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with arbitrarily selected centers of mass. Also, when actual aeroballistics :...

data are used, it determines the behavior of the S&A mechanism in a projectile k

with pathological motion. oo
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A sample simulation, with the dimensions of the M739 S&A mechanism, was :

run at 30,000 rpm with small precession and nutation velocitieas. It showed
essentially the same number of turns-to-arm when only spin is present. i
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INTRODUCTION

A computer simulation was developed for a complete artillery safing and
arming (S&A) mechanism containing a straight-gided verge runaway escapement, a
two pass involute step-up gear train, and a spin driven rotor which must operate
in a projectile that experiences spin, precession, and nutation.

Top views of the mechanism planes of the two possihle configurations are
shown in figures 1 and 2, The position of this mechanism plane with respect to a
projectile which experiences the aeroballistic motion 1s shown in figure 3.

While the bhasic 1ideas concerning the three motion regimes of the runaway
ascapement (coupled motion, free motion, and impact) are identical to those
developed for the verge type runaway escapement (ref 1), the presence of the
three dimensional projectile kinematics makes it necessary to consider three
dimensional force and moment equations' for all mechanism components in order to
derive the mathematical models for the motion regimes.

The following briefly outlines the course of the derivation of the mathemat-
ical models:

l. Kinematics of Aeroballistic Systems: Absolute angular velocities and
accelerations in terms of component-fixed and projectile-fixed coordinate systems

(app A)

2. Angular Momentum and Its Derivatives in Various Coordinate Systems:
Three dimensional moment equations in various coordinate systems (app B)

3. Absolute Acceleration of the Geometric Center C of the Mechanism
Plane (app C)

4, Dynamnics of Rotor Driven S&A Mechanism with a Two Pass ILnvolute Gear
Train and a Verge Runaway Escapement Operating in an Aeroballistic Environment:
The derivations of the equations of motion for both entrance and exit coupled
motion, free motion, and impact regimes are contained in the appendix., Expres-
sions for all types of contact forces are given., The pivot friction forces are
treated conservatively (refs 1 and 2). The change of direction of the friction
forces and torques in the gear train due to a motion reversal of the mechanism
are handled by appropriate sign change of the coefficient of friction (app D).

5. Projectile Kinematics: Since at the present time actual aeroballis~-
tic data are not available for incorporation into the program, a set of appropri-
ate expressions, which allows certain simulation runs, has been provided (app E).

6. Computer Program SAEROV: The listing of the program also contains a
sample output (app F).

To understand the derivations in the appendixes, it is suggested that refer-
ences 1 through 5 be consulted concerning the work on gear trains as well as
rotor and constant torque driven S&A mechanisms which contain pin pallet and
verge type runaway escapements. For general background and kinematics, reference -
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6 18 recommended. For the understanding of three dimensional rigid body dynamics -
as well as the relationships between the non-orthogonal coordinates by which the .
aeroballistic motion 1s expressed and the orthogonal ccmponent-fixed and projec— :
tile-fixed coordinate systems used, references 7 and 8 are suggested.

DESCRIPTION OF COMPUTER PROGRAM SAERCV

With the exception of the 1inclusion of the aeroballistic kinematics, the
programming schemes which make it possible to distinguish between entrance and
exit coupled motion, free motion, and impact run parallel to those given in ref-
erence 1. (This reference lists the control details applicable to the separation .
of entrance and exit coupled motion. For other control details, see references 2 .

through 5.) "

The main program starts with the reading in and writing of all relevant
physical data. This 1s followed by the computation of gear ratios, fuze body
angles, gear train constants, and earliest and latest possible values of the gear
angles by way of subroutine ALFA, as well as the initialization of the gear

-
angles. The simulation begins with entrance-coupled motion at a starting angle n
PHID, which represents that angle ¢ of the escape wheel that is associated with :
the approximate center of the entrance working surface of the pallet. This angle K
then corresponds to a cumulative escape wheel angle PHITOT of 0 degree. f

Coupled Motion (Location 1) .

Regardless of whether entrance- or exit-coupled motion takes place, differ-
ential equation D-513 must be solved. (The difference hetween entrance and exi-
tion motion is set by the value of the signum function 8; as used in the computa-
tions of parameters Ajgq, Ajy, Agg, A3z, Ajq, and A51.) To this end, the main
program calls on an availagie fourth—-order Runge-Kutta routine, The main pur-
pose of the subroutine FCT 1s to present the second-order differential equation
in terms of two first-order ones to RKGS. PHI(1l) and PHI(2) represent the angle
$ and the angular velocity &, respectively. The computation of all parameters of
the differential equation takes place by way of subroutine FCT, which itsel€
calls on subroutine KINEM and AFIVE. The latter subroutine calls both on subrou-
tine ACCEL, which depends on subroutine AER0, as well as on the sequential sub-
routines AWON, CWON, ATWO, CTWO, ATHREE, CTHREE, AFOUR, and CFOUR.

The subroutine KINFM computes current values of g, Y and @ (ref 1, app C) as

well as the moment arms Ai, Bi, Ci, and Di (ref 1, app D).

1 rkes Routine, IBM System/360 Scientific Subroutine Package (360A-CM-0X3), Ver-
sion III.




Subroutine AFIVE computes variouse gear mesh parameters and instantaneous
mesh contact angles, as well as the signum functions s;, 8;, 83, 8,, 85, and 8y,
In addition, the parameters A; to Ayjg and C) to Cy9 (app D) are obtained with

the previously mentioned subroutines.2 The gear—-indexing operation (ref 4) is
performed with the help of the angle ¢.

The instantaneous rotor angle ¢lc'+ N3 ¢, of the coupled motion differential
equations must be expressed in subroutine %d&. Recall that .% is the inftial
rotor angle; ¢, 1s the total angle of rotation of the escape ﬁeel. Since the
angle ¢ with the Runge-Kutta variable PHI(1l) varies between approximately 134 and
144 degrees during entrance-coupled motion and between 209 and 216 degrees during
exit-coupled motion, the total escape wheel angle ¢, can only be ohtained by
continuously adding the increments due to each cycle og Runge-Kutta computations,
Therefore

bp = bpop + A0 (1)

where

¢TOT = total escape wheel angle up to a certain Runge-Kutta cycle.
(This is represented by PHITOT in the program.)

A¢ = 1increment of escape wheel during this Runge-Kutta cycle.

The increment A¢ is calculated as the difference between the latest value of
PHI(1) and its previous one which has been stored as PHIPR. 1In this manner,
equation 1 becomes

¢T = PHITOT + PHI(1l) ~ PHIPR (2)

Subroutines associated with AFIVE also decide on the values of Ippr and 1 R
as required by equations D-134 and D-135 as well as equations D=40% and D-klo
(app D). The associated conditional statements assign the larger values for
these combined moments of inertia whenever the product of the angular velocity
and the angular acceleration is positive; 1i.e., both quantities have the same
sign,

The associated subroutine OUTP is responsible for printing out the results

d, &, and ¢, together with the current values of time, g, &, and PHITOT,
Further all coupled motion contact forces are calculated according to equations
n-520, D=525, D-527, and D-529, and the maximum values of these forces during one
arming cycle are determined.

2 The program uses the symbols AAl, etc. throughout. This should not be confused
with the symbols AAlﬁ to AAg; which are first used in the combined exit-coupled
motion differential equation (N=-278),
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Free Motion (Location 5)

The differential equations of free motion, as given by equation D~530 for
the pallet and equation D=531 for the combincd escape wheel-gear train-rotor
system, are again solved by the Runge-Kutta routine. To obtain the magnitudes of
the variables ¢ and ¢, as well as their derivatives at identical times, che two
independent second-order differential equations are transtformed into four simul=-
taneous first order equations. (While only the two first—order equations associ~-
ated with each of the twu variables are actually coupled, the routine treats all
four as 1if they were coupled and, therefore, produces solutions for identical
time increments.) these four expressions, which are presented in subroutine
FCTF, are of the following form: :

DX(1) = X(2) : (= &) (3)

DX(3) = X(4) : (= ) (4)

DX(2) = = [FA | (X(2)) %A, | X(2) + A, ] ¢ (o $) (5)
117

DX(4) = 7he [~y (x(8))2-a, X(4)=A| ¢+ mx (K sing-K cos)] i (= ¥) (6)
PR

The subroutine FCL¥ also calls on subroutine ArIVE for the computation of all
gear-related parameters,

The associated subroutine OUTPY¥ computes the free motion contact forces
according to equations D-537 and D-53Y and finds their maxima. In addition, a
continuous count of PHITO1 is provided by oUTPK, 7This angle as well as time,

b, &, W, @, and the contact forces are printed out, 7The same routine also wmakes
the decision of whether or not to remain in free motion. ‘The sensing variables f
and g' = GP are used for this purpose (ref 1, eqs k-4 and E-5).

Impact (Location 15)

The subroutine IMPACI uses the pre-impact values $i’ and @1 of the angular

velocities and computes their post-impact values §. and |, according to equations
D=540 and D=541 (app D). (Note that the moment of "inertia of the escape wheel is
now expressed according to equation D~542 (app D), which refers the rotor as well
as the gear train inertias to the escape wheel.)

3 Whenever Iyp » 0, the simulation stops because of the division by zero. Should

this occur, FCIF prints "IPR EQUALS ZERO--SIMULATION TERMINATED,"



Reversal of Gear Train Motion Due to Impact

If the impact torque on the escape wheel is sufficiently large, the motion
of the gear train may be temporarily reversed; i.e., the escape wheel angular
velocity § may become negative. This would cause the friction forces between the
gear teeth and at the various gear pivots to be reversed in direction. (The
normal forces between the gear teeth remain unatfected, and the normal bearing
forces are obtained in the usual manner.) This change in the direction of the
friction forces is expressed for both coupled and free motion by letting the
coefficient of friction u of all gear train components become negative (app & of
ref 2). This is accomplished in subroutine AFIVE by the following use of the

signum function §/|$| :
MU = ABS(MU) * $/ || (7)

{The coefficieat of friction associated with the escapement interface and the
pallet pivot is called u and is read into the programs as mUl.) Any motion
reversal at these surfaceL is accounted for by the signum functions 84 and s8j,
respectively,

Termination of Computations

Conputations are terminated whenaver the geared umotion of the rotor ends,
This corresponds to ¢ = PHICULD. The duration of the subsequent unretarded
motion of the rotor is assumed to be negligible.

COMPUTER SIMULATION OF EXAMPLE MECHANISM

The mechanism which has been simulated 1s that of a modified S&A device of
the /39 fuze. It has configuration no. 2 (fig. 2) and contains a newly-designed
involute gear train. While this gear train has the same gear ratio and individ-
ual center distances as the original design, each of the meshes now has unity
contact ratio.4 The simulation of this mechanism was accomplished with the help
of computer program SAEROV (app t). It was run for 30,000 rpm to obtain maximum
contact forces and used the projectile kinematics (app B).

4 Both meshes were designed with the help of computer programs INVOLI1 and
GEARPARAM2, originally shown in Progress Report No. 1l of the “"Development of
Automated Design Optimization Technique for Safety and Arming Devices"” (lon-
tract No., DAAKIV-79-C-0251, January 15, ]Y8l1). Copies of this report nay be
obtained from either ¥. R. Tepper, ARRADCOM or G. G, Lowen, The City College of

New York.
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The following shows the input requirements of the program, explains the
various output datas, and discusses the manner in which the "number-of-turns-to-
- arm" igs ohtained for a given spin velocity.

Input Data -
- - o
) »'I :
‘~ The first portion of the output repeats all input data, which represent the e
. mechanism parameters of the M739 fuze. These are listed both as computer vari- &y
- ahles and as symbols, according to the various appendixes of this report as well N
S as reference 1. L
5 B
. Eacapement Parameters S
B 5 .
4 » P
2 o A= a=0.226 in, (5.740 mm) = distance between pivots O, and O e
.':: . (fig. 2) L

. . tq v
- ~ B=b= 0,168 in, (4.267 mm) = escape wheel radius o
. -

5 C = c = 0.13138 in. (3.337 mn) = pallet radius as defined by figure F-1 N

e of appendix F, reference ] ;

4 :

'ﬁ . ALPHEN = " 43,352 deg = entrance working surface angle Y

- ALPHEX = ™ 29.2981 deg = exit working surface angle [:

R
5
e
n.‘

&

NT = 4 = pnumker of escape wheel teeth spanned by verge

CONFIG = 2 = configuration no. 2 (fuze body configuration no. 2 in

ref 1, app B) 5&
-
EREST = e, = O = coefficient of restitution -y

LLAMBDA = )\ = 92,93 deg = angle between entrance and exit pallet radii

(ref 1, app F, fig. P~1) .

. N = 22 = number of escape wheel teeth :;
:f For details of the above nomenclature, see reference 1, appendixes C, E, kh
“ and F, o
iy i
% =
- Mass Parameters of Components i_
& ML = m = 0.3165 x 1074 1b-sec?/in. (5.552 x 1073 kg) = mass of =
b rotor Ve
— -
Al O
i . .
B o
3
oY 9
- ;o
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M2 = my = 0.3275 x 10‘5 lb-sec?/in. (5.745 x 10=% kg) = mass of gear
and pinion no. 2

M3 = mq = 0.2631 x 1u’5 lb-sec?/in. (4.615 x 10~4 kg) = mass of
escape wheel and pinion no. 3

W= my o= 0.1640 x 1072 1lb-sec?/in. (2.877 x JU~4 kg) = mass of
pallet

IXXl = I = 0,1222 x 10™® in.-lb=-sec? (1.383 x 10~/ kg - m2) = moment
1 of inertia of rotor with respect to El—axis (through cen-
ter of mass, see fig. A~3).

AL 'l'
Cagd
Caad

’'¥y)

"

',' ‘:AA"‘ .

