin(e -q)
~ ccosV

+§* tany- (A21)
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APPENDIX B
DIFFERENTIAL EQUATION OF COUPLED MOTION

Figure B-1 shows free body diagrams-of the pallet and escape-wheel,
as they ure found during coupled motion. The torque T acts on the-escape-
wheel.

The forces between the escape-wheel and the pallet are represented

by the normal forces +P in the direction of n and the friction forces * (pP )
in the direction of n,.

The sign of the frmnon forces must be such that when
the contact point K on the pallet pin moves in the direction of the positive

velocity g with respect.to the coincident point L.on the escape-wheel, the
iriction force on the pallet pin must act in the negative direction of g

i 3. (Note
that g. as given by equation (A15) in appendix A, has the same direction
$ the relative velocity V. K /L

The frictional resistance at the pivots O_ and O_ is neglected, -since
the pivot radii are common!y held very small

"causing the friction moments
‘to-become insignificant.

The differential equations of rotation will first be written separately
for the pallet and the-escape~-wheel. Since the.output angle ¥ is a function
of-the input angle ¢ throughout coupled motion, both expressions may be

combined by way of the common force magnitudes
Equation of Motion for the:Pallet .
D, xPn +G x (-uP Eam =1 Uk 4
D x Pnnn +C x (:an lﬂ)nt qu;k (B1)
‘Equation of Motion for the-Escape-Wheel

A,x(-P)n +B,x(uP Ig!)n+Tk Icpk (B2)

The-moment arms 4, , Bl ‘6, and D, are given by equations (C6), (C7):,
(C4);, and (C5), respectively. I andI represent the moments of inertia

of the pallet and the éscape-wheel with respect to their pivots. \

Appropriate vector- operations on equations-(B1) and (B2) furnish:
the-following scalar expressions:
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n( 1 1 M Id] ) p\l
-and -P_(A; + By u-é.-) +T=1 ¢ (B4)
n |8l s

When the above expressions are equated in terms-of Fn' one obtains:

I (A +uBEn)
R il V41§ =T (B5)
Dy "l»lcxéT)

The angular acceleration § is now expressed in terms of ¢ and ¢
with the help of equation (A21) of appendix A. Equations (A15), (Al8),
and (A20) are utilized to replace g , { and § , respectively. After con-
siderable simplification, one obtains the following-exprsssion for ¥ :

V=UgG+Ve?

(B6):
where
Q+ % sin (¢ —a)
U= (c)cosy (57
and

__ 1 2aP ooy Lpa2atP 7
V= Gcos ¢ [S -cos (¢ - @) P+,S sin® (¢ - )

1p2 -
+ E_SQ_ sin (¢ --a) - 9:, sin (¢ - a)J

tan '~ . Pa , ! :
¥ ¥ cos ¥ [Q ¥ S sin (¢ - a) ] (B8)
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Equation (B6) is now substituted into equation (B5). This results in:

A, +uB, ) (A +puB >
: LU < 18l G +1v |
<D* ) CRCTO N

I =T (B9)
Q For computational purposes, equation (B9) is rewritten in the following
1 form:
¢ +Wepl=Y (B10)
where 1V
£
- Ey
) Vo ~1 (B11)
b 5
: E, F
I
Y = ————— (B12)
2 L 5
E, F,
and
E; =Dy - pC, lgsl— (B13)
Fy =Ay +4B, FST (B14)
41
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APPENDIX C

MOMENT ARMS
DETERMINATION-OF MOMENT ARMS C, AND D,

Figure C-1 suggests the-following loop equation for the determina-

tion of the vectors T, and T :
- - = = .0 .
cn, - rn D,nn + C‘nn (C1)

When the components in the Ht and r—xn directions are separated, one
obtains:

.ccosy + rsin(¢ - @) + D,cos(¢ - a) - C,;sin(¢@-a) =0 (C2)
and

csiny - rcos(¢ - a) + D,sin(¢ - a) + C,cos{p -a) = O (C3)

Simultaneous solution of the above-expressions leads-to-the following
vectorial: expressions:

61 = - [r+csin(<pr~'u—\l/)]r_in (C4)

and

D, =ccos(¢p -a - \ll)r—)t (C5)

DETERMINATION-OF -MOMENT ARMS Z, 'AND'—E

Inspection of figure C-1leads to the following-expressions for the
vectors.-A, and B;:

Kl = (bcosa + g)Hti (C6)
(Note that g is negative during-contact.)

Further,.

B = (bsina)Hn (C7)
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APPENDIX D

CONTACT SENSING EXPRESSIONS

When the mechanism is in free motion, i.e. ¢ and y are independent
of each.other, it is necessary to know the distances f and g', in figure D-1,
to determine the relative positions. The quantity f, which indicates the
distance-of the pallet pin from the escape-wheel face, vanishes at-the in-
stant of impending impact. When contact between the pallet and: the escape-
wheel becomes impossible, i.e. the pin has left the tooth, g' > 0.

By inspection of figure D-1, the loop equation for free motion is

given by:
n n n -cn i=0
bnb +g n, +(r+ f)nn cn, +ai (D1)
(Note that ¢ and ¥ are independent variables and are assumed-to=be
known.):

In component-form, the above becomes:

becose + g'cos(¢p - a) - rsin(¢:--:a) - fsin(¢ - a) - ccosy +a= 0
(D2)
bsing + g'sin (¢ - a) + rcos(¢ - «a) +fcos(p - a) - csiny = -O-
(D3)
Multiply equation (D2) by sin(¢p - )
becosesin (@ ~ a) + g'sin(@ = a)cos (@ - a) - rsin? (¢ - a)
~fsin? (¢ -~ a) - ccosysin(¢p-- a) + asin(¢ - a) + asin (¢~ a)

=0 (DY)
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Further, multiply -equation (D3) by cos (¢ - a)
bsinecos (¢ --a) + g'sin(¢ - a)cos (@ - a) +rcos? (¢ - a)
+ fcos? (¢ - a) - csinycos (¢ - @) (D5)
=0
Subtract equation. (D4) from equation (DS5)
bsin{p = (¢ - a)) +x + f +csin[(¢ - a) -y} - asin(p - a)
=0 (D6)
This furnishes
f = asin(¢ - a) - bsina-- csin[(¢ - a) ~ Y] - r (D7)
‘Multiply (D2) by cos(¢ - a)
beosepcos (¢ --a) +g'cos? (¢ - a) = rsin(p - a)cos (¢ ~a)
- fsin'(¢-~-a)cos (¢ --a) - ccosycos(¢@:-~a)
+-acos (¢ —a)
=0 (D8}
Multiply (D3) by sin(¢p --u)
bsingsin (¢ =:a) +:g'sin? (¢ = a) +rsin(¢ =-a)cos(¢ =-a)
+ fsin (¢ —-a)cos (¢ - a) - csinysin (¢ --a)
=0 (DY)
Finally, add -(D8) and:(D9)

beos[¢p - (¢ - a)] +g" ~-coos[y = (¢ --a)] +acos (¢ -o)

=0 (D10)
Thus
-g' =:ccos[(@~-a) - Y] ~bcosa - acos (¢ - a) (D11
16
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FREE MOTION EQUATIONS

During thoe freo motion phase of tho mochanism, the pallet movaes
Indopendently of the esoupe-wheol.