IEEl = I = 0.1234 x 10”2 in.-lb-sec? (1.397 x 10~/ kg-m?) = moment of

inertia of rotor with respect to nl-axis

1221 » I__ = 0.1967 x 105 in.-lb=sec2 (2.226 x 10~7 kg-u?) = moment of
CCl inertia of rotor with respect to pivot axis (cl-axis)

0
o
=
=
oy

IXEl = I = =0,1012 x 106 in.-lb-sec? (~1.145 x 10°8 kg-m2) = £,-n,
product of inertia of rotor

IzX1 = I, = =0.,3656 x 10~/ in.-lb-sec? (-4.137 x 10~Y kg-m?) = z,E

product of inertia of rotor 1

IEZl = 1 = ~0.1770 x 107/ in.-1b-sec? (-2.003 x 10~ kg-m?) = n =g,
product of inertia of rotor

IX2 = I, = U.2944 x 10'7 in.=1b=gec? (3.389 x 1Y kg-mz) = moment of
inertia of gear and pinion no. 2 (about axis normal to
pivot axis)

1Y2 = 1y2 = 0.,2944 x 10-7 in.=1b-sec? (3.389 x 10~Y kg-m2) = moment of
inertia of gear and pinion no. 2 (about axis normal to

pivot axis and perpendicular to Xg~-axis)

122 = I,y = 0.4026 x 10=7 in.-lb-sec?Z (4.556 x 10~Y kg-m¢) = moment of
inertia of gear and pinion no. 2 with respect to pivot
axis

IXS = I,g = 0.2038 x 1077 in.-lb=sec? (2.307 x 1077 kg-m2) = moment ot
inertia of escape wheel and pinion no. 3 (about axis nor-
mal to pivot axis)

I¥YS = I,. = 00,2038 x 10'/ in.-lb-sec? (2.307 x 10™Y kg-mz) = moment oOf

inertia of escape wheel and pinion no. 3 (about axis nor-

mal to pivot axis and perpendicular to x -axis)

125 » I,g = 0.2125 x 1077 1in,-1b-sec? (2.405 x 1079 kg-m2) = moment of
inertia of escape wheel and pinion no, 3 with respect to
pivot axis
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IXXP = I = 0.1721 x 107Y 4n.~lb-sec? (1.948 x 10~V kg-n?) = moment
p of inertia of pallet with respect to £ _=~axis (through cen=-
ter of mass, see fig. A-2) P

R E IKEP = I = 0.3038 x 10°8 in.-lb-sec? (3.438 x 101V kg-m2) = moment
] h "My of inertia of pallet with respect to n -axis

1

IZZp = I = 0.1951 x 10~7 in.=lb-sec? (2.028 x 10~Y kg-w2) = moment of

ok » J p inertia of pallet with respect to pivot axis (cp—axis)

IXEP
Enp

1ZXxp

CEp

nﬁp

eneral Parameters

RCl = rcl
RCP = ep
RHOP =
pp
RPM = 30,000
PHILICD = ¢lc
PSICCH = Yo
b PHID = 139 deg
N : PHICUTD = 1485 deg
. \ MU = u
MUL - ul

§ LIRS i

" a e
h T PRGN e

''''''''''
—————

1 -, = Ep-np product of inertia of pallet
1 =y, = gp-gp product of inertia of pallet

IEZp = I - Q, = np-;p product of inertia of pallet

0.0567 in. (l.463 wm) = distance from pivot of
rotor to its center of mass

0 = pallet eccentricity
0.0227 in; (Ue577 mm) = pallet pivot radius
spin rate

=120,134 deg = rotor angle 1in starting position
(fig. 2)

0 deg = eccentricity angle of pallet

escape wheel starting angle of initial coupled
motion

cumulative escape wheel angle obtained from pro-
duct of total engaged rotor rotation and gear
ratio, The total rotor rotation for the M/3Y
iuze 1is 46.4]1 deg, while the gear ratio 1is 32,
Thus, PHICULD = 46.4]1 x 32 = 1485 deg.

0.10 = coefficient of friction of gear train
(pivots and tooth-to-tooth contacts) and escape
wheel pivot (constant for a computer run)

0.10 = coefficient of friction of pallet-escape

wheel interface and pallet pivot (constant for a
computer run)
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W = LL = L, » L; = 0,285 in. (7.24 m) = one~half of mean distance E?
between bearing plate surfaces ' .
-
' &1‘
Gear Parameters .
PSUBD]1 = Py = 80 = diametral pitch of mesh no., 1 (rotor and pinion i
no. 2) F
by
PSUBDZ = P4y = 100 = diametral pitch of mesh no. 2 (gear no. 2 and :
escape wheel pinion) o
NGl = N;; = 64 = number of teeth of rotor (full gear no. 1) ﬁ
NG2 = N;p = 36 = number of teeth of gear no. 2 :
NF2Z = Nyo = 9 = number of teeth of pinion no. 2 &
NP3 = Npy = 8 = number of teeth of pinion no. 3 (escape wheel pinion) ﬁ
CAPRPl = R, = 0.41214 in. (10.468 mm) = pitch radius of gear no. 1 ~
‘ ' (rotor) f
CAPRP2 = Kpp *= 0.19039 in. (4.836 mm) = pitch radius ot gear no. 2 i
RF2 = T,9 = 0,05796 in. (1.472 mm) = pitch radius of pinion no. 2 .
-
RE3 = rpy = 0.04231 in. (1,075 mm) = pitch radius of pinion no. 3 E
(escape wheel pinion) ‘ .«
v
THETAL = 9, = 24,215 deg = pressure angle of mesh no. 1 2
THETA2 = 62 = 27,326 deg = pressure angle of mesh no., 2 ;
Rl = 6?1 = 0,250 {n. (6.350 mm) = distance of rotor pivot from spin ﬁ
axis s
R2 = ®, = 0.317 in. (8.052 mm) = distance of pivot of gear and pinion
set no. 2 from spin axis &
R3 = 6{3 = (0,309 in. (7.84Y9 mm) = distance of pivot of escape wheel from
spin axis
R4 = 34 = 0,304 in. (7,722 mm) = distance of pivot of pallet from spin
axis -
RHOL = Py = 0.03075 in. (V.78] mm) = pivot radius of rotor B
KHO2 = Py = 0.015 in. (U.381 mm) = pivot radius of gear and pinion no. 2
RHO3 = Py = 0.015 in. (0.381 wm) = pivot radius of escape wheel - ;
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RHOF] = Ppy ™ 0.055 in. (1.397 mm) = friction thrust radius of rotor
(for computation of friction thrust
radius see p 268 in ref 8)

= 0,0294 in, (0.747 mm) = friction thrust radius of gear and
pinion no, 2

RHOF2 = DFZ

RHOF3 = p_ = 0,0294 1in, (0.747 mm) = friction thrust radius of escape
F3
wheel and pinion no. 3

RHOF = e ™ 0.1138 in. (2.890 mm) = friction thrust radius of pallet
CAPRBl = Ry; = 0.,37588 in. (9.547 mm) = base radius of gear no. 1
CAPRB2 = Ryo = 0.16915 in. (4.296 mm) = base radius of gear no. 2

RB2 = ry, = 0.05286 in. (1,343 mm) = base radius of pinion no. 2

RB3 = ryq = 0,03759 in. (0.955 mm) = base radius of escape wheel pinion
CAPROL = Ry; = 0.41425 in, (10.522 mm) = outside radius of gear no, 1
CAPRO2 = Ryy = 0.19404 in. (4.929 mm) = outside radius of gear no. 2
RO2 = ryy = 0.07670 in. (1.942 mm) = outside radius of pinion no. 2

RO3 = rgq = 0.05580 in. (1,417 mm) = outside radius of escape wheel
pinion

Jl = J; = 0 = initialization parameter for mesk no. 1 {The zero value
corresponds to earliest possible contact of mesh (ref 3).]

J2 = Jy = 0 = initialization parameter for mesh no. 2

Projectile Parameters

RX, RY, RZ =coordinates of geometric center C of mechanism plane with
regpect to projectile center of mass, expressed 1in
projectile fixed coordinate system with origin at point
Opr [This system is parallel to mechanism plane fixed XY
system (figs. 1 through 3 and C-1).]

RX = R, = 0.001 in. (0.0254 mm)
RY = Ry = 0,001 in. (0.0254 mm)

RZ = R, = 20.0 1in. (508 mm)

13

o R

¥

I T T

mT T T T T




s e,

¥rojectile Kinematics

the exprescions given in appendix E. The following parameters are incorporated:
For equation E-5, Kb = Kp = 100
For equation E~8, THETIN = 8 deg

WV = 2 deg
KN = 10

DDZ = ¥ = =386.4 x 10 (corresponds to a lu-g decel-
' eration)

Output Data

The data blocks following the input data represent the results of various
computations,

Fuze Geometry

The angles BETALID = B, to BETA3D = g. and GAMMA2D = y, to GAMMA4D = y
. 3 : 2 4
are printed for checking purposées.

Coupled Motion

The first coupled motion output refers to the entrance side of the
verge. For each time T of the coupled motion, the following variables are
computed:

PHL = ¢ = instantaneous escape wheel angle (deg)
PHIDUY = § = escape wheel angular velocity (rad/sec)

G = g = pallet ~ escape wheel contact position (in.) (ref 1, app C,
eq C-15)

PSID = ) = pallet angle (deg)
PSIDUT = § = pallet angular velocity (rad/sec)
PHITOT = ¢T = cumulative escape wheel angle (deg)

F23 = Fy3 = normal contact force of gear no. 2 on pinion no. 3 (1b)
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The projectile kinematics are programmed in subroutine AERQ according to
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Fi2 = F), = normal contact force of gear no. 1 on pinion no. 2 (1b)

gy
N

.
ot
Yy Ry

PN = P, = normal contact force between escape wheel and pallet (1lb),
! computed according to equation D-529 in appendix D

L

RSP S

PNPSI = P, = normal contact force between escape wheel and pallet
(1b), computed according to equation D=527 in appendix D

(serves for checking)

¢

Fi
»

)

DPHI2 = ¢ = escape wheel angular acceleration (rnd/secz), Runée-KuCCa
‘ output

Free Motion

The first free motion on the exit side follows the coupled motion on the
entrance side of the verge, For each time T of the free motion, the following

variables are evaluated:
PHI = ¢ = instantaneous escape wheel angle (deg)
PHIDOT = $ = egcape wheel angular velocity (rad/sec)
i PSI = { = pallet angle (deg)
PSINOT = & = pallet angular velocity (rad/sec)

FF12 = Fpyp = normal contact force of gear no. l on pinion no. 2 for
free motion (1b)

FF23 = Fpy3 = normal contact force of gear no. 2 on escape wheel pin-
ion for free motion (1b)

Impact

The first exit impact follows the first exit free motion. Just preced-
ing the IMPACT 1label, the program prints the values of VP = VNt and VS = Veu
which stand for the pre-impact velocity components, normal to the verge face o%
both the pallet and escape wheel contact points (ref 1, app D, eq D-13). OSubse-
quent to the IMPACT label, the following variables are evaluated:

PHI = ¢ = instantaneous escapc wheel angle (deg), same as before
impact

PHIDOT = & = post—~impact escape wheel angular velocity (rad/sec)

q - PSI = ¢ = pallet angle (deg), same as before impact
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PSIDOT = | = post-impact pallet angular velocity (rad/sec) .

PHITOT = ¢_ = cumulative escape wheel angle (deg), same as before
impact

I = } D i

VP = Vyng = post-impact normal velocity component of pallet at con-
tact point (ref 1, eq D~15) X

VS = Vgng = post-impact normal velocity component of escape wheel o
tooth at contact point (ref 1, eq D-13) b

In the present program, the post—impact VP 1is equal to VS since the coefficient N
of restitution is zero, N

2] .Js."iﬁi’;ﬂf; 3

Number of Turns-to-Arm and Maximum Contact Forces !

TS

wSLY

The number of turns-to~-arm at 30,000 rpm is obtained with the help of
that time T,,as which corresponds to the escape wheel angle PHICUTD = 1485 deg.
Thus, with Ty,g5 = 0.05094 sec,

‘,
L
il

LI ind S G S al

number of turns—-to-arm = 30280 x 0.05094 = 25,47 v
The maximum non~impact contact forces for the total cycle, for both ﬁ
coupled and free motion, are listed at the end of the output. . :
r
‘
CONCLUSIONS .
while it was not the purpose of this investigation to undertake a parametric .
study of the mechanism for which the program was written, the program was suffi- .
" ciently tested to confirm that such a study is possible. It may include varia- "
o tions in masses and monents of inertia of all components; variations in the loca- -
-y tions of the centers of mass of the verge and the rotor; variations of gear, ‘
-k escapement, and fuze geometries; as well as various friction and coefficient of
o) restitution conditions. 1In addition, the aeroballistic data can also be varied. ,
~ This makes it possible to determine the functioning limits of the mechanism under Y
v pathological projectile flight conditions. .
y j
| The present work reports only on a single test run using the M/739 fuze S&A :
fg data with a system coefficient of friction of 0.1. This 1s assumed to be repre- :
fﬁ gentative of actual test conditions since previous simulations of pin pallet ;
- escapements showed that the range of actual experimental results (with spin only) g
o may be reproduced with coefficlents of friction between 0.l and 0.2, and a spe-~ '
h . cial lubricant is used in conjunction with the M739 fuze. This choice of coeffi- :
" cient of friction is proven by the good agreement with experimental results. A :
1{ zero coefficient of restitution is used in the impact model (ref 1 and 2). !
E “‘q ‘l
1: Previous high-speed motion picture observations of pin pallet escapements -
:{ showed that the impacts were essentially inelastic and that a zero coefficient of §
E M:'; .
o .
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restitution was justified. 9imilar observations made on the detached lever
escapement of the M577 fuze timer confirmed this.