Aguin, the frictional resistance at the pivots Op and ('_)S are negloctod.
FREE MOTION OF PALLET

In the absonce of all axtornal torques, the differontinl oquution of
motion for thuo pullot is given by:

J =0 (11)

With an initial angular veloclty ot the time Yy whon the {ree
motion-starts, the angular velocity of the pallot at any time is:

§ = \(to (B2)

(] (to) = \llo. furthor intogration glves the ungular -digplacement of
the-pallat at any time t to be:

YEg =t ) by (19)

The-time t s counted {rom the start of tho motlon of the vscupoment,
FREE MOTION-OF THE ESCAPE~-WHEEL

When a constant torque T -acts-on tho escapo~wheol, itg-differontial
oquation of motion is givon by:
§up (034)
8

and the applicable initisl conditions axo:

Bt) = @ (5:5)
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and

) (to) =9, (E6)

Integration-of equation (E4) gives the following expression for the
angular velocity-of the escape-wheel at any time t:

¢=r (-t)+q (E7)

P i

Further integration furnishes the angular displacement:

Y S
P = 218 (t tO) + (Po(t to) + (Po (E8)
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APPENDIX F

IMPACT EQUATIONS

. Before the impact equations can be given, certain velocity expres- }
sions associated with the impact points on-the pallet and the escape-wheel 0
must be derived. These velocities occur during free motion preceding im- ‘
pact when the angular velocities ¢ and { are independent of each other. ;

H
i
f
VELOCITIES AT IMPACT POINTS JUST BEFORE IMPACT i
Figure F1 shows the velocities of the contact points K and L on the §

pallet and the escape-wheel, respectively, just before impact. The com- |
ponents in the direction normal to the escape-wheel tooth are:

anj = \pi:k x D, ny for the pallet (F1) i
and - - _ ] ;
V_=¢,kxA;n for the escape-wheel, (F2) a
sn, i t 5 :
. where the subscript i stands for the angular velocities-prior to the instant
of impact.
. The components of velocity in the tangential direction are given by: (
- - - L
V,pti ) \p'i;k x Cyiny (F3) ‘
and - _ _ '
Sti = (pik X Bl—*nn (F4) ! r
The expressions for the moment arms are obtained from appendix C,
To determine the direction of the tangential impact, the-sign of the 5
relative-tangential velocity Vt must-be known. This velocity-is given by

(refer to equations (F3) and (F4)): ;

\V2 =V - - 1. - _ . - _— %
Vt th,i: VSt,i, \Pikx C, n, (pikx B, n (F5) ‘
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Substituting aquations (C4) and (C7) into equation (F5) produces:

= (§[r + csin(p - a - ) ) + ¢bsina) Ht (F6)

IMPACTS ON PALLET AND ESCAPE-WHEEL

The impact simulation is based on the classical angular impulse-
momentum model shown in figure F-2 for the pallet and the escape-wheel.

represents the normal impulse between the components. Further,
a frictional impulse p.P , which is tangential to the contact surface and

has the direction of the velocity V (see equation (F6)), is assumed be-
cause of the angular dlsplacements during impact.

The angular impulse Tt on the escape-wheel, which is due to the

torque T and has the duration t of the impact:phenomenon, is disregarded
since it is felt that its-magnitude is small when compared to that of the other
terms involved. The angular impulse cn the:pallet then becomes:

v,

Jp =D, x;Pn*nn +Cy x - “Pn:IV_ilf n, {F7)

After the cross product has been executed, the following equation is
obtained:

Jp = Pn Dy -uCy = ) k (F8)

[ A

‘Similarly, the angular impulse on the escape-wheel reduces to:

Vv
S =K x(-P)n +B Y |
JS =A; x( Pn) n o+ B; x aniIV?EI n (F9)
This becomes
JS = - PDZ (A + puB,y IV—-tl Yk (F10)
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Equations (F8) and (F10) are now substituted-into the following angular
momentum equations:

L= ¥y = 3 (F11)

and
Isr(<pf - <pi)* = JS (F12)

The subscript f indicates the angular velocities after impact. Substitution
of the scalar portions of equations (F8) and (F10) into equations (F11)
and (F12), respectively, as well as the subsequent simultaneous elimina-
tion of Pn from both of the resulting expressions, leads to:

IpF’\[lf + ISE’(Pf =IpF’\pi + ISEchi (F13)
where v
t
Eg; = Dl - pC1i‘_,‘l (F14)
t
and
Vt
t

To solve:for the angular-velocities after-impact, it is now necessary
to-make use ofithe concept of the coefficient -of-restitution. This coefficient
is adapted to:the-present situation in the following manner:

A" -V
pn.  'sn,

g= - — (F16)

Using equations (F1) and (F2)-and letting

= \pf Ex DIZE

Vp 4

on for the-pallet (F17)

f
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V. =¢.kKxAn for the escape-wheel (F18)
sng f t

where ¢, and , are the respective angular velocities of the pallet and
the escape-wheel after impact, produces

601 = ¢Ar)
WD T e (F19)
(\piDl - (piAl)

g =

Simultaneous solution of equations (F13)- and (F19) furnishes the desired
angular velocities after impact.

Thus,
@Ay - e(f,Dy - A
N = F2
\p'f D, (F20)
and I Fae
IpFl‘I’i + ISEI (Pi +- D1 = (\piDl = (piAl)
:@f= I FqA, I {(F21)
+1 E,
1 -S

GENERAL EXPRESSIONS FOR THE:NORMAL VELOCITIES AT
THE IMPACT -POINTS

The:-normal velocities at the impact-points of the pallet and-the-
escape-wheel:are also used in the logic-of the computer program. If-¢
and ¥ represent the angular velocities-of:the escape-wheel and the-pallet
just before-or after impact, expressions-are-derived for these velocities
using (F1)., (F2), (C5), and (C6):

‘For -the pallet

Vp = yc cos (¢ -a -Y) (F22)

‘For the escape wheel
V= ¢ (bcosu + g) (F23):

{(Note the simplification of ‘the notation.)