The test run showed that for a spin rate of 30,000 rpm, together with small
pracession and nutation velocities chosen in the manner shown in appendix E, the
number of turns-to—arm is essentially the same as that obtained in reference 6

where only spin was considered.
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APPENDIX A

KINEMATICS OF ARROBALLISTIC SYSTEMS
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ANGULAR VELOCITIES AND ACCELERATIONS IN TERMS OF PROJECLLLE~FIXED CUORDINAVTES

A projectile which experiences general aeroballistic motion, i.2, spin about
an axis through its center of mass as well as precession and nutation of this
spin axis with recpect to its center of mass, is shown in figure A-1l. (In the
figure, the spin axis coincides with the geometric axis.)

The spin angle, spin velocity, and spin acceleration are expressed by the
time dependent quantities ¢E’ $E, and ¢E° (The subscript £ stands for the Euler
angles, which are involved in this derivation.) Similarly, the kinematic quanti-
ties associated with the precession are wE' ¢E’ and éE' The nutation variables
are 0, éE’ and 0, (refs 7 and 8).

With spin, precession, and nutation angular velocity vectors, together with

their associated angles (fig. A~1), orthogonal angular velocity cowponents in
terms of the projectile fixed x~-y~z system may be obtained as follows:

Let
lﬂ| - - - -
y = -
3 Wha = Ol + myj + wk (A-1)
ﬂf . wvhere Gb represents the angular velocity of the projectile b with respect to
J the inerJ al frame a. Then
- . \/ p—
0 éEcos ¢E + wE sin OE sin ¢E (A=2)
wy - - éE sin ¢E + wE 3in OE cos ¢E (A=3)
w, = ¢E + ¢z cos 9, (A=4)

The absolute angular acceleration of the projectile, i.e.,

Wp/a = wxi + myj‘ + mzk (A-5a)

is obtained by differention of the body fixed quantities with respect to time.

Thus
W, = BEcos ¢E - éE&E sin ¢E + wE sin eE sin ¢E (A=5b)
+ wEeE cos OE sin ¢E + WE¢E 8in OE cos ¢E
wy - - BE sin ¢E - 6E$E cos ¢E + wE sin BE cos ¢E (A-5c)
. + WEBB cos 0E cos ¢E - wE¢E sin OE sin ¢E
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FIGURE A-1
PROJECTILE-FIXED x-y-z SYSTEM

Note: This system is later described
with capital letters X-Y~2

NOTE: This system is later described with capital letters X-Y-Z.

Figure A-1. Projectile-fixed x-y-z system
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&‘ = ¢g + Yy cos 6, - &Eég sin 6, (A=5d)

ANGULAR VELOCX'LTIES AND ACCELERATIONS IN 1EKMS OF PROJECTILE-FIXED COORDINAYLES

Yallet=-r¥ixed Coordinates

The relationship of the pallet—~fixed £ =~ n_ = ; sgystem with respect to the
projectile fixed X-Y-Z and x‘'-y'~2' systems Rs stown #h figure A~2 (ref 1).

The £ = n_ plane is parallel to the x'~y' and X-Y planes and contains the

pallet centfer of mass Cp. The cp-axia is parallel to the z and 2' axes.

The pallet angles ¢ and ¢ are measured in the §{ - n_ plane ani are other-
wise defined as in reference 1 Before determining th? absBlute angular velocity
and acceleration of the pallet, a uaumber of unit vectors should be defined,
According to equations H¥~2Y% and B-2Y of ref 1:

i' = - cos 631 - gin st ‘ (A~6)
and
j' = sin 831 - cos 333 (A-7)

Further, when expressed in the primed system, pallet fixed unit vectors become:

55 = cos Bi' + sin BJ' : (A-8)
P
En = - gin B1' + cos B3’ (A-Y)
p
where
B =y + wc (A=10)

If equations A~6 and A-7 are substituted into the above expressions, after
some trigonometric simplifications, the following expressions are obtained for
the pallet fixed unit vectors in terms of the X~Y~Z system:

ng = - cos ¢'l ~ sin o' (A-11)
P
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and

;n = gin o'l - cos &'} (A=12)

P

where

a! = ‘p + wc o+ 83 (A“13)

Because of the given parallel axes,

.

(A-14)

It the relative angular velocity of the pallet P with respect to the projec-
tile b is given by

(A=15)

then its absolute angular velocity Bp/a is given by

w -y + wb/a (A-10)

p/a p/b
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o0 express equation Ar{§ in pallet-fixed terms, it 1is necessary to transtorm ;ﬁ
equation A-]1 which gave mb/a" According to equations A-1l and A-12: i
i=-cosa'n +sina' n (A=17)

3 n »

p P i
-
and =
j=-sina' n - cos a' n (A-18) f:
4 n .
P p v
ot
‘Thus, one obtains in the pallet fixed system: —
Wyq = —[w, cos a' + wy 8in a'] ngp + [o, sin a' - 4, cos a') nnp ’g

- ;
+ wz nC (A=1Y) -
P S
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Finally, the absolute angular velocity of the pallet w /a becomes with equations
A-15 and A-16: ' P '

w - n, +w n +w n (A-20)
E
p/a p Ep " " cp cp
where
- ] ] -
wE (wx cos a' + my sian o') (A-21)
P
- L . ] -9
w“ w sian a wy cos o (A-22)
p
wcp = u, + ¥ (A-23)

The absolute angular acceleration o a of the pallet is obtained by the
differantiation with respect to time of %ﬂe measure numbers of equation A-20,

i.e.:
®, =m0 n, +0_n_ +o_ n (A-24)
a 5 g
p/ D Ep UL &% %
where
&Ep - - (&x cos a' - mx$ gin a' + &y sin o' + wy% cos a') (A-25)
O =0 sin a' + w @ cos a' - w cos a' + w @ sin a' (A-26)
" X b3 y y
wcp - + (A~-27)

Rotnr~Fixed Cocordinates

The relationship between the rotor-fixed £, - n, - §, system and the projec-

tile fixed X-Y~Z system is shown in figure Ari (se% also ref 1), The & n

plane is parallel to the X-Y plane and contains the center of mass C; éf th

rotor (referred to as 1link 1 below)., The ¢ —axis connects the point 0; on the
1

rotor pivot centerline and point Cy.
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The rotor angles &
sents the initial politibﬁ of thk §,~axis, i.e, the §
x-axis. ! 1

and ¢, are measurad in the gk - n plane, ¢¥i repre-

o xis, with respett to the

The unit vectors assoclated with the rotor-fixed system are given by:

EEI = cos (§, + ¢1)'£ +oin (4, + 4,1)] _ (A~28)

nnl = = gin (olc + 01)1 + com (¢lc + ¢l)j (A~-29)
and

n =k (A=30)
Because of the gear train, it is best to let (see ref 1, eq B-123):

P = Ny &y (A-31)
Then

YRt Ny by (A=32)

The absolute angular velocity ® / of the projectile is expressed in terms of the
rotor fixed coordinates with the ﬂhlp of equations A-]1 and A-28 to A=30:

wb/a - mxi + myj + wzk
- (cos Y 251 - gin ¥y 3n1) )
+ wy (sin v ng + cos Y n, ) + w, nc
1 1 1
or _ B}
Wp/a ™ [mx cos Y + wy sin v] nE1
+ [~ w, siny + w, cos v] nn1
+w_ n (A-33)

To obtain the total angular velocity Gl/a of the rotor, its relative angular
velocity &1 - N316 must be added vectorially to equation A~33:
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Oy /n ™ Byyg Ngp$ acl ' (A=38)

Then, with equation A-33:

;‘.’lla - wal EEl + ‘.“"1 E“l + w‘l 3‘1 (A-35)
where

wgl =w cosy+ Wy, sin v | (A-36)

mnl = -w siny+ "’y cos y (A-37)

wcl = Wy + Ny, ¢ | (A-38)

To obtain the absolute angular acceleration ) a of the rotor, differentiate the
measure numbers of -equation A-35 with respect M time. Therefore

W, =w, n, +0 n_ +o n (A-39)
where
mgl =u cos Y - o N31 d sin vy + my sin vy + my N31 b cos vy (A-40)

woo=- W sin vy - W N31 ¢ cos vy + ﬂy cos Y - my N31 $ sin vy (A-41)

O =0 +N.. b A (A-42)

Two Ways of Obtaining Expressions for Absolute Angular Velocities and Accelera~-
tions of Components, Such as the Pallet, in Terms of Projectile-Fixed Coordinates

Let it be required to express the absolute angular velocity and the absolute
angular acceleration of the pallet, as given by equations A-20 and A-24, in terms
of the projectile fixed x'-y'-z' system (fig. A-2). This is accomplished by
substitution of equations A-8, A-9, and A-14 for the unit vectors of the above
expressions.
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This leads to

Pl gig ~(10y cos By + uy sin By)i0 + (v sin 8y - uy cos 8,)]"
+ (mz + @)i'
(A=43)
and
69/& - ['&x cos B, - ﬁy sin 8, + ¥ (w, sin Ry = uy cos 33)]1'

xlylg!

+ [&x sin 8, - &y cos By + ¥ (u, cos B4 + v, sin 63)]3'

+ [mz + i’ | (A=44)

The same results may be obtained 1f the vector & is interpreted as a vari-
able vector in the primed system, which is attached to the projectile. #irst let
the absolute angular velocity of the projectile be expressed in terms. of the x'-
y'~2' system. This is accomplished by substituting equations A-6 and A=/ for the
unit vectors I and j in equation A-1. (The unit vector k is also k' in the pre-

sent systems.)

Then
b/ax'y'z- w -(w, cos B, + w, 8in §3)1'

+ (u, sin B, - w, cos 83)1' + w k! (A=45)

The absolute angular velocity of the pallet becomes, according to equation A-16

@ =)k + 0 (A=46a)
P/ayigige LIS |

or
wp/ax‘y'z' - -(wx cos B, + wy sin 33)i' + (mx sin 83 - w, cos 83)3'

+ (u, + V)i (A-46b)

This is identical to equation A=43.
To obtain the absolute angular acceleration of the pallet, the following

expression in which {‘E' is treated as a variable vector in the x'-y'-z' system
must be evaluated. Therefore,
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el

-y &+ &b/. x VR + Eb/a (A=47)
x

xO‘y‘l‘l .ylgl xly!:.

where differentiation of equation A=45 yields

el

w «(w_ cos By + 6y ein 8 )1' + (&x sin B

3. 5 = 6y cos 83)3'

b/a 3

xlyl'i

+ w‘k' ‘ (A-48)

Completion of all operations in equation A«47 leads to:

Eel

p/ax.y.z. - [-mx cos By = w sin By + @(mx sin By - u, cos 83)11‘

+.[§,x sin B, - &y cos 8, + v (wx cos B, + W, sin 33)]5‘
+ [wz + w]kl (A-ag)

This expression is identical to equation A-44.
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Angular lomentum

The angular momentum vector H,, with respect to a point 0, has the general

s I s

¢ expression:
i0 f [Ixx“x - Ixymy - szwzli
+ [--Ixyo.\x + Iy - Iy;wz]E
+ [-szmx - Lyguy + Izzmz]i | (8-1)

The above holds for all types of body-fixed and space-fixed coordinate systems.
1f principal axes are involved, the products of inertia vanish. Note that the
angular velocity component uwust be absolute,

Vel

ial

~Derivative of Body~Fixed Angular Momentum Vector: Torque Equation

Body b in general motion is shown in figure B«l., 1t contains the body fixed
- X~Y=Z system and its angular momentum may be expreased with the help of equation
B'lo

The time derivative of the angular momentum with respect to the inertial X,-
Yo-Z, 8ystem 1s obtained from: :

- d (= - = :
» Ho/xoyozo - It (HO)XYZ + wx Hy (8-2)
»
lﬁ where
';S 3% (ﬁo)xyz = derivative of the measure numbers in equation B-1
o and

> s

€1

0

A -‘J";Q

x iy = (ud + ugd + wk) x H,

It is to be recalled at this point, that the absolute angular acceleration of
body b is given by:

-

© = mxi + myj + mzk (B=3)

" Both @ and & are now expressed jn terms of the body fixed coordinates.
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Upon performing all operations of equation B-2, the torque equation with
respect to point O results:

-
-

- ;[ -
% /X ¥ 2,

[I'xxmx +ow/(I =1 )+1

y zz Yy

" Ik (“’z + wx“’y) -1

+ [ Iy + we (I-1, ) vz

. 2 2\ 4=
- Ixy(m +ww )= sz (w,° ~ w,")]3

x  y'z
e * (g0, + “xy (IYY-Ixx') * Lox (w0, = wy)
= . 2 2y
‘ -1, (my +uow) - Ly (v - wy ) )k (8-4)

TR A

When Iyy = Iy, = I;x = O, the above expression becomes the well known Euler
torque equation.

.

Derivative of Angular Momentum Vector Which is Described in Terms of the Body-
Fixed System of a Carrier: Vector-Torque Equation

Ay
3
]
N
‘,:

The carrier body b which has general rotational motion is shown in figure B-
2, Its absolute angular velocity and acceleration are given in terms of the
indicated body~fixed system, 1i.e.

.

Wprg ™ wb/axi + mb/ayj + “’b/’azk (8-5)
and

: L ] - [ ] - . - . .

mb/a - wb/axi + wb/ayj + wb/azk (1h=6)
respectively.

‘The symmetrical body c rotates about an axis parallel to the 2-axis with
regpect to body b with the relative angular velocity

B/ ™ WoypltI® | (8-7)
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N ' If the absolute angular velocity of the body is expressed in the X-Y-Z system and A

& fixed to the carrier (projectile), the following is ohtained: ‘..

~SR - S

] 2

4 “/a ™ Y%/b t %b/a (-8) F

g o« .~ (For comparison see equation A-46.)

s: | f | -

f:'. _ ».’ To obtain the absolute angular velocity P /a in terms of the projectile

> X fixed system, interpret w, /b as a variable vector I the X-Y-2 system. Then,

& e - — -
£ * L4 - - O -
wc/ax Y 2z " Ut %ra X % T Y/a (8-9)

000

N - <o where
. N 3 ® , Ik, the relative angular acceleration of component C with

' i C/a Céb

o 4 réspect to projectile b

:'I ’ . n:’ -‘

". “b/a = given by equation B-6 y
7 w
Because body ¢ 1is symmetrical, its products of inertia with respect to its E

center of mass C, are zero. This symmetry also makes it possible to express its e
angular momentum with respect to point C. in terms of the hody-fixed system of o
the carrier b. (Regardless of the angle of body ¢ with respect to bhody b, the {:}423
moments of inertia I . and I, , expressed in terms of body b, remain invariant.)
The angular momentum vector, with respect to point C., appropriately reduced, e
hecomes according to equations B-]l and B-8: 2

Hcc - Ixx“\)/axi + Iyymb/ay:l + 1, (%/az tow b)ft (B-10) ;"'_:z;

The vector ﬁc must be interpreted as a variable vector in the carrier-fixed

= —

N coordinate system,® 1Its time derivative with respect to the inertial system is L

b7 therefore obtained by the following operations: vl

%] V.

2

i ‘o d .

] - - .

iy — + B-11

: "o Xy Ot (ﬁcc ez * %a % “cc (3-11) 2

g © o 0”0 2N
8 3 3
" 3 i
i
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When applied to equation B~10, the following is obtained:

.
r-
. s

2

: * -~ [] - . . -
He * e Yb/axt * Lyy Yp/ayd * g (Oy) gz * Be/p Ik e
c/X Y Z ; b
00 0 -;ﬂ

* (0 gt ¥ Upjayd * Ohyagk) X [Ty el + Lyy “b/ayd o

+ Izz(wb/az ¥ wc/b)k]
(B~12) i

The above becomes the torque equation with respect to poilnt (. :

HCc/x vz hCc " [ax * Liz¥/ay (“b/az * %e/n) ~ I)ry“'b/ay“’t»/Jaz]JL
o 0 0

Iyymb/ay + Ixwa/axmb/az - Izzmb/ax (mb/az + wc/b)]j

+ {

+1,, (mb/az + wc/b)i (B~13)
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The relationship betwesen the center of mass Cpp of the projectile and the
o center of the plame, where the S&A mechanism is located, is shown in figure C-
v l. Note that the origin of the projectile fixed X-Y-Z system lies on the geo~

.
x

‘

metric axis of the projectile, fthis axis is assumed to be parallel to the spin i;-.;
axis of the projectile. The center of mass of the projectile, about which all E-.‘;
rotation takes place, lies in the same plana as the origin Opp of the hody fixed {3‘.;
system. The poaition vactor of point .C with respact £o the center of mass is o
given by: !’"
.-‘\

- - - - l"-‘

R= Rx1+kyj + Rk (c-1) i

L

e e
r".._..- Y
-y R A

It 13 assumed that the deceleration of the center of mass due to drag is only in
the Z-direction and that it is given by

--—

Py
PPt R ]

A -2k (Cc-2)
CPRI ground

iy s B
e

« «:r*"
e eme 3
Lok RN

»

The ahsolute acceleration Ic/ground of point C, may then be obtained from:

- o -—

CETFE S
(2]

7 A LD o ]
b ’ . & v.l PRSI I P
B R S A I

e
e
AN

” AC/ground - ACPR/ ground +

—— s

wx (xR + xR (c-3)

e = -NETE @ and W are obtained from equations A-1 and A-5, respectively. (For clar-

ity they were designated as z\’/‘ and &L/B in appendix A.)

When the operations of equation C-3 are carried out and equation C-2 is
substituted, the following is obtained:

RC/ground - Gx.:I + Gyj + Gzi (c-4) %
where ,,
G, = (R, + szz) % ~ (wyz + mzz) Ry * (J’sz - (:'ZRy) (c-5) Z:"
G, = [wa;... msz) w, = (“’xz + wzz) Ry + (c:ssz - (:)sz) (C-6) E.
G, = (wR + R )y - (w2 + wyz) R, + (4R - 4R )+ 2 (c-7) L

T v
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Relationship between center of mass C

and center C of mechanism plane

Figure C-1.

£

!
*‘.‘
7 &
ﬁ. &
y YW
p =
; :
- o)
-
E
K

Y . O o AT e DR e ; - . - . R
TR DHEAGLY fey T A S S T Iy | RLACLANL: © I ST E
- N G YN T 3 e e i et IR L 2 et

y - RS T 5 " > o .
4 Fatet cdal e vieeinei e s en] B s



DORGELEY ) NERERGAENND, W LS S IATRE

TR . g LI - “
e a\n B “ i s 5L - \l\ « . #ca W w - - - - - e
T %"t 2_*_4 Il SRR e i k- S se_ LRI -OA;‘- n S -,n.- h L NE TN Tt A R e lesell ] 3
. h_o_ — Tete RZrS P Tt N i 1 tal iiffs "ot X -1” LR RS A LR R A S -
talalatal s . Yo s .h - P.D.h’wr. EA A i) M...I*f!.uh, .

e WA, Bh B By o st X.g Ty Wie W85 R ‘ME
)
)
1]
v
—
'#
.
.
3
-~y
2N

[a s

.

(i WL W)

=,
T

A TR L,

D

x

T

m o d

’ .2
m-

w ) ¢

y ol

g R:

y T

¢ A

Y

“

o g v

-
g9

~- <o
3 < >
: 9
,; . N
2 e
L4
5

APPENDIX D
DYNAMICS OF ROTOR-DRIVEN S&A MECHANISM WITH A TWO-PASS INVOLUTE GEAR TRAIN
AND A VERGE RUNAWAY ESCAPEMENT OPERATING IN AN AEROBALLISTIC ENVIRONMENT

E ] T -

AR BRFRIVRYY FEERETEE . TAXECEIRE - MR




BLANK PAGE



it

S

3 A P

LR AT B

 Fd

b e e i R

P R Wy W S d P e Beg, Ba 0l ST W g oy
I RV A S Wi SV W PR

Geonetry of Fuse Body Configurations

. The two possible fuse body configurations of reference I are also accomuo-
dated in the present simulation. Therefora, all work concerning fuze body angles
in this earlier report are also applicable here.

Dyninlca of Pallet and Escape Wheel in Coupled Motion
Absoute Accelaration of Pallet Pivot UP

The position of the pallet pivog Op With respect to the geometric center
C of the mechanism plane is shown in figutx D=1. In addition, the relationship

of the projectile fixed x'~y'=-z' gystem to the projectile fixed X-Y-Z system is
indicataed.

The absolute acceleration of point 0P is given by:

AOp/ground - AUp/c + A'C/ground (v=1)

yhere, Ac/ground is given by equation (-4 of appendix C and
AOP/C = wx (wx &k) +wx@, : (L-2)

In the above, » and ® are obtained from equations A-l and A~5, respectively, and

6'{4 - 6{4 n, (b~3)
where, in the primed coordinate system
54 = cos Yéi' + sin Yﬁjl (D-4)

After transformation into the X-Y-Z system with the help of equations A-6 and A~7
and some trigonometric rearrangement, the following is obtained:

n, = - co8 (Yﬁ + B3)1 - sin (Yé + 84)3 (D=5)
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Equation D=3 may now be written as: t

[ . - - - - i
? ' - ‘ 4
i ﬁ‘ - Q1 +ay3 = R, cos (yp + 8y )3 R/, sin ("p + 53)_1 (b=6) ;
. N

0

With the above, squation D~2 is now evaluated: ;

h

Aop/c -H i+ Hyj + i,k (D-7) \

where L

o= [R,u u -@ (m2+m2)-ﬁ a_) (b-8) :

x by "x 'y 4x \y z 4y 2 ;

H, = [R,_ o w -& (m2+w2)+ﬂ o] (b=9) g

y bx "k Yy 4y ‘X z 4x 2 (

.z [(‘%: “% +“l4y vy ) g ¥ (aloy U ~ alox wy)] : (L=10) E

The acceleration A is evaluated according to equation D~1 with the help ?

, /ground b
o of equations C-4 and -7, i.e., .
“ Aop/gmund - (qx + nx)i + (Gy + Hy)j + (Gz + 8, )k (p-11) E

r

tor later computational convenience, the above expression is ctransformed into the ﬁ

X'~y'=2' system: :

&

A - re I e -12

Aup/ground Kxi + Kyj + sz (b=-12) :

where 5

K, = - («.,x+ ux) cos B, = (c;y + Hy) sin 8, (D-13) f'

]

K, = (ux + ux) sin B, - ((,y + uy) cos B, (L-14)

(b-15) :

Kz’ Gz+ﬁz

[ a3

Acceleration of Pallet Center of iMass Cb with Respect to the Pallet Pivot Op

™

when the relative acceleration of the pallet center of mass with respect
to the pallet pivot 1is formulated in terms of the pallet-fixed E ~ §_ coor-
dinate system, the following is obtained (fig. D~2): p P

-ml e
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where

Appropriate substitution and evaluation of equation D~16 furnishes:

- \ 2 \ 2, -
As 1o ™= To { [—'(qx sin a' = u, cos a')” - (wz +¢)°] n
PP P P
+ [8in a' cos & (wyz -‘mxz) +we (cosza' - sinza')
+w_ + ;] n
% z np
s + [- sin a! [wx + 2my v+ wy”h) + cos a' (my
* - 20, ¢~ o]l ncp } (b=17)

The above expresslon is now transformed into the x'~y'-z' gystem (again
for later computational convenience) with the help of equations A~8, A=Y, and A~

14:
-1 i+ Ty I+ T, ke (v-18a)

where

A _2 1_2 '
rx rcp[ 0 sin 83 sin « wy cos 83 cog o

+uw sin (o +8) = (o + 1)? cos 8 - (&, + v) sin 8]  (D-18b)
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T =r_ |- o,

cos gin a' + w
b4 cp B3 y

. 8in 83 cos a'

+wu cos (a' + By) = (wz +9)% sin 8 + (&z + ¥) cos 8] (D-18c)

T, ® Tep [~ sin a' (w *2u b+ wymz)

+ cos a' (wy “2w ¥~ wxwz)] (D-18d)

Absolute Acceleration of Pallet Center of Mass Cp

=

The total acceleration of the pallet center of mass is given by:

-

A = A +
C ound ¢ /o AU ound
p/gr un p/ > p/gr un

T e

e Py

(D=19)

L5
%

Substitution of equations D-12 and D-l8a into the above yields the following
expression:

ACp/ground "

[- w 2 gin By sin a' - wyz cos By cos a' + w o sin (a' + 33) .

{rcp x

- (w, + $)% cos 8- (&, + ¥) sin 8] + K }T

+ {rcp [~ wxz cos B, sin a' + wyz sin By cos a' - u b cos (o' +8,)
- (wz + @)2 sin B + (&z + ;) cos B] + Ky}]'

+ {rcp [- (éx + wywh) sin a' + (&y - wow ) cos af
-2 (v, cos a' + w, sin a' )] + KZ}E' (0-20)

Signum Functions

Betore deriving the equations of motion of the pallet and the escape
wheel, it is necegsary to introduce two signum functions which will be used to
determine the directions of the friction forces at the pallet-escape wheel inter-
face and at the pallet pivots, respectively (ref 1). .
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The relationship between the contact point 5 on the escape wheel and the

coincident point T on the pallet is shown in figure D-3a. The signum function s,
makes use of the relative velocity Vs/T3 i.e.

Py

Va/m
- 3 (p-21)

8
b TVgypl

SRR B

Ihe signum function 8, which 1is associated with pallet rotation, is
defined by:

8. = .r?.l. (D"ZZ)
5 ¥

Pallet and Escape Wheel in Entrance Coupled lMotion

IR e

A free body diagram of the pallet with the normal force p, and the fric-
tion force uP acting on its entrance working surface is shown in figure D-3a.
The normal and friction forces acting on the upper and lower pivots of the pallet
are shown in figure D=3b. For verge nomenclature see reference 1.

%

7

R

Force Equations for prallet. The force equations for the pallet in
entrance coupled motion are obtained from Newton's law according to

X F bl mp ACp/ground (D-23)

. e w T

“A
1
4
1

where the acceleration A, of the pallet center of wmass is given by equa-

C round
p/s

tion U~20. The sum of the forces 1s obtained with the help of the figures wen~
tioned. (For escapement forces, see equation E-43 of reference 1l.,) Equation D-

23 becomes:

- - . .
Pn o, + ulsaPnnt + ”z k ”xu'i

- “155Fx'u it + a5"1Fy'u i
N T ] e W 3 - ¢ )
+ ¥ ' + ¥ L j' + “lssbx'L 3 ulssry,L i

x'L y

=m Urcp[- wxz sin B, sin a' - wyz cos B, cos o

+ wxwy sin (o' +B3) - (wz + &)2 cos R - (Gz + y) sin B] + Kx}I'

Bt 4 AR

rs
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Pallet rotates ccw
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Figure D-~3b. Pallet in entrance coupled motion,
forces, and thrust friction torque acting on pallet pivots.

(Thrust friction
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2 2 .
+ {'cp[- w, = cos 83 8in a +‘“y sin 83 cog a' = ”x”y cos (a' + 83)

- (wz + @)2 sin B + (&z + ;) cos B] + Ky}j.