54

1
i
1
i
H

BT Y.

gs

B e M h M s e e A n o b——————— e ——_ o

et o h e | v v ] ol e s e o
P T N '

T

e - =
W i




. . b e e ‘

3 . . [ U
Y FO U . R - o -
Lot |
S .
v — .
2 Vi
ko « v
[ m
0 .
N :
v :
E .
., i
[
;
- .
3 1
. B
.
i
" | M
: {
£ :

oy v

R LA

T

e
S R——, - g

-
e
S

o

APPENDIX G
COMPUTER PROCGRAM
5

T T T P
- .o -

T
i Tt N R A e sl e

L4 *
. | e 1 e Mg o) M bt b oo L et S
N N T ﬁ...tﬁ.vs&&i!; E.Wzmm, ,w ﬁné&&{ i ; ni:-.u_i RN KISt
————— T vt &




= e e

.

e d P ————. - -

NOILOV WOALOB MO d0) _HO4_AS3L

IXOV2d10081234 4THIAHIONS 1HAQS THd S Lnyd) SOMY_JIYI_ 00T

0S

H

Nollow aw._m:cu

g v veo

:nozohhoz owda:ouo.xmooaovh<zmou L

¥ 23 82

- (T<973018;,

6666 U] 09 g 197 (0 TALY3T

S°0=1{1)1IHdQ

S*0=(2) 1HdO
INI1=(1)1NEd 66

$ 17 8t 3 A

*0=(2)1Kd
Z#Q0IHd= n~,~:u

100705 () Andd__.

1000°0= .n,ﬁrmm
1°02(2) Ld

N

OlHd = udlHd

viinx 39NNY 803 vivad Q0

o

e

[RRST————

*0 = 1011Hd

J20=3WIL

PRACTICABLE |

.nn— QIHd
N.«t&;« a:m4<

)

—— — - - hoe v % w e ¥ ome e -

Y4

T {777¢ 3=V IT30% T XC L U SSVABRV IS TXE 2 53 9 1S TBIR XG0 08) LV 03
’ . <thOo<DmIdJ.th&u~e—0~WHhm)

; e T (S*0T3€) Lvhyod 'S
<h4wc.<om2¢4.hmwuwaw.m-c«wm

(7/75°S13%e=yViSTe*XSI
$6+ST13%e2ydIeX545°S134e= kouo.xm.m.m~w.'nwsoao»o.xw.oc..pqzmou ki

02

SIYJI*¥J0I HBUL (7o) 3L TN
(S*S13%) Lyny03 €

S14d14¥4004%40L(€¢5)Qv3y

S1

1S muiz IS5 BEST
POPY. FT

o [ep—

(/{%°63%e=VHAIVe* X535’
.ouao.xm.m nuu.atuo-xm. {aisid : m zmmuu

MmMaiMQﬁoxm.m grdve= <t»xmoo—nu

,q:agn.a

2 - . wwmnmn xm e s e ——— _ VHAWeyeDeH v (14S)0v3Iy

d1N0ALD4. JUNYILX3

Viv0 311¥m ONv NI Qv3d___.

Lo

. M*VGBWVI¢SI+dl vy
agmaonumaohowuz~».~ma\<»uN\zo:xou.

ddIHd* L0 IKdI
$¥1730°YaBHYI*1SIHISST AT *B400¢ NUOL* 1d* UKV * 4284V NORKOD

- - -

gmuuxuo.awvmxu. m,k!aa..m.xgxzc zo—vzwtmc

»»Dnhbplwwnkhlko znmm nHFIthhboernznﬁh 83, zKu¢oun, -

39vd

o9°S2°st

L/91s2t

02%+9°% NI

oy i g

1=1d0

/€L

AWIS3 WYBO0ld

-

Y ENNIQIINILY

e o oy i S S~

-

o -




- -

— ———" . A——s  S———— . - 5 - -

501

154053N00=dp

. b ——— | p———— - — .

{15d~cHdIv=(1) IHd) S0D+3=3N00
9e (uH4IV1S0Ie8=3Nn0Y

}
H
i

JALTTY

1 9% w3 2oy

2
S1S3L_NOILOW. 3384 MOLL0E .M04.SA.ONV dA S3ILIJ073A 40 NOILVINGANOD .2

001

p)
U - o 15a0=alSdd

6 01 00(0°051°31°0IHdY 41 052
002,.01_09

£

DD

Tt 1 a2

Sk

3

ZevOURY + 4’2 - IS¢ = 1Sd
.. Z/(1}1Hd = UdIHd ..

t

-4

T¢2,z4v1730 £ (111HE = (1)1Ha ST2

I

002 01, 0Y

i —— {7—" " ————— e o ¥ 4

-3-

¥
-

ZovQHNYT = [de®2 *+ ISd = 1Sd
= _Malfd

06

HEY - TO;

27012 1Ha =
2#51730 + (I)IHd = (1}IHd 012

[ —— . 5t2 01 09

BST QV

olc 01 09(°0S1°373°0IHA) 4]
USg2..01.09(%0 217°, d9) 41

58

(yHdv -1
(1) IHd) SO0eY. = (HHdI¥)S0Neq = (1Sd = MHoly = (I1)IHdISOdeD = d9

Z/(1)IHd=01Hd S02
_3NC9=9_%02.

CQPY [FURNIS

PAGE(IS B

!:;;E

—

og

-57

4
<4

TX XK A8 v 38 Ay 3o

T HeYe°2+ (MHAIVINISetsBe Co2and-2asBr2enLr2asV=)

5L

LI 4

(LuHE = (1) IHGI SUD GV (yHd W1 S0D4B) o *23H
ud ! d ¢ 8 N\ﬂavmxamc~xu

r—— .~ -

0L L3

(1SdQ41Sds (2) IHd* (1) THd* 3wl L) 234 VIVD 002

. " NOTLOW 33437 2

, . { . . jo 391

ZeVOBRY 18 1det2-1Sd71Sd' ,
e e 2/ (1Y IBG = HdIH

*252ev17307 (1) IHe=(1) 1Hd 18T

ooz 01 09 _.

© —— st A < <

" 2e¥08KY1-1de*2+1Sd=15d
27811 iHd_= ndiHd

09

‘ Z+¥1730+ (1) IHa= (1) IHg
1s1 ol 09

0st

051 g1 09 (~051+37+07Ha) 31

, '2/¢1) [ud=gind
002_01 _09(°0°13*9) 31

55 .

39vd

o e v . e - e

029499 NLd: ‘ 15140

cwes2 sl 9L/91/21

fﬁ\ﬁp

T LEABAL et i Wttt e i 1B

» - ——— o — % w

o — ——— -~ - e

AWIS3 WvHD0d]

4

VWENANIOIINN

!
H
i
i

wad L




IS . A e A L o T R T L T T T T S e
[ s o b e - - - [ - " . e e e e e e et = 4 e e omt et A~ 2 Ao A e anm i w e ' e e v e e e A
b
RN ) e e
, ,v » " * [ + . , ,“
”~ » . b - S A A e N e - 5 o )
f * ——— - e . - 9
w, - SIS31 197dml WOlL0B 503 SA GNT gh S31119073A 30 NOTIVINGRGY ™ 3 -
¥ - 2 -
: m . 21 0L 09(6°051°31°GIHd) 31 " :
! o e mmm ek o e U —2/481)IHd=01ug $S1 “ !
H - U J
. - eee . e e e e e ... NOI OV yollpH wod 153L D - |
] - " ) T - i .
e -~ ———— — T — 6606 01 _09¢1°0°19° 3n11).4); , Lo , :
- A N e , o Isd0 11~ "7 "h '
a , - 0929, 01E , - i :
- 11g o4 09 - , i
- e e OPLOZD . !
- 01 OL 09((0*19]1S8Y*17° (IN09)SHY) ] -
- *2/((ne*9=20eH) 1UDS~H-) ZOMLD St , . b
- “2/({ne*9=-2asH) 1805+H~) =3N0OD - |
- (YHATY= (1) IHGINISeteVe 2~ ( (1) IHJISODe I . .
- BeVe®2+ (BHATY)INISetisBe"Ce2asD=2aslioZastiolany=) - )
. £ (gHaIY= (1) IHd) SUD oV (5Hd V) 50De k) & * 230 -
" " (1SdG*1Sd* (2) IHd* (1) IHd) 1DVer] 17V 00€ ol - :
"] N -
! 12¥anl 2 - :
Y. . e ) « !
.m 66 0L ou:m:mmfou.azmm...ozf.o 3~ 15dgeghve++ a.w,_.‘&:x&& - , '
W P "
= | VOE- 0L 057 {SATSgy 15 (3R Sy gNy° * 0- 3 To TSdg% Gy * " 0> 3T+ (@11 wa7 7 SET r |
.M . 002 OL oo:mimmq‘:;aimeve yeloe3q- Hvac ative *0%37%(2) Ind) 41 S , T ! !
. By , 00E OL 09(°0°31°15d0°ONY**0°39° (2)IHa}dI T e '
B ] R, 002 ,,f 09(%0°39°15d0*ONY* *0* m,ua.;w,,i:&hu : « ' A
, "ot 00 0L 09((SAISHY*11® (dA) SV OGNV 0°39°(2) 1Hd) 31 = ! g
i o - N T I P
, =7 86701 05(igA1SaY 03" (darsUV ONY*? w&vao.oz« 0° 39127 Ind) 31 PET S - I i
‘> . — —— oowlorbﬁkm>umﬁpu.|»n>menozslohbtvhbto%lp‘u.. 9 (21 IHdLdl 5 _. Tk Ly
1 , T . ,_ |
g 4t . S — -..S1534_NOI10w 3344 404 D a M
IB m.u J - 3
"o - SA¢dA1200629) 3LI4A s21 “ , !
R .N::a.uzn; SA « :
“fadery. 15403400 dA “ j
<5 gy ] (1Sa-cHd1¥= (1) 1Hd) S0D+J=3N0U “ '
- = 9+ (4HdIV) S0De8=3NOV_6 ,. ;
; ST 0et ., !
| A S1S31 Nollow 33ud dol y0d SA On¥ oA SITLI3093A 40 nolLiVviNgwod u . ”
r » - i i
ke .m 002_01 094° o.u._.»vao.ozkunwnwn_ul.m._:.mwn: " 3
f - 66 OL 09((SAISBY D3° (dN)SEY-ONY*~0-35°15dd°QHY* <0~ 31° (2) Ixdi 31 X N * :
; * ooe ol oc2w>.mm<.‘_....ru,3mmx ONy**0°39°15da°Q SR IHAI AT stt . ; i
, A - 00g OL 09((SAYSEY®19° (dA)S@y° Qhy**0°39°12d0"0 o3 (21 I4d) 41 . i o
” 66 OL 09((5,}Sgv*03%(d},,Say ONy® %9737 I3dar ONY ,wu..m_,;:&,..,_g - . g . m
' H , —— , 60€ Uy 09 acﬁw>umm<f): s ..am\C m.,uqon,de ¢d.NJ!3aQ&Z€ ,o,,,,,NWr.—\NJﬂnyun m e “ ! , t
] . P 902 O4 oo:m>.mm< no..almm«.o v*°0°31*1540° oz; .e,uuq.NZ:Sn: .o ,
. 00€ 01 09(°0739°1540°0nY**0°39° (2) IHg) 31 (1281 ‘ , .
. —— - - .. 2 .
. s1s3t noliow 33yd wotio8 9 .. i
" , o] . t
‘ € 39vd “encszSt  9L/9t72t 02%+9%% NLJ 1=1d0  wL/8L 1353 wyd0ud . ;
. - .. R : w
; i
w
. if

I o e i i




) e o R LR Bl T e a \.u? N e M e A e s mesi sy o oo me iy ¢
-~ e e = - e o v <o 3
- - - - R I - s o o A2 e e e e
- < —— . e e - - - - P