+ {rcp[- (“x + 0 wz) sin o' + (wy - mxmz) cos o'

y
- @ ' ' K !
2 wp (wx cos a' + Qy sin a )] + Kz}k] (0=-24)
N where
u?
f; Fx'u and Fy'u are the normal force components acting on the upper pivot

2

Fy'y, and Fy'L act on the lower pivot

e
o

¥

¥ represents a8 thrustforce exerted on the pivot shaft

- >

. i oo
oW P A )
N RPN

Note that, as in reference !, the force and mowment equations of the pallet are
given in the x'~y'-z' system for computational convenience.

..

& o5

The unit vectors @, and ﬁn are expressed according to equations B-5
and -6 of reference 1 in the primed system as follows:

..
¥, -

Ay
s a

o]

A
!

AL

;t = cos (Y + a)i' + sin (Y + a)]" (L=25)

En = = gin (¢ + a)i' + cos (¢ + 0)3' (b-26)
The angle a is associated with the pallet and is different for entrance and exit

contact.

Substitution of equations D=25 and D-26 into equation b=24 fur=-
nishes the following component expressions:

x' = component of force equation

- Pn gin (¢ + a) + “154 Pn cos (p + a) - rx'u + ulsb ry,u

-] n - 2 [}
x'L " U185 Fyep ® {rcp[ w " sin B, 8in a

wyz cos 63 cos a' + wxwy sin (a' + 83) - (wz + @)2 cos

(b, + ¥) sin 8] + K} (b-27)
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y! > component of force equation .

.

P cos b +a)+ W8, ¥ sin (y + a) - Ey,u ol L PRSP

2

- - 2 ¢ 1]
+ s, F, mp{tcp[ w," cos By sin a' + u " ein By cos a

y‘L )%

- wgu, cos (a' + 83) - (ug + &p)z oin 8 + (&' + §) cos B

* % | . (0~28)

+

' - component of force equatibn

¥, = m, {r (&x + mywz) sin a' + (&y - ww) cos a

epl”

-2 (v, cos a' + wy sif a)] + Ki} (D=-2Y9)

Moment Equation for the Pallet., The moment equation for the pallet must
be written with respect to the accelerated pivot point 0p=

- - - -4 -. -i s -

hop Abp/gtound x mprcp (cos Bi' + sin B3') + ﬁopx'y'z' (b-3v)
where

ED = gun of external momwents about point Up It is assumed
P that O, lies in the plane of the center of wass of the
verge (normal to the verge pivot axis). It 1is also

assumed that the forces vn and plsaen lie in this plane.
Aop/ground ?gsolute acceleration of point 0p according to equation D-
ﬁu x'vizgt the rate of change of the angular momentum of the verge
p y with respect to point U,. This expression 1s obtained by

adapting equation B=4 to the parameters of the pallet and
transforming the result into the x'y'z' system.

Determination of ﬁb 1

P

1he _homents due to the verge contact force P and the associated fric-
tion force u.s Pn are taken from equations E-48 of reterence 1. The moments due
to the pivot forces, both normal and frictional, are obtained with the help of
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the figure D-3b., The symbols p_and p, stand for the pallet pivot radius and the
pallet thrust friction radius, ﬂ&npec:fbcly." Thereforas,

“up =Dy by k' = u 8,0 Ry K= uyagpy ¥, K

+ (L, k' o, IR GRS N A

+ (Lh k' +p_ 1i') x (= Fprg 3' = uy8g Koo 3')

P
* (=1 & - o ') x (Fy‘L 3" - ey Foug i)
+ (- L, ko« Py 1) x (Fx'L I+ M8 Fop 3) {L=31)

The above hecomes:

| Mbp - [Lu Forg + 1y by %s Fx.u.+ Ly, Fyup * L, w8, Fx‘Lli'
) L3 - " L] - -] < []
+ [Lu H185 l'y'u Lu l'x'u + LL u155 l'y'L LL rx'L]j
[ ' - ; - ]
* ey (o) = us,C1) = w ok, — o e Ko

T PH1%s Fyry T PR Bs Fyip T P8 By IR (0-32)

Deternination of - X mre (cos B 1* +8in B J')

Aup/ground p

with the help of equation D-~12, for the above cross—=product the following is
obtained:

- (Kx i+ Ky i+ Kz k') X mprcp (cos B 1'¥+ sin B ')

= Kz gin g 1' ~ mprcp Kz cos B 3" ~ mprcp (Kx gin B - Ky co: Rk’
' D-33)

r
P cp

= KReference 8 for determination of thrust friction radius, p 268.
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Determination of \lo x'y's! }kf:T
) S

As stated earlier, equation B~4 must first be adapted to the pallet fixed t—
coordinate system with pallet related nomenclature. This leads to: ﬁ;-'.;;

- [Iu\; €-0- Wty (I“p n%)"‘ 1‘.;% (wuy - ':’n) ,;:
S k-

I‘% (mc+ ‘“g‘”n)+ IHC

P
F g oY 2

P

+ [I"'b b, + wew (IE% rc$)+ I“‘p (wgu, = &)

A L -
DAL A et

N

»
-3 ]

T L

gt oo ) - y

. i
3 + u+wm(1 “1,,)+v1,, (0o - ) :.
) ccp 4 ", Efb ch ng 3 t

j ?ﬁ: n w + we, ) = E‘ (wa2 - mnz)F\; (D-34) t;
i % ) P ::
G .

The angular velocities and accelerations of the pallet are now
expressed according to equations A-21 to A-23 and equations A-25 to A-27, respec-
tively. Subsequently, the unit vectors ng, n " and n‘ are substituted according

to equations A-8, A~9, and A-14.

2k %

B

.

oy

SEE 8 P

These operations result in the following component expressions for

Hopx'y'z' :

" . 2 o -
“opx' =A HA bR A VA Y (0-35) e
r A +A DA PHA Y (D-36)
) Y' 5 6 q’ 7 \P 8 ll’ P:Q
P ~
where it
v,
A, = cos B { cos o + 4 sin o) =
1 EEP Y -

(I -1 Ju (w sin o' ~ w cos o) :

ccp nrb z X y

'+ in o )+ ( JR ' P
IEYL [mz (“'x cos o “’y sin o ) (wx sin «o “’y cos u) -
o
F.ﬁ
7z
L : ! ;’ﬂé e "; ."'1. i::i!'.";.:': _'..‘. :‘:i‘; v _':*.i‘.:;f N T o T e W T T T T T T e e .,—-}':-
s LTI, .JL ‘ "l 1 1 q_._g w o L ""!'»—h"-‘.e'-""' . e,




[(w cos o + u sin c‘)(u&sinq‘-u&cola)-&'] .

Lo,
S Iy [(4 otn o = u cos @ f-ultl) .
- sin B {1“) [ sin o - J;ycoa o ]
—(Iup {p)uk(u;(cooc-fuyoin o)

- [us‘cona'-!-mysina)(uxsina'-wycoau')+w]

‘p

+IE%[(u;‘ cos o *+ og, sin o' ) = u (4 sin o - W, cos o' )]
ICEP [mm2 - (4, cos + @ Sh.‘ o P11 (p-38) |

' - - + 21 sin B8
A, = (4 sin o' - @ cos o )[(l‘.ﬂ:p + I“p In%) cos B e, ]

(w, cos o + @, sin o' ) [2 Ie%cos B+ (In - IE%-'. I&‘:p) sin 8]

b

+2u (I‘_l cos B+ Ic% sin 8) | (p-39)

- +1 sin B (D-40) |
A3 In cos B Cﬁp i
A =1 gin B~ I cos B (D-41) |

4 CEP

- gin B |- IEEP (& cos o + w sin o)

5
+ [I“p - Innp] W, (mx sin o - w, cos o ) ;

: : , |

TI’.z‘,\)[--mz(mx cos o + 4 sin o ) - (u sin o - 4 cos o )] .

[~ (u, cos a'+us,s1na)(ug(sina'-wy<=08 “')"“:’z]

s .
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. | - In"[(c& stn o - § cos d Y - w,lzl}

e w

(o:;‘ sin o - &3' cos o )

+ cos BV{I

PR R €
© [

._.'F, I;' P L.
ey R TR Lo

AP

)
- [IEED - I“b] W, (w cos o + §, sin a')

4 cos o + o, sin o )(y, 8in o =~ W, cos o ) J»z]

AR

e [

S e
o v a7

NPT TR TR T T g -
RN TR LYY T
PR W s Tese e i e ney el

e PR e
SO 3 “e =e
AT AR
AR LA

IE'\p[—(&x cos o + J)y gin o )+ w, (“x sin o - “’y o8 u')]
- Izgp [wzz - (ug‘ cos o + (‘S' sin (!')2]}

(D=-42)

>
|

(w oin o - w cos o )[(T,, +I__ -I_  Jsin 8~21I, cos B]
X Yy EEP QCP nnp E"\p

\ u - -
+ (mx cos o + u sin o M@ IEEP+ ICCP)COB g~ 2 Iﬁfb sin 8]

b
) +2 0 (xn% - Ic&;p) (D~43)
) Ay =1 sin 8- 1 cos B (D-44)

ng, O 58,

sin 8+ 1 . cos B) (D=45)

%

A9 - Iccpmz - [Innp - IEEP][(meOS o + mygin of )(wxsin o - lﬂyCOS o )]

R

A e e B iie. 2 2 i —er e
A T T TTUILY xR
I Y ) P chwiale,

i~

A, = -

8 (I ;Ep

+ 1 [mz (u, sin o - w, sin o )+ ((:)x cos o + J’y sin o )]

%

1
nCp

R §

[(«Bx sin o - J’y cos o ) - w, (mx cos a' + w, ein o )]

g AR - vy
B trenmaas
RS

2
- ' 0 - ' - ' -
1, [(w, cos o + 4 sin o ) (w, sin o w, cos d Y] (p-46)
A, =T (D-47)
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”ig? o Jimplification of Force and Moment Equations, In order to be able to
. solva for t'.F\‘o upper and Tower pivot forces, both the force and moment component
CE QQuntionl are now rewritten in sn appropriata simplified form,

}* l‘x'-comg‘omm: of the Force Fquation
v _ | Kquation D=27 becomest
i | “Fxru * Ay Fyrg ¥ P, = Ay Py
. 2 N
i "Appt Ay VAL VA, VR A,

whera

(D~48)

Ajy = Wy 8y (D~49)

[- wxz sin @, sin of - myz cos B, cos of

oS
S

f—

~N

r
P cp
2 . .
' - -
+ 4w sin (of + 83] w" cos 8- u sin g]+ my Ky (D~50)

Pt

v el 1@-: 8

ety

crea
A

(p-51)

L

A13- -2 wz mp rcp cos B

W o B
L

Al‘. - - mp rcp cos B (D'SZ)

(p=-53)

Y "‘g

Alr, - - mD rcp sin B

b,
i Ag = - ["1’4 cos (p+ a) - sin (v + a}] (D-54)

y'-Component of the Force Equation

NI
2l Equation N=28 becomes:

A&

£ o, "All FX'\I - Fy'u + All FK'L + FY'L

,“‘" . ‘2 " -
g% -A17+A18 v+ A19 v o+ Ay, v+ Ay P (D~55)
.”_} where

Ay » n, Fep [- mxz cos B, sin o + myz sin B, cos o

N -y cos (o' + B )- o’ sin B+ § cos A]+m K (n-56)

: Ajg = ~ 2 ™ Tep U sin B (p~57)
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i Alg = - m, Top 0 8 (D-58)
. A20 - mp tcp cos 8 (D-59)
Ayy = = [cos (v+ a)+ us, sin (v+ a)] (D=60)

g'~Component of the Force Equation

“RBquation N-29 is rewritten to reéd:

Foo = Ayy + Ay3 ¥ | (D-61)

The tilde 1is now used to indicate the conservative nature of this force, when the
terms A,, and A23 are nade absolute.

) Thus
' é Ayy = th Fop [~ (‘:’x * ) sin o + (&y - gu Jcos o |+ m K,| (D-62)
" and
S ‘
;}‘ A ] ]
Agy = |- 2 o Tep (w, cos o + W sin o )| (D-63)

The absolute values in the above expressions will be useful later (eq D-123).

€ SR A

x' =~ Component of Momernt Equation

The x'-component of equation D-30 1s obtained with the help of the x'-

'i components of equations D-32 and D-33, as well as equation D-35. Therefore,
g Lu Ary Bery + Ly Fyry + Ly Ay Fyop + Ly, Fyog
a ] ° .2 Ll
‘mprcpkzsin B A+ YA+ YA+ YA, (D-64)

s

y'~Component of the Moment Equation

DS

The y'-component of equation D-30 is obtained with the help of the y'-
components of equations D-32 and D-33, as well as equation D-36:

= Ly Fyrg + Ly Ay F'y'u = Ly Feop ¥ L A F'y'L

. .2 (1]
. -y Tep K, cos B+ Ag+ A, Y+ Ay ¥ + Ay ¥ (D-65)
65
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g'=Components of the Moment Equation

The 2'-component of equation D-30 is composed of the z'-components of equa-
tiong D~32 and D-33, as well as equation D=37:

t - oX) - - u -
by (0] =wscl) o, A ¥, Po Al Fyw T Pp ALy ey

W s e e e e — B e e = e o — ,;

=00 A1 Ty TP A e

- —e

R T (Kx sin 8 - Ky cos B) + Ag + ALV (D=66)

Solution for rallet Pivot Forces. ‘The force Fy'y, Fy'y, ¥Fx'L, and Fyry,
are obtaified from the simultaneous solution of equations D-48,” D=55, D=64, and’ b~

65. The force ¥,, 1s given Ez equation D-61. These five forces are eventually :
substitutad into equation D-66, and the resulting expression is solved for the :

contact force Pae

T e e e

The simultaneous set of equations becomes

- e me———— -

p— ‘ . -y r~ - ~ A
-1 A1l 1 ~A]] 'x'u Bp)
~A -1 A 1 [ B v
11 11 u 2
y .| P (h=67)
LuAl} Lu LLA11 LL Fx'l Bp3
“Ly LuA1l ~LL LLA]L Fy'L Bp4 :
L o =3 ~d e -d E
where ;
B.wA, +A. D+A, o +A, p+P A (D-68) 'i
pl 12 13 1 ¥ T N n “16 ;
BomA_ +A. V+A, V¥+A. v+P A (D~69) 3
p2 17 18 19 20 n 21 :
i
2 (1) . ;
- + A -
Bp3 mp rcp Kz sin B Al + A2 & + A3 @ + Ab P (D=-70) :
- - 2 (13 . i
Bpd m T, K, €08 B+ Aj+ Al b+a b Ay (0-71) :

Cramer's rule will now be used to determine the four pivot forces
Fe'us ¥y'u, Fx'L, and Fy'r. To this end, the coefficient determinant D must be
found fz}st.
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The coefficient determinent of equation D=67 is given by:

AT S AFLI Al o ¥4

. \ ;
‘ -] Al 1 -A}) E:
pae | TMn -1 AL ! (p-72) :

LyAp) Ly LA Ly E

Ly LuAll -l LiA) L

Evaluation of the above furnishes:

Frroo

| b= [(L +1) (1+ Auz)]2 (D~73)

T e e
BARAIE

IRRARE L g B
AR P

‘S$ince, according to equation D~4Y

A%  (D-74) :

and s% is always equal to unity (eq D-22), the coefficient deteruminant becomes E

p=[(L, +1) (1+u))? (D-75) "

u L 1 .

~

Evaluation of Pivot Force F_, s

X'u ﬁ

'3 The pivot force F,. 18 obtained from &
':1 D, :r?
& bx'u e
Ry Few ™™D (D~76) ;
where ’ %

Bp1 ApL 1 A1) b

By, -1 A 1 #

p2 | 11 ] ,

g iy ™ (0-77) -

" Bp3 Ly LLALL Ly, v

Bpl& LuA)l ~-Lg, LLALl :',:

;

~
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Evaluation of Dy furnishes: _ L
x'u

2
P " (g + 1)) Qra, ) [=ny By = Ay Ly B, + A By =8, ] (0-78) .

After substitution of

e 4~ W e W g

a2 = | (D=79)
the following is obtained
2 : Jou
P o " (g + 1)1+ )l Lu Bor " A By By t Ay B By, ] (080
Subsequently, equations D-4Y and D-68 to D-71 are substituted into the above and

the coefficients of similar terms are collected and made absolute. The latter is
done to get conservative pivot and friction forces. This leads to:

DFx'u - (L, + 1)+ uf] [c, + ¢, ¥+ ¢ w2 ¢, v+ ¢ ¢, ] (p-81)
where ‘ .
Cp= |- Ly App +uysg (&4 = Ly 4)) - A
"> Tep X (u 85 8in 8 + cos )1 | (D-82) .
Cp = |~ Ly Ay +uysg (A = Ly A)p) = Agl (D-83)
C3= |- L, A, +usg (Ay = L 4Ay) - A : (D—&Aj
Cy = |- Ly Aps + ey (8, = 1y Ay) = Al (D-85)
c (D~86)

5= 1= Ly Ajp = uyss Ly Ay |

Finally, substitution of equations D=75 and D-81 into equation D-~76 gives the now
tilded pivot force

~ 1 . . 2 . - .
¥ o [c,+C v+ cy v +C yv+Cgp ] (b=87)

e+ 1)+ d)

RIS ol 28
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. Evaluation of Pivot force ?y'd B
, -
. The pivot force ”y'u is again obtained with Cramer's rule, i.e., &
K &
lu ' :7.
ooy = =5 (b-88a) :
where
"
b
I hul
-1 Bp1 1 A1} h
:
| -Ajp B A 1
Dy ™ d (D-88b) ’
y LyAll  Bpj LAl L
Ly Bpy -1y, LyAL
. i
Evaluation of D, , furnishes: L
y'u
Iy
2 X
1),_,.5"u - (1.u + LL)(l + A ) (A“ Ly By =Ly, By + 8,5 + A Bpa) :
(D-389)
. and again, with A); = 85Uy
) = (L + L)+ uz) (u,8 B, - L B, +B.+us.8_ )
Fooy © b L 1) W8 Ly By~ Ly By ¥ By Touysg 8,
' (D=90)
Appropriate substitution into equation D-88a and proceeding in a manner parallel
to that followed in the determination of Fx'u' the following is obtained for Fy'u
ﬂy'u - 1 5 [cb + ¢ b+ cB ¢2 + c9 $ + c10 pn] (b=91) -
where ji
C6 - lAl - LL Al’ + ulss (LL Alz + As) + mp rcp Kz (31“ g8 - ulss (oo} ] B)l ::
(L=92) .
C7 - |A2 - LL Als + ui8s (A6 + I'L A13)' (D=93) v
Cg = |A3 = L Ajg + uysg (A7 + Ly A1)l (b=v4)
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Cio ™ luysg Ly Ajg = Ly, Agyl (D-96) '

s
POR YD
Lo, dat-e s o

ettt

N
I'x'L

L

Evaluation of Pivot Force

s
&

Z
ek

The pivot force F,.; is obtained from

x'L (D-97)

DR
P A A
R AL
A R I ]
math, i -

where

3!
-

LT

,,.‘z..,
. : .

P s B 2] . e Ta T Te s
e . - = . - -«
At A {‘ Lo

“ALi

¥

< ff"r‘

~A11 -1 Bp2
P (D-98)

x'L LyA)] Ly Bp3 Ly,

Sists

Ly b1y Bpa Lidn

ISPt
'

Evaluation of DF furnishes:
%x'L

2
) " - (Lu + I.L)(l + A ) (1.u By * Ly App By * Ay By - Bp4)
x (D-99)

and again, with A = 85y
2

Dp = (b + 1y Q4] (b B+ wysg Ly By *+wysg By - Bly) b
x'L (D-100)

FYNY

oo
i

Proceeding as before to obtain F x'L? the following is found:

.1

PSPPI Y N

~ l . 2 v . _
Fern, = [011 +C, b+ Cy ¥4 cy vrCgr | (D-10D)

e -

where

C1p = 'Lu Apg = A5 + UISS(Lu Al #+ Al) + My Tep Kz("lsS sin 8 + c?; ?gl) ‘{'

Cip = |Lu Ay = Ao+ uysg (Lu Ag + Az)l (D-103) © A
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Ci3 = |Ly Apy = Ay + uy8g (Ly Apg + Aq)] (D-104)
Cia * L, Ajg = Ag + 85 (Ly Ayp + A,)1 (D~105)
Cis = |L, Ajg + uy85 Ly Ayl (D-106)
' Evaluation of Pivot Force Fy'L
The pivot force Fva is obtained from:
Dp
Yy
Fy'L - D (D=-107)
where
-1 A 1
=A11 -1 A Bp2
L P (D-108)
y LyAl ) Ly LpAy) Bp3
“Ly LuAl -LL Bp4
Evaluation of Dp furnishes:
y‘L
2
e = (v, + 1.'4)(1 + A, )[- L, Ay By * Ly Byt By + Ay Bpa]
y'L (D-109)
and again, with All = 85H)
2
L (L, + L)1+ Ty [- weg Ly By * Ly By * Bp3 * sy BPA]
y'L (D-110)
?y'l 18 found from equation D-107 in a manner shown earlier:
Foop = = L [Cy + Cpy ¥+ C ¥ o b+ Cyy Byl
VR (e L)+ ) (D-111)
where
Cro = |Ly Ay + Ay + uysg(As = Ly Ajp) + mp T, Ky(sin 8 = uys; “‘(’5 B)‘)
D-112

i



Ci7 = |L, Ajg + Ay + uy8g (Ag = L, Ap5)] ' (D-113)
Cig > L, Alg + Ay + w8, (A =1, AL  (D-114)
Cig = IL, Ay + A, + uysg (Ag = L, 4Gl (D-115)
Cyo = L, &, = M85 L, A16| (D-116)

Substitution of Conservative (Tilded)_fivot Forces Tnto the z'~Moment

Equation. Rather than substitute the forces F,.,, Fyr,, Fyrp, Fyrp, and Fyop
into the z'~moment equation D-66, the associaé@&ltif%gé, g%&éerv%t ve exprgs—
sions, as given by equations D-61, N-87, D-91, D-101, and D~111 are used. To

simplify matters, let the sum of L Fy,“, LY and Fy'L be first determined:
x'u + Fy‘u + x'L + Fy'L
. .2 e
= Ay, +A25 Wt A VT F Ay b+ Ay P ("-117)
where
cC,+C.+C,, +C
Ay =16 11 16 (D-118)
24 V]
Ly (14 uy)
C,+C;+C,,+C
Ays = 21 122 17 (D-119)
Ly (5 + up)
cC,+C,+C., +C
Ayg = 3 8 132 18 (D-120)
Lo (1 + uy)
C, +Cq+C,, +C
Ayy = 2L, 19 (D-121)
L,r (l+ul)
Cc+C +C,+C
Apg = 21O 15 20 (D-122a)
LT(I"'UI)
and
Lp = Ly + L, (D~122b)

Substitution of the above, as well as equation D-61 into equation D-66, and let-
ting A;, = u,s. according to equation D-49 leads to the following provisional z'-
moment expression:
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g

P (D] = u;8,C1) = by w85 (Agy  Ayy ¥)

. .2 (1]
p W% [Agy & ¥ Mg & ¥ Mg # ¥ Ay + Py Agg]

< [ 0.\‘*,
«~n r, (K sin =K, cos 8) + Ag + A, ¥ Ain

P ¢p Kx y A9 10 (b-123) S%

To make gure that all friction moments act in a direction opposite to the instan- E@

taneous rqtation of the pallet, the signe of those friction terms which depend on t:

¥, @, or y have been left undecided for the moment. They will be resolved below. e

Before these decisions are made, let equation D-123 be rewritten as E@

follows: ﬁi

‘ E;#

-

'fﬂ .

" .ot - - ‘
Po (D} =€) wye, = oy u8g Agg) = meg [og Ayy + o) Ay, ]

e

et

Ef + 02 - e
i £ upsg [pg gy + 0, Agg] W E o, Wi Ape VR by uiBg Ay b by
W Chi
4 L1} ?-" '
k4] )';:-
i Ajp ¥+ Ay = mp £ (k, 8in 8 K, cos 8) (D-124) i
4 | : i
ﬂ With sc positive for positive rotation of the verge and vice versa P
g and with all other parameters positive at all times, the following moment compo- ?&

. N

nents of equation D-124 must have negative signs during positive rotation:

F

0% il

; . - Pn op M8 A28 (D-125) i
:; rc:‘f

.rv_"
N - weg [pg Ay +oo 8y (D-126) =
g “ o upeg Ay ¥ (D-127) .
) p ¥1%5 Az ) i
% The sign of the term containing § must he negative for a positive § and vice Q%
i versa. Therefore, the sign of { can be used to control the sign of this term, N
n and the signum opc ‘ator sg may be omitted., This term becomes: z_
5’ : - - o
p uy log Agg + 0, Apg] (D-128) v
N .:“:
‘ The choice of sign for the term containing the pallet angular acceleration 1is i:
o discussed in detail in appendix F of reference 2. This work leads to the compu- .
’ tational rules of equations D-134 and D-135 below. These rules deal with the Lt
b sign in the effective moment of inertia Ipg. (Note that the signum function 0.
2 85 has been omitted in these expressions.) “
A : '(.
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With the above considerations, equation D=124 becomes:

. «2
hyg = Ayp = Ay V= Ay ¥
| Ip¥+*A-m (k, sin 8 - Ky‘coa B) | (D-129)
where

Az = uy8g (pg Ayp + ®p Ay) (p-131)

Ay, = My (9§ A23 + Po A25) (D~132)

A3z = u8g oy Ayg (D-133)

IPR = ICCP + A333, when ¢ and ¢ have identical signs (D-134)

Ipg = ICC‘ - A333, when @ and ; have opposite signs¥ (D-135)

P
(D-136)

A3az = vy pp Ay
Equation D-129 is now rewritten to find an expression for the contact force P,:

. . .2
I W+ &g + Ay + Ay bt Ay, ¥ -mpr (K, ein B8 - K, cos B)
n A29

(D-137)

The above expression is now changed to reflect the escape wheel angular velocity

and angular acceleration $ and ;, regpectively, so that it may later be equated
to an expression for the escape wheel. Equations B-19 and B-26 of appendix B of

reference 1 show the following relationships:

puoU (D-138)

ik TP o wlt =1 Ve e ¢ .
ha B “%h""‘ e ﬂ.‘ v" ‘l" al wf ." ﬁ..ﬁ;-}.‘.ﬁ.tg".&_ .:1:.1.:.1:.;:—!' A ettt T g PSPPSR

* 1, - A333 must not become negative. If this occurs Ipp must be set equal to
zéro,
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° | and

veaU¢+v (p-139)

U and V may be obtained from reference 1. This leads to:

; . a0
L \_v l " 2 .2 :':
) 3‘ 'n"x'z';[lpk"‘*(‘az" + 1 V) b ;

_ ] + Ay u¢+A9+A30-mP Tep (Kx #in B-Kycos 8)] (D-140) f’

% ' Force Rquations for Escaps Wheel and Pinion No. 3. How the contact
o » forces P. and V,., together with their associated friction forces, act on the
) .ascape wheal and pinion no. 3 combination is shown in figure D-4a. A separate
‘ free body diagram of the pivot shaft of the escape wheel is shown in figure D-
4bs All these forces are now defined in the projectile (fuze) fixed X~-Y-Z sys-
tem. This makes it necessary to transform the unit vectors fi, and n, from the
x'-y' to the X~-Y system (eqs D~25 and D-26 as well as eqs B-79 to B-82 of refer-

—

50 Ja8 MRS

R

ence 1), ;2
Since t

1' = = cos 8, 1 - sin By ] (D-141) i

and ' tﬁ
u::

I - i- - .