. — . e e ar s e o 5w oo o - i
- i
oN3 - v
; ) d0iS 6666 -
i U, < N, [ e e e 66 OL 09 (SAISEBY D3 (dAISBY*ONY**0°37°[ScO*ONY 03T (2) TudIdY | . __ —
3 h [ 21 ”»
O _. 002 0L Og((SA)Sgy11*(dAISgy*gliy=*0371*1>dg gNy**0°3e(2Vyad g3 861 . !
, mwu 66_0L1_09((SAYSgy=19% (dA)Say. oz«..?u...uwmo oi.«..?m._lw:rufn o L - ,
4 66 01 09(*0 ¥2*0°39°(2) THa) 41 S o -
. ot . Jt 102970 (2) 1He) 41 |
. m 4“ 66 0y 5 d **gta aAvNIn,:Mm, o v i ;
L, 7 —.66 01 05((sA)ica .—._.Eimm *ghiy s g mo _vo.o ez< 0°39* (23 IHd) 31 LAY | P
! « N ) 002 01 09¢(SAISEY®19° (gAISBY® ONV**0° 9% 1540°anY**0°39° (2) IH4) 31 v !
7 ) o] . . - r
n ——y eSS . T " -
N =35 $1531 10vdwWl ao» u - ,.
‘ L L) il - T T T T e e ermer e emdraniinec, geess e - 1
{ B 66 01 09(0°2 *17° ({SA)SEBY~(dA) SuvISBY) 41 syl
' —— .ﬁn\ - . ) SA*dA(2006°9)3L1M _ ___ 2 ,
A =< .._w (2) IHd#ANOY=SA
L1 Be D i e e < . 15d023100=dA —
w (15d=cHdI¥~ (1) 1HE) S0D#2=INCQ . ,_
- =] e . . _ 9+(¥Hg1V)S0DeB=3NOY 21 061 . ,
. o) - : .
, :
b S1S34_1I¥dnl_d0l #0d SA ONT _dA S31112003A do. zoC«S%PP.!w — LA !
- '
* TR S . S 002_01.09£°0237%1540° z« q%42).1Hd2 A1 TR, , " E
" T e 66 ol oo:m?mmfom (dA)SBYONVe 010t [5dUT ,._ (€)YTHQY 3T D T W
b M o een .66 01 09((SA)SEY19* n\,,mm«,oz«..o;o 3% a,zq it (2) IHS) 4T . R
002 01 09((SAISE7*L7° (dA)Suy*aNy**0°19°15d0* ozq..o 37 (2) IHa) 31 “ £
“ L
! 65 0L705(1$A) Sgy*03° (dh) Sgy @y **(*31°15d0° gy * ™ 5~ 35~ (Z)1HII 5T o 13
66 0L U5((SA) S8V 1 T (IA) Sav-GN7* 0 3 T° IS4G GNv>* g 39 (27 IFa) 31 = —
i 002_01_09((SAYSHY®19° (dA)SUV ONV°*0° 31" 15dG°ONY* * 0°39* {2) 1Hd) 41 0Lt " i
W 66 01 09(°0°39°1540°ANV**0°29° (2) IHg) 41 "
- - . e e e ot eann o — 2 - !
1 S1S3L 1Jvdnl WOL1108 2 « a
o) " \ A._
* 66 0L 09(0°2 “17° ((SA)SBY-(JA)SBY)SHY) 41 S91 - N
A — e et e e e mm mmmm nma - SASHALZ00649)3L18M + i
) Z_a.uch SA . ) By
4 — s e e 1Sd0«3N0U=dA « )
, (1Sd-cH a.? :: ¢) 502#3=3N03. , . 3
, , TR RT - R t L - : ) )SOJa8ZHNOY. . o wo i o st ' ﬂ,
, . L
" e " - - r— -— B . - - \.l»ll.!’l-ll.al T A s A W A S - - N X " !
9 39vd 69°82°st  9L/91/21 924%49°% NiJ 1=1d0  %i/€L LHIS3 KyHOOud: . i
~ ;
e —— m
{
i
]
I3
}
¥ . M . n”,
v » H

.
i e R 135 e T e NI A




. ! o . 0 T GOV U U MOVS UMUK W G & S VLA A 1
— Rratosemmant st s < s LR SRR UV SV U - - -

o o - T o —— - o o i S e - b

. — o - e -

PR S A A
*
x
]
3

czw m¢ - " !
zm?_.mu . e o
N...Nvuxa.xu>aamv_:mc ,

(2) IHg= 1) 1Hd0 . . o
.uzom\mn.uzow\:om~v\ﬁu?ou\vmcng«> ' -

—— e - . (INO3/S1+3h03/Nedl) /(INOI/Aedl)=p I 'L - Do
.noom\.mraqqnaﬁ.~xav?umumo.atmocq ~S/ {(YHd Iy~ -

e o et e e .~.Hxavz~m.o.<.waom\~‘a.aaxm_qa._,uxa_zum.'nawooqo.m.a 2 r

m\amrld<l-—vuznvMCU.&o<oomvtaaaumavaLtuv\omquNutﬁ‘_mnumouvn

-v-bp\kamnr21~.mnnam\.manqoaaukxu.zkm-aaq.c.u> »”

.ahma.mou.uy\.quun.‘mxaqqoa~v~xuvz~m.o~|: S€ »

- - - uazuhzou 0% -

;hocuymm«xhcooouzom.anbu.uzoq Inod: -

iltlmm ,.ni‘ , .;.hoowvmu<\~coo‘u200tmuou uzcc uzow on \

, J

G o\

v..

it
[
'
1

i

ST ERY T REER R TR

A o

‘
. A——

oc CH Oc

, ST S , , I : —— 3NOV=3N04 L L Of

\ 3NG0=3N0F 02 , . i
R - e . - . UE 01 09_. " bl

3 02 0L 09(*0*03°1000) J1 o
e+ = (15d=cHdTv= (1) IHd) SOD#I=3NOG o
.ama-mra4<c.~.uxa,zum.u.m aNod s2 ©
nmmnuavzum.m,uzom T TP

9+ (UHd IV 1 SUD#2=3NOV €1 T oo

et e e oo o e e .Hma.mmqiun oN ~m& 2l v

m~ oL 09 *

T2l oL 091°0% 197 ISy A1 v2
_— L . , _12/dINISY=15d

. . S7dave(2) THe=1009 -
%d .a:a;«u.ﬁvH:a.mou.<..m:aqqumcunm«o,w .
vA .xeJ«-_—.uxavznm.mnﬁm:aJ<na~,~ru~mou.o...ﬁvuravmcu.m =0

.mtnd<lauv~I&vwouaaoamxad<ta~v~xﬁvz~mtuoaa—vmravznmum Q 11 ST .

Mkt A

1508
¢

il

- m— - 4 BB e mew i % e

"PAGE IS BEST QU

Wi
Z-
o-
-
-t
s
<
—
.

H

VAN s

*“ , , , o 0m19=9 ' , - D
1 | e e e 0T 0L 09((0MLS)SEY*LI® (INOD)SEv) 4T . - :
& *¢/({na® =20 8H) LUDS-H=}=0M1D. ot " .
: | - i e e ) S¢/ ({Ae9-ZaeH) LHUS +H-) 23109, » ,

& , (¥HdIV= (1) THa) irISeuevs 25 ((1) ind) 5008 [ y !
3 , , —— —— CPA R Ihlkuuuas»2~muaomqnm#wnapiNMJ&;Nnac.nanq b} , i um , .

) ((8HgTY= (1) IHd)SCIcYs (BHE V) S0DwkT »* 2=H , , T

nm,_rac.ﬂmwhxu mrmo

mxsyhpmuauumm‘n~.mkou zmo*wwu.axa ,;m‘u.w \
1
: L ST e , , :oo.ura 17194 3w Hp:oumnv

TS ST

- - - - n —c o .

. Wt e - o

| : — L , . -y N « g

” 1 39vg 69°S2°S1 91/91/21 T 02909ty p1d 12140 9LstL 1947381 TRoxENS . C W
K
§
I




S L T S ——.

T P U

. e e e et e e e ) ‘e e e e
g . 1=3n11

w - e e e 15€0=d1 S€0_S, ,
~ (g°edtes 101IHae*XE

ot —— — ¢ - e P W . . b e Sk e e M kA g n — - —

(Y gice= hocnmma.Kﬂ.ﬂ.mh.ono*mntoxm-m.xuoouhoowa.Xﬂ.Qth.ouwou

»

.
O I

(=3
n
i

MBLE

i
v
*

PXELETB41 47 100IHEy XELE"R s = IHT g yE DT RIL oz 0t xSty o) 1FHROS €

L L . L totl L.hnxa.ammx.hooc.u.amvutm.nurm._ £ Myw»~m3, . .
b Sed D CR B e . TR

o —ANdLN0. ILITN_ D). -
, 2 sy

o

'PRACTIC

e

.pl.;m;znarxﬂiﬁ.i.:maemmtt
Y = (S)lHEd({ 0 3NT1e

L cONYe((°0 *17% (FyIHd_*aNY® (d1Sd0) S8y _u..pmnbbh ¥)_*H0* (‘0 _*j9°[ T RN
o © (2)IHd copve | ,

) PhG-

,Ip

1d15d01SAY *19° (15dQ)SaY)) "GNY* 0 *171°9) *LON*) J]
e et v e e e e w7 01 09(°0 C03°1)31 0%
% 04 09{3WIL*°03°1)41

S

zouho: oanDou 40 NOILVNILINGCD ¥0J 1831 U

;

F

i

Y

ke

;

w

w

w e = -

. T |
3 N 2 |

1 Jl | .
:

W‘A

.

m

M

W

[}
13 BEST QUALITY

((1Sd)S0DeD) 7 ((HHATIY~ (1) IHII vISe 100906 (2) 1K) =15d0 S€
(HHeY=01) IHdINISa¥ (BHAIV= (1) IHC) S04+ ( (1) 1HQ) SO0J+820
S/de¥e (2) IHA=100L
(aRdIV=(]) IHA4) SDDe¥ s (uHEIV)I SIeB*9=S

)
4

&e

o/

—15d%_310dn02 W [1]1%

S R el
¥
LR}
o
[ FUR
VA AR Al T YL OEYE TS OTSOA

THIS
FROM

e er e i v e . 281So=U1Sd

(Isdisgv-Ide*2=1Sd{*0* 11°1Sa) J1
(J/d)NIg¥=1ge

(uH Y= (1 IHG) S0 u® (uHgIY 7 L 1) THOI NI D2 (L) IH I NISe8=g 2 s2
3INO9=D T

P e - — .. ——— . 2 oL 09 “
omko c v

1 Oh ooﬁ.O?hovqu.hdonwzocvmmq.mm w
-

A}

e e e e e

R )

.N\-.Et ¢|NO0Iv»mcmlrlvl Jhu
“Z/ aYOoQINOOI- hmem‘tlu =

nuvmxavrmmomo<0nmta..uhx&u

A a2

)y
— —
1

-
AN
x

Ihg30 « ._.8.:&
Hdind = = QiBd =

- u,
. » , S — e e eeen Q154 30RO D,
,‘ k)

' JS I 2 ) § € 3 £ T=C1¢} 121

' *0=41S<0(*0°03°1) 31
‘ ~ . d Ygz°0u1=L " ' r
' - , d1Sd0*1SdU*9*SRIL* 1S3/ VI3Z/NORRNOD -
- . UOIHE*LOLIHAL
* SylT130°vQBHY I*1S3U34SI Al *YJOD*NEOL IJ*UHA IV LD E*y NCHROD .
. (S) LW8d® () [HAQ® (2) IHd NOISN3KIQ. ‘
e NevQEny1*SI*d] vy e }
. (AWM HIQN® 3] C THAEU THJE L) JLNO 3NT1N0YLNS 1 .

Uy
r

S TTTTTTY TR0V T T eets2sl 9es91s21 T u29e9ty nid 1=140 %L/EL aing 3nITfpwens ~ T T« T :

e et e st e e et
.

TR TReUT TR T - TR AR AT T TR T e e IR
-
-

R R T A T




(U .

= )
2

: I - LS )
S ” ,
; — . e
2 .
o e
g :
3 * ” -
€ ~ R ~ !
& W_ A o , L . i
: =) , , , N K
. Ah . MM . , , . , 1 1 !
& m i , K] i
B ! 9
§ o 4 - S _
! .m.... 2 b AA
{ EN - - -
M -
2 l R «
i O X -
. 124 - .
Y a % = .
3 oT - -
. g = i
| 4 P
» - i
: & - I [
1 m | v w o
-4 . s
, } [ W ]
- B - o emer m o - — - - e - — — — ey "
1 = M
-—— > t
- “ .
* ' « i
{ _ B ) ) o - .
. :
. , . , e §
| - S — " H
| - s
‘ oN3 i SS . m
NMN13H . , . M
: %
2 39vd s9°S2°ST  9L/91/21 029+6°% Ni3 ) 1=140 wL/€L  d1n0 3NI1n0¥3nS ‘ ¢
s 4
- - - .- . - B v e o - - w 2
m<.
1.
oM - et st et e i s )




e

L.