3 sin 8, 1 - cos 8, 3 _ (D-142) E

e

the previous unit vectors become: .@
n = - . - -14 '::

n, cos (Y + a+ 33) I-s8in(p+a+ 53) 3 (D-143) .

, e

A o=sin (b+a+B)T-cos (V+a+8,)] (D-144) E-__Z

The force equations for the escape wheel 1in coupled motion are :?

generally obtained from Newton's law: 4
]

IFm= m3 Aos/g'round : (D-145) .::

where §~
ng

t ¥ = gum of pivot forces as well as contact forces P, and F23 o

and their associated friction forces N

my = mass of escape wheel and pinion no. 3 Zi

’

-
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B Escape vheel rotates ccw
i ' Tz3 * "Prapz:,, (Thrust friction
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(L and L. represent one-
half the hiscance between
the pivot bearings in upper
and lower plates.)

e

i Figure D-4b. Escape wheel and pinion no. 3 in entrance coupled motion. Normal
forces, friction forces, and thrust friction torque acting on escape

wheel pivots.
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= acceleration of escape wheel center of mass, which lies on

R o% A
4 Aoolground axis of rotation, with respect to ground. Therefore
\‘\i K()s/ ground Koa/c + xC/gx.'oum:l (D-146)
#i
iy In the above, Kc/gwund’ the acceleration of the fuze geometric
" center C with respect to the ground 1s given in terms of the X-Y-Z system by
o equation C-4 of appendix C. The acceleration of the escape wheel center of mass
’f‘g; with respect to the above point C, {.e., Ao /c® becomes :
Pl 8
e - - - Q] = - /= _
! AOB/C a0 x (Qx x &, n3) + 0 x 8,0, (D-147)
- where
; n, = cos Y, i + sin Yq 3 (D-148)
P Substitution of
¥ - . - -
‘?~.‘:jj W= w i+ wy I+o, k (D-149)
:ﬁi according to equation A-l1 and
“"“1 ‘. ¢ - »  w ¢ - _ .
X 0= W i+ my j+ o, k _ (D-150)
( according to equation A-5, with

- D-151
- ax 6i3 cos Y, ( )
1-‘*
e and
o = D~152
5 3y 8, sin v, ( )
’iﬂ results in:
.'.:‘:i A - i 3 k D"153
Ay jc= 3 1 # Jy J+J, Kk ( )
- where
: J o= w W - (w 240 Z)R - 633 (D-154)
.“.. x x y 3y y z x z 3y
- J o= w & - (v 24w 2)6? +u & (D-155)
" y Xy 3x 2 Jy z 3x

Iz = (wxRax + 0y Ray) wy + Gy Ry = iy Ray (D-156)
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D, Bquation D-153 is now substituted together with equation C-3 into equation D-146:
)

.§ . xO'/ground =N I+ N, J+ N, k (D~157)
"‘-' where

% Nx = Gy + Jx \ (D-158)
§j Ny = Gy + Jy (D~-159)
iy N, = Gy + Jg | (D-160)

7

: The vectorial force equation is now obtained with the help of fig-
ures D-4a and D-5b, and equation D-145:

“Pafq ~ My8y Py mp + Fyy ngq +usy Fyg nygg

O e

:j-+uF I

J-uF y3u

x3u
* Py, b b Fyy It uFuy 3 - uFy i
- (Nx i+ Ny J+N, k) m, (D-161)

i, and En are now substituted according to equations D-143 and D~144, The unit
vectors fiyy and nyz3 are taken from reference 1, i.e.,

523 = sin [62 +6,) 1 - cos (8, + 62) j (D-162)

fyg3 = cos (B, +08,) T +sin (8, +6,) ] (P-163)

This leads to the following force component equations:

-¢_ sin (¢ + a+ By) + ws, P cos (v + a+ 83)

174
: +F,, sin (32 +6,)+u s, F,, cos (32 +0,)-F 5
L LV S i P (D-164)
¢
i
S TR
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W
¥
.
4 ; . .
N | , i
B P, cos “’*“’*BS)"'“I'A P, sin (v+ a+ 53) |
Vi ' ‘ i
it i
TR - q - !
L . R,y com (82 + ez) tus, ‘F” siu ‘(52 + 02‘) L
A - +F . + N ‘ ]
E% W Fx3u y3L u.FxSL - y-m3 ' (D-165) A ;
B, ‘ ' !
A | Fg3 = Ny m3 (D-166)
'i ‘ Moment Equations for the FEscape Wheel and Pinion No. 3. Since the E
Vﬁ escape wheel and pinion no. 3 represents a symmetricai body, its moment equation ;
frans may be expressed in terms of the projectile-fixed X-Y-Z systen according to equa~ |
Loy tion B~13 of appendix B. Adaptation of this expression to the escape wheel sys- ;
- | tem furnishes: }
? ‘ - . 3 - !
!‘.‘i Mos (1, 0+ 1,0 wy (w, + ¢) - g Y w, ] 1 |
A.\[" u‘
-lJ 4
fia o 8y T ?
+ [Iys wg + Lo v, =L (mz +6)] ) ;
o ' ® Py - ' {
RN ) . N \
f& * e (wz +e)k (n-167) |
; The moment sum M, about point Og4 18 now found with the help of the i
8 .
N free body diagrams of figures D-4a and D-4b. Reference | is also useful. "
!

My = =B (A] = B wys )k + ryy Fpy k- us, (dy= ay) Fpy k= wogy Fpy k '

8

+(Luk+93j)x(-Fy3uj+qu3u 1)
!l" - - -— - :
" + (Lu k+ g 1) x (- Fedu 17 ¥ Fyay 3) Z
& : i
¥ - - - - :
+ (L, k- py3)x (Fy3Lj TR ) 1) |
% + (-1 k Py 1) x (Feqy, .1 + U Fq 1) (D-168) :
f% The term -y bf3 F,; Fepresents the thrust friction moment due to force F,; (eq D- :
%ﬁ 166). The term pf3 stands for the thrust friction radius of the escape wheel :
Sﬁ pivot. Equation D-168 becomes: ;
Y

it e, . B v T . e - S A e
AL [ T . €7 e e e . -
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HO. - [L y3u + l"vu " F'::3\1 L y3L + l‘ v I“x3!..] 1

- L + L uP

+[L ur uwFxau Ly ¥ Py~ Ly Pyl d

y3u

+ (-, (A - B ws,) ey Foy=us, (d) - a)) Fy

uF uF

R R L T L W

mPyuFyy m ey uFy R (D-169)

Substitution of equation D-169 into equation D-167 leads to the
following moment component expressions:

A
P
el

Lu ¥ Fx3u + Lu Fy3u + LL H Fx3L + LL Fy3L

5,y
..
.
.

'
e

- Ixs Wy + Izs wy (wz + 4’) - Iys “’y 4 (D-170)
-~
2
:q Ly Fxaa ¥ Ly ¥ Fy3u by Feap vl Fy3L
" Iys Yy + Ixs W Wp = Izs “ (wz ) (D-171)
- " - B! - -
Py (A} = B) wys,) + Fpy [ry - e, (d) - a))]
S Pgy Py = u ey [Fog + P ¥ P ¥ Fugl f
= Izs (mz + ¢] (D~172)

Simplification of Force and Moment Equations, To solve for the pivot
forces Fx3y, Fy3u, Fx3iL, and Fy3p» the X and Y components of the force and moment
equations must ge revwr tten in "an appropriate form.

X-Component of Force Equation

Equation D-164 becomes

81
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- uF - F + uF

FxBu y3u x3L y3L
. " Pahyy v Fpy Ayt Ay | (D-173)
3 where
i{ Aqy = w8, cos (w + a + 83) - s8in (w + a+ 83) (D~174)
il Aj, = sin (32 + 62) + u 8, cos (82 + ez) (D~i75)
b Y-Component of Force Equation
i
;ﬁ Equation D-165 becomes:
~ MFiut Fyau ™ ¥ Faan 7 Fyar ™ Prfge ¥ Faz Agy * Ay (D-177)
& where
ny
X Ayg = cos (y + a + B4) + uys, sin (¥ + o + 8,) (D-178)
q -
' Ay7 = u s, sin (B, + 0,) - cos (B, + 6,) (D-179)
Ayg = - Ny m3 (D-180)

Z-Component of Force FEquation

»

ﬁq Equation D-166 cannot be further simplified.
=

N X~Component of Moment Equation
2
T Equation D-170 becomes
i:i s Lu Fx3u + Lu Fy3u tu LL FxSL + LL Fy3L

4 " Aygt Ay ¢ (D-181)

where
Ayg = Lyq ty + 0y u, (Izs - Iys) (D-182)
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A&O - 128 uy (D-183)

Y-Component of Moment Eduation

Equation D-171 becomes:

- Lu Fx3u + Lu M Fy3u - LL Fx3L + LL H Fy3L

Ay ALY (D-184)

where
Ayl = Iyg &y +u ow, (L, - I,) (D~185)
AAZ - - 135 mx ' (D-186)

Z-Component of Moment Equdtion

For present purposes equation D-172 remains as it is.

Solution of Escape Wheel Pivot Forces. To derive expressions for the
escape wheel pivot forces, equations D-173, D-177, D-181, and D-184 nust be
solved simultaneously. To obtain the same general form as in equation D-67,
equations D-173 and D~177 are multiplied by (-1). The resulting form may then
use the solution to equation D-67. Note that A;, in equation D-67 1is now
replaced by u. Then,

*r -1 n 1 -u Fx3u Bgl
o - " ' fydu = Pa2 (b-187)

uL, Ly WL Ly, Fx3L Bg3

~Lu MLy -LL H Ly Fy3i, Bgy

where now: ) T ) - )
Bgy = = [Py Azg + Fo3 Agy + A3s) (n-188)
B2 = - [Pn A3g + F23 A3y + Asg) (D-189)
Bgy = Agg + Ayg ¢ (D-190)
Bgy = Ay * Ayp & (D-191)
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Eyaluation of the Coefficient Determinant D

The solution for the crzfficlient determinant D of aequation D-187 1is

identical to equatinon D=72. With A;; now being equal to , the fullowing
parallel to equation D-75 is obtained:

D= [(L, + L)1 +®)]? (P-192)

Evaluation of Pivot Force ¥
x3u

The pivot force F 4, is obtained from:
D

F. = _111‘_32 :D-133)
*3u D '
where
Bg) H 1 “H
Bg2 -1 n 1
DF 3 - (D~194)
xJu 833 L\J " LL LL
Bgy u Lu =Ly, u LL

If u is substituted for Ay, in equation D-77, the identical form as above is
obtained an? the solution o% equation D-80 can be adapted,

2
DFx3u - (1 + u )(Lu + LL][“LL le ~ Y LL BSZ + U BB3 - 354] (D~195)

Now equations D-188 to D-191 are substituted into the above expression and the
coefficients of similar terms are collected. In order to get conservative pivot
and pivot friction forces, the latter terms are made absolute, Finally, the
tilded force ?x3u i8 obtained from the appropriate change of equation D-193:

~ DFxSu 1 [ -]
F - - Co, +C,n P +C.. F.. +C., &
x3u D (Lu + LL)(I + uz) 21 22 'n 23 23 24 (D~196)
where
Cyy = ILL B = Ay + 0 (LL Ag + A39)| (D~197)
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Caz = Ly, (Agg + u Agq)l (D-198)
" : Ca3 = Ly, (Ayy + u Agy)l (D-199) y
o 3 ‘
1
3 [ Coy = |u Ay ~ Aaz! (D-200)
A 11.
‘i . Evaluation of Pivot Force FySu
:f ,: The pivot force Fyy, 1s obtained from:
il D
B yiu D :
[ where ﬁ
-1 Bs1 1 ~u l%;
(SRS
-y Bg2 u 1 b
D u (D202) T
Fy3u B S
Wk, 83 . H LL Ly v
. | -, Bsh =Ly, wLy .?
Since the form of the above is th= same as that of the determinant of equation D- b
89, equation D-90, which repres:ats the solution of the latter, may be adapted as o
follows: h::
Dp - (Lu + LL)(I + uz)[u L By - Ly By + By + BBA] (D-202a) :;

y3u

Again, substitute the B, terms of equations D-188 to D-191, collect the coeffi-
clents of similar terms, and make the result absolute, The tilded pivot force

F‘y3u then becomes parallel to equation D-201: Ll
~ [T
DFy3u 1 . f?"
F ., = - [C,e +C, P +C F .+C, ¢] R
3u n 2y %25 7 “26 ‘n " V27 "23 7 V28
y (L, + L )(1 + ) (D-203) =
where .