— e e e e - . - —e M
- - |
" ; L
mW - - . - ‘ -
& d ’
—— ry P . e — —_— t '
m 2 I -
o8 - —m e T B .
Mrlm.\‘ . " ]
#-4 :
m 5 -
[ To W= — - — - - . - — v o—— - @ a7 m—— . o
o > . N¥n13Y 13 ¥ m
£ o PR - T SRR __ AISEOZISEC . o SFRTREIS S ;
GM .LW 1HdG=1HdO o , “« B
o o (E°B4%a=lULlHdasXELEBI»=31Sd0sl «
-t .xn.n.wuoonumm-.xn.n.mu.onuuxuo‘.xm.ﬁ.mu.c»u:at.xwu.to:._.qrao.._ S «
e e e - 1011Hd ¢ 31504015d¢ SIHd0+QIKA(S¢9) 311 dn S2 . =
{#lDVdHlesXS*e0s) LYRE02 € - X
—_ e AES9)3L1UN D«
: 1d/7°061e15d=01Sd . '
, o . 1d/°05141Hd=0IHd “ A
INQG/ ( (INOVeNITHAG-INOCsNII5d0) + 15303 <3N0V IHd0) F415d0 ve - ,,
. ,, (3NOG+S143N00/2xs FNOY 891 /1 (3NOV NI 1HIO-3K00e 1 e |
) _..:wmov.mzoo\hmumu.uzo:&.znmeo.uzooum_.z:wacwwzof&v.,..&:ao, i maa 2
" 15dG=N115d0 e ke L
- e e e e 1HdU=NI11HdO, “ .
(15d-¥Hd T =1Hd) SOJ#I=3N0Q s1 - ¥
9+ (HHA 1¥) S0D+8=3N0Y 2 " P
3N09=9 1 o '
T 2 0i 09 , -
, ' T oL -
— - ,Q- I
,ﬂ, ! " 1 L
,s,::&mou,.mo,:&.E.._a.:,Em:&.m..w.w,:u..m:m.N.:m.u..«nx , i -« | _,
T ((4HdIW~-IHA) SUD e+ (¥HATV) SODeé) o~ 2=H S .y ,
NeVQHAVI*SI*dl W3Y > .
- —— ddIHd* LOLIHGL . !
.<Suo£omx<._.5mmw.2.&.&ou.xmo».E.axﬁ«.a.u.m.« NOWWOD o i i
: , (15d0°* 1SdSIHAU IHd) 10¥dRT 3N11N0¥ENS 1 . 3
: |
1 3974 69°s2°st  9L/91/21 029+9° % NL3 121d0  %L/EL 13vdn1 3NTINOYENS .
— - - - ' E e ———————————— h
il |




| — T T e e e . » - T Ty T T s
, . , " e b
- , . L ) , , e e ,:H ! f
— ——— e o—n i st NO‘QmIGI_ ﬂ&.oNOHAWQ Hm& : . ”» W
Z/1Hd = HdIHd ' , v - |
et e e e e . 2eV1130+1Hd=1Hd 9 _ -
L 01 09 [ -
9 0) 09¢°051°31°GIHd) 41 , L , ,
’ 2/iHd=01Hd n
— - e £.01 09U*0°HTgONAI < ,
o] -
———— — .~ ~=-NOILJY WOLL08 ¥O dOI 803 XJ3InI._D S - i
e e e e e » 0r 09t*p°a*41 41, __ _. . , _
.uxa..?m:&mouo«luxﬁ:mouomlmmnuaxa._an..&wcu.ucau . P
— . B=l154=-dHdT7-1HJINISed~(uHdIVINLSe8=(yHdIV~IHJINISeY=d | B . _
2 0y - o
— NOTLOor 33yd G3nNILNGD w04 XO4HD_D - , k
“ U ” '
, : M SN , £.04,.09(3n11°03° L) 41 6 e | "
, 3 (€°84%e= S::a..*n.n.«u..LoSma..xm.m ﬁ..me: o e , W
W — SXELE2B84%0=100Hde  XELETHS Hxa..xn.u 84 ,a»..mm.., #)1VRH04_ 2 . . P
| & ‘ doL1ndes ¢ TH4GSOIHA* 1249 ILT A , - C
! ” ‘- U ! . . 1l . ' " , v - - 2. . LT ! | u
m S&:o ] T . W
\ /L < ) i . \ \ \ , o ) L T L « ﬁ 9
, CED , , , , Z7/1Sd=01Sd " o€ T
TS e e e e e - o .NIISO_= 1SdO__- _ <
mnm N11Sdq * (3WIi=-1}eNI1ISd0 = 1Sd , « , ,
_ ,

.. . -
Nollow 137Vd 2

‘l’gU
1
'
i
S
£
|
{
i
n !
N
LI I B

RITHAGs (A1 1=1) *517%H01=THd0
OIHd = ddlHd

A

S
N1 S
i

3 - - 1hdi30 + 1011Hd = 10LIHd - ~
8> e ¥dlHd-0IHd=IHg30 = .«
< m.w. _2/1Hd=U1Hd oz .

J.w. NIIHde (3WI1=-1) eNIIHJGs (3nls-1) e (Inll-1)a(S1e2)/%501=IHg 1 y ” B

A 5 , . , ¢

t.||m.m e _ NOliow 133HmuYLS_ D « P

L , J at ,, i

- (sNOILOW 33yde x,m..,o,»,qumou S St T ;,

’ Am.w.m:m: K - |

TR [ TR L i ] R0 L

- - — w————. m—— - — i it . s e - : “ ,,W ,* ,

IHd=K11Hd or " Wi

— e e m e e— —— o s e - - K I

SaNIvA WILIND Qu0238 u s, ” T

; “ouisia=z B -

e — o e 3mli=1 S . .

YdIHd* LOLIHIT . §

s¥11304V0BNY 1S 1STNISST S 418 ¥ 0D HUOLS 1 g uHgTIVE YD B4Y NOWHOD . ,

NevQ8n7I¢Slcgl v3y . H

(1Sd0%1SgS 1He0 [Hd¢3w] 1) 3354 3N11NCEBNS 1 s :
1 39vd 6%°52°S1 94791721 029+9%y N14 1=1d0  wi/f€L T33Y3TINi INOEENS .