Cz5 = Ly Agg + Agg + 1 (A4 = Ly Agq)l (D-204)

Cae = 1L, (Agy = b Agq)l (D-205)
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Ca7 = Ly, (Agy = u Aq,)| . (D-206)
Cog = lAyg + 1 Ayl (D=207)

Evaluation of Pivot Force F
x3L

The pivot force FxBL is obtained from:
D

F
x3L
foL " T (D=208)
where
-1 u Bg1 “u
~u -1 BBZ 1
Dp - (D~209)
x3L
MLy, Ly Bs3 Ly
=Ly wil, Bgy Wy

Since the form of the above is the same as that of equation D-98, equation D-100
may be adapted, t.e.,

2 -
DFx3L ) (L“ ¥ LL)(I tu )[Lu le +u Lu Bsz tou BsS - BsAJ (D-210)

Again, the Bgy terme are substituted according to equations D~188 to D-191 and
the requisite work obtains the tilded determinant DF + Then,

x3L
- Pk o1 - L [Chg + Cang b+ Cqy Fon 4 Co $]
S (P W2y 129 0 e T LT3 T2 )
where
Cy9 = |u (A39 - Ly A33) =Ly A3 - A41| (D-212)
Cyp = Ly (Agg + 1 Ag)l (D-213)
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Cap = |1y (Ag + 1 Agq)| v (D-214)
Cag = |u Ay = Ayl (D-215)

Evaluation of Pivot Force FyBL

The pivot force Fy4 is obtained from
D

F .. = —yi (D-216)
y3L D
where
-1 1] 1 le
-u -1 u Bgo
Pp . = ° (D-217)
yiL WLy, Ly WL Bg3

Since the form of the above is the same as that of equation D-108, equation D-110
may be adapted to the present situation, therefore,

2
D = (L, + )+ ) {-ur, le + L, By, + By +uB,] (D-218)

Fy3L

The Bgy terms are now substituted according to equations D-188 to D-191, terms
are collected and the tilded pivot force 1s defined:

~ DFyar 1 .
Foa® =~ 0+ L0+ o) [Cy3 + Cq By + Cyg Fyg + Ca 4]
u 7ML M (D-219)
where
C34 = |L, (u Agy = Agg)] (p~221)
C3¢ = |Aao +u Aazl (D-223)
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Substitution of Conservative (Tilded) Pivot Forces into the z-Component N
of the Moment Equation. Again, let the sum of the tilded pivot forces be first L
} determined. Subsequently, this expression 1s substituted into the moment equa-
R tion D~172. Then,
;; R Feau Fy3u R y3L
Sf \ where
- Lp = Ly + (D-225)
- C, + G, B
- pgy = 2 25 * z% %3 (D-226) o
Ly (1 + u%) e
C.. +C +C ‘
Ay, = 22 ‘26 302 34 (D-227) E::
Lp (1 +0) o
Cpy + Chy + Coy + C oty
PP+ Bl e ) Tl - (D-228) B
Lp (1 + %) | ¥
C,, + Coo + Cop + C R
Mg = 24 ¥ Cog ;% 36 (D-229) RN
Lp (1 +w%) i
Equation D-224 is now substituted into equation D-~172. Further, F,3 of equation E:f

D-166 is made conservative, i.e,,

~ -A

Fz3 47 - |Nz m3| (D-230)

Equation D-172 then becomes:

- ! - - -
Py (&) =B s )+ Fpy [ry - s, (9, - a))]

WPy Ay muey (At AL P A AL 6] -
y R PPRU PR PP (b-231) ;if
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The above expression must now be solved for P« Before this is possible, L
consider the sign of the friction moment component: g
[

1

. ; . &

- A (D-232) '

W P3 e B

.f::

E

Since a reversal of gear train motion after impact will again be expressed by
letting u become negative, as described originally in appendix E of reference 4,
equation D~232 is modified to read: ‘

4

2

~ U P, Aﬁﬁ |$| (D-233)

In this way, the sign of u alone decides the direction of this friction torque
component. P, is then obtained from equation D-172:

SRR i S50 ar  rATheN. o |

=
.

Po b= AL+ B] mye, — ey Ayl

f’-.;

+ F.[r.-ue (d, ~a,)-up, A ] X
23 "3 2 %2 7 % 3 M5 b

!

- S
Py A i [pey A4z + 03 A43)

S g X

“=Lgo+1w (D-234) 5

Then . v ::
I, 6+ Aq ¢ + Fou Ajg + A e

p = 28 48 23 49 50 . (D-235) =

" Asy ¢

where !
M Py Aup

Ayg = —28 (D-236) -

[61

L

Asp = Ty g + u [Py Ay + 03 Ay (D-238) 5

l'r‘_.

Asp = B] uysy = A] - 1 o3 Ay, (D-239) =
Combined Entrance Coupled Motion Differential Equation., Equations D-140 ﬁ

and D-235 are now set equal to each other. This furnishes the following combined i
~
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coupled motion differential equation for the escapement under entrance condi-
tions:

Ty 2 .2
[Ag) Tpg U= Ay Tpp] ¢+ [Ag) (Agy U™ + 15, V) = a)g 5] 4
c A5y Ay U b= Fog Apg Ay + Ayg Agy - Ay (A + Ag)

AT (Kx sin 8 - K cos B) (D-240)

Pallet and Escapement Wheel in Fxit Coupled Motion

, Pallet Equations. The free body diagram of the pallet for exit coupled
motion is given by figures D-5a and D-5b. Now

Py = - P, 0, (D=241)

w
RIS
T el el

o'y ,_
A - .
Y .

This sign change will be reflected both in the force and in the moment expres-
sions. The following shows the relevant changes in equations D=23 and D=~140:

‘.‘"
st
-

“i
hl
4
)
-

g
L)

o

Changes in Force Equations of Pallet

Equation D-24 1s modified to accommodate equation D-241. The associated
friction forces have their directions determined by the signum functions s, and
85, as before. Therefore, equation V-~24 is changed in its first term only:

—Pnnn+u184 Pnnc+....-... (D‘ZAZ)

With the unit vectors of equations D~25 and D-26, the x'~force equation D-27 is
modified to:

Pn sin (¢ + a) + ulsa Pn cos (p + a) — Fx'u - ulss Fy'u

+ + L] * L] [ ] [ ]
L (D-243)

The terms in the y'-expression D-28 are changed as follows:

- P“ cos (U + a) + uls4

Pn sin (¢ + a) - Fy'u v W 8g bx'u
+ Fy'L + L] * L] . * (D—z[‘b)
The expression for F,+ remains as given by equation D-29.

Changes in Moment Fquation of Pallet

The form of P , according to equation D-241, also reflects itself in the
expression for ﬂo Féq D~61). Therefore, for the exit case
p
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Fallet rotates cw. 1 T,, = #;85 P4F,, (Thrust friction .
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half the Yistance between
the pivot bearings in upper
and lower plates.)
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Figure D-5b. Pallet in exit coupled motion. Normal forces, friction forces, and
thrust friction torque acting on pallet pivots.
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1 Simplification of Porce and Moment Equations. "

;,"i f" L.

:
i x'~Force Component E
e o

' 'J; Due to the change shown in equation D-243, the parameter Ajp in equation D- B
. ﬁ’ '48 must be changed to become: t
. -~ K -
$ AA [ula4 cos’(w + a) + 8in (Y + )] (D-246) :
i o :
A y'~Force Component ‘ ‘ E

S8imilarly, because of the change in equation D-ZAA, the parameter Aj;; in
equation D--55 must be changed to:

AA, = - [ulsé sin (Y + a) = cos (Y + a) | (D-247)

21

z'-Force Component

LT e

The 2z'-force component remains as that given by equation D-61, as stated
earlier. ‘

x'- and y'-Moment Component Equations

The x'~ and y'-moment component equations remain unchanged from equations D~
64 and D-65, respectively, since they do not contain P,.

z'~Moment Component fiquation

BRI A P RS s (O

Because of the changes shown 1in equation D-245, the z'-moment component
expression D-66 must now be modified to read:

- Pn (Di + "154 Ci] T Pg A11 Fz' - pp A11 Fy'u - pp A11 Fx'u ;
“ P A1 Fyrn TP A Ferw 1

--m T (x, sin B8 - K, cos B) + Ay + A, v (D-248) ;
Solution of Pallet Pivot Forces., The solution for the pivot forces ;

Fx'u, Fyty, Fx'L, and Forp is identical to that shown for the entrance coupled
mot?un, keeping in mind ¥hat now the parameters AA,. and AAy) are used instead of
Alp and Agy. Equation D-117 must subsequently be changed to:
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. .2 .
Aag ¥ g + ¥ Ay + ¥ Ayy + By Mgy (D-249)

Ay, to Ay remain the same; s0 does AAgg as long as it 1is realized that it con-
tains M16 and MZI'

Substitution of Pallet Pivot Forces into z'~-Moment Component Equation:

Pl P b RV, T RATLE i vy 1 L YA TS AL A N ZE'K.\TEJYIMT
i

Determination of P_. Because of the changes in equation D-248, and using the

same reasoning as employed for equations D-123 to D-128, equation D-128 becomes
for exit coupled motion:

. .2
P Mlgg = Ajp = Ag) ¥ = Agy v

= Lpg ¥+ Ay - my roy (K sin 8 - Ky cos §) (D-250)

where

- - ] ] -5
Ao [nl *Cl s, *o e by (D-251)

Finally, parallel to equation D-137, the contact force P, becomes:

Ipg W+ &g+ Ay, +A (K sinB-Kycoss)

32 . mp rcp X

(D-252)

1f this expression is rewritten in terms of the escape wheel variahles $ and 5
the following equation which is similar to equation D-140 is obtained:

1 v 2

02
P, = L [Tpg U ¢+ (A5, U" + 1, V) 4
+ A31 U ¢ + A9 + A30 - mp rcp (Kx sin B8 - K.y cos B)] (D-253)

Escape Wheel Equations. The free body diagram of the escape wheel in
exit coupled motion is given in figures D-6a and D-~6b. The change in the contact
force P, must again be accounted for,
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% Escape wheel rotates ccw
¥
¥
t§ T = up_.F (Thrust friction
z
3 £3 2z, torque)

uF
Yju
St smmnmneemibive
x3u
'
Lu
[/’ X(i)
——_——’
)
= SN
i
o~
i (L and L represent one-
2 half the Histance between
4 the pivot bearings in upper
" LL and lower plates.)
i
b “Fx.L
-
F
14 YbL
F
YjL

Figure D-6b. Escape wheel and pinion no. 3 in exit coupled motion. Normal forces,
friction forces, and thrust friction torque acting on escape wheel

pivots.
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Changes in Force Equations of Escape Wheel

Equation D-161 must be modified to read:

Pnnn-l’l,apnnt+F23n23+0'ioo (D'254)

With the unit vectors of equations D-143 and D-144, the X-force component equa-
tion (changed from equation D~164) becomes:

P, 8in (p+ a+ 33)+ Ws, B, cos (v+ a+ 33)
sin (8, + 6, ) + us, Fy, cos (8, + 82)_Fx3u
* qu3u+Fx3L- R L (D-255)
The Y~-force component is changed from equation D-165 to read:
- P cos (p+ a+ 63]+ ws, P sin (v+ a+ 83)
- F,, cos (a2+ 92)+ us, Fy, sin (8, + 92)" L

+ uF =N m

“MFg T F X3 - Ny 3 (D-256)

x3u y3L
The Z-force component remains as in equation D-166, i.e.,

FZS - N3 m3 (D“257)

Changes in Moment Equations of Escape Wheel

The moment equation D-167 for the escape wheel and pinion no. 3 must also
reflect the change in P_, The left-hand side of the above expression, as given
by equation D-168 must he modified, because now the cross product

- - , = _
Al n X Pn n Pn A1 k (p-258)

This results in the following change to equation D-168

' ' & % - -2 c
Pn(A +B uls)k"'rban,’k ¢ o o o o (DZ~9)

The right-hand side of equation D-167 remains unchanged. The resulting X and Y
moment component expressions, i.e., equations D~170 and D-171, respectively, are
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not influenced by the above change. The Z-moment cowmponent expression D-172 must
now read:

1 - - - -

Simplification of New Force and Moment Equativons of Escape Wheel,

X-Force Component

Due to the change in equation D-255, the parameter Ajq in equation D-173
must be changed to

AA cos (p+ a+ g )+ sin (p+ a+ Ry ) (0-261)

33 - Y%

Y-Force Component

Similarly, because of the change in equation D-256, the parameter Aq¢ in
equation N-177 now becomes:

sin (v + a+ 8

AA = 48 s

36 - "% )~ cos (¥+ a+ ) (D~262)

Z-Force Component

The Z-force component remains presently as given by equation D-257,

As stated earlier, the X- and Y-components of the moment expres-
sions for the escape whecl need not be changed. They are used in their final
form as given by equations D-181 and D-184, respectivelv. Therefore, the X-
component of the moment equation 18 given by:

+ , +
pL F + L Fy a ‘IIL Fx3L LL Fy3L
= Ayt Ay ¢ (D-263)
The Y-component of the moment equation is
- + - n
Lu Fx3u Lu v Fy3u LL Fx3L + LL 4 l.}'3L

= Ayt Ayt (D-264)
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Solution of Escape Wheel Pivot Forces for Exit Couplad Motion, Since
only the parameters AAqqy and AAgg differ in the set of simultanecus equations D-
173, D-177, N-263, and 3—264 from those used in the solution for the pivot forces
in entrance coupled motion, the latter is adapted to the present situation.
Then, according to equation D=196

~ 1 .
Fo. = [c,, + CCpp P_+ Cha Fou + C,, &] (D-265a)
*3u L, + 1 )0 + 74 Lr21 22 "n " V23 23 7 24

where, now

cC,, = |LL (AA33 + oA ) (D~265b)

22

and, as hefore
Cap = Ly, Agg = Ay + u (L Agg + Agg )l
Cyq = |L
Cos = |1y = Ayl

According to equation D-204:

"~ 1 [ ]
F, = [c,e +CC, P +Coy F oo +Coo o] (D-266)
y3u 2 25 26 n 27 23 28
(Lu + LL)(I + )
where now,
CCyq = |LL (AA,. - uAA, )i (D-267)

and, as hefore

Cas = ILy, Agg *+ Agg *+ u (4 = L, Ay5)l

Ca7 = Ly (Ay; -~ uA

37 34)l

Cog = |Ayy + 1ALl
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Acenrding to equation I-212:

¥ 2 [Cpg