- - Hem m— P

- it s e e




o ’ ~ -
- .- - wy
1 e e e e e e - e cn o et o = e oo J—
— T pasn AU e e 4 = ifl‘l:s!!lt.hu

! n "
s+ ot e e a4 - - . ey e - — - - .
"
- o e — . -
L I . . . g 1
] D T T «
[-=
-5, -
oI m— - - - '
-4
&= — — _ . . -
A M -
& ; |
L@ -
(=4
o 2o e e U—— o — e B - - — ot - - P - ‘

»

|

|

|

¥

|

|
QUL
HED| 20

IR

o’
,,,\I. [77] 0 - I
i ,A
2 om ro— e e e W M e ——— e n b -
s M w «
: * re m e e o m sl I - e e e e ——— . N L
3 « = x
. % ’
4 i [&) -
! 2 “ . .
2 i g w o |
ﬂ, - — - - - ) - - - - - o 6 L4 Ai, g
W . ) A k.
) \ , - | !
- «t |
| — s T STTTT —aE T 2y N
X - . — - NuNL3Y o w
3 w 1=3Q1L % “ )
m ) e} L] m
o NOLLGHW 3344 40 GN3 2 « '
w~ .. . o) UTR € o !
w 1 01 09 « .
] 9 - {3
’ I

NOIZOW 33vd 3NNILNOD D "

A —t S - ST ,
) I o 10000°+4=1 € 9 .

A SR S AT
3WI1 INIW3YINI |

o ——- - i o

O
H

ZevQ8nvirIds2 - NIISd = NIISd , Ty
*7ule¥1330 ~ NIIHA4 = NIIHd 09 L om i

S RLPTRATIATER

n , . ZeVOHNY 1+ 1ds*2-1Sd=1Sd - ;
1 s ...2/71Hd = H¥AIHd . »
*2eZ#%1130-1Hd=IHd L * .
— . £ oL 09 . i

, N = NIldd * .
L N.«szqﬁnmwumm‘n Niled = Nii4d L ss .« w
i s o et e e i . T - - - - LR ,

39v4 o%*s2°sT 9L/91/2L 029+9° % NLF 151400 9LYEL 33z 3811nQuENS. : 1

- ————— - —— 4 e - <k ot s et st

R b Sk g S 7 n S g e




e A L e e T
Y

%

|

] APPENDIX'H :
* SOME GEOMETRIC RELATIONSHIP |
DETERMINATION:OF IMAX | *

. Figure H-1 shows the geometrical-relationship between the pallet pin of ,
radius r and the right hand escape-wheel-tooth when the quantity g (equation i
(A12) in appendix A) reaches its‘maximum:possible absolute value. The ’
following relationship holds between the-angles a and p: 1
a=p-2 (H1) 4
2 ;
where g
_ 360 z
<] N (H2) ‘
h
and N stands for the number of teeth-on-the escape-wheel. |
S— ;4
The distance ST of the triangle-OST is determined with the help of .
the sine law: ‘
= _, sin(8/2) o
ST=b Sinr- B) (H3) |
where b represents the escape-wheel radius. s’
Finally, BMaX is obtained from: _.
Bpag = ST = o (H4) i
MAX tanp s
“To use BMAX in connection with-expressions-derived in appendix A, it
must be furnished with a minus:-sign=to-conform-to the origin of the I
—-— - . !
nt -n system. :
}ﬁ
L
?
i
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DETERMINATION OF ESCAPE-WHEEL ANGLE Pp CORRESPONDING TO g = IMAX :
t
The-angle ¢ = Py which corresponds to the maximum possible ' ;
value of g = BMAX' is obtained with the help of equation: (A11) of appendix A: ‘ ; ‘
=
’ -
g +g [2bcosa + 2acos(¢,, - a)] !
MAX MAX M -
+ [a* +b? +r? - ¢* + 2brsina + 2abcos @, - 2arsin(@y, - o)] !
-0 (H5) .
After the expansion of the trigonometric terms cos (QM = @) and sin (cpM -a), b
the following expression results: %
'LsincpM + Mcosgp, +N=0 (B6) B
! =5
where: 3
L = Za(gMAxsinq:; rcosa) ] § X
M= 2a (gMAx,cosnﬁfb'i- rsina) I'
= 2 24t +y2 - o2 el i ’ §
N BMAX +a*+b* +r* -¢c* +2b (gMAxggsa + rsina) |
Equation:-(H5) may now be rewritten with the help of‘the:following trigono- :
metric-identities: b
Por
2tan (—%)z
sin = —— (H7
Py A Oy )
1 +tan ’("2, ) i ]
1 - tan® (=) i
‘COSs = e (H8 £
i - M ) i1
1+ tan® (===). Lt
2 P
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4

LofSlmpsz\gb gos*cpo + N0 =0 (H11)
where
L = - 2arcosa
o S
Mo—i 2a(b-+:xsina)
N =a +Db%* +r? - ¢! + 2brsina
Equation (H11) is solved-in the same manner as equation (H6) .
This results in:
] , * \/L; - N; + Mg
¢, = 2tan™"" N M (H12)
: o o
Again, top and-bottom:-action results are provided.
69
e '
- TR i T

This leads to:

M M
(N - M)tan?* ('—'2—) + 2Ltan (T) + {M+N) =0 (H9).

This expression may now be solved for the angle Py using the-solution

for a quadratic equation. Accordingly,

- stan~! [—L + JIT - R* + M
Py TR N-M

The two solutions correspond to top and bottom action.

(H10)

DETERMINATION.OF ESCAPE-WHEEL ANGLE ¢ CORRESPONDING TOg=0

The:angle«p::——:gbz., which is associated with the instant when the
pallet pin leaves:the-escape~wheel tooth during coupled motion, is obtained

from equation (A11) with-g = 0.

An expression=similar to equation (H6) results:

At~ i 3 A <
M s ”
B S T

U

B o

— e i

e v i b e
v T T



pin pallet runaway escapement. The pallet angle ¥ equals —}- when both

pallet ‘pins together are least advanced with respect to-the-escape-wheel.
The center distance a is such that-the escape-wheel radius-b-and the pallet
pin radius r are collinear.

The-disengagement center distance a dis is determined with the help
of the-cosine law:

(b+r)?= a:ﬁs +ct - 2a,c (c) cos (-2—-) (H13)

From the solution of the quadratic-equation, one finds:

3¢ = ()08 (_’_;_,); + JLe)cos (-;—-)]’ - [6* - (b+ 1)?]

(H14)
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! DISENGAGEMENT DISTANCE BETWEEN PALLET AND ESCAPE-WHEEL PIVOTS
!
: Figure H-2 shows the disengagement configuration of the symmetrical
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COMPUTER OUTPUT FOR STANDARD-CONFIGURATION
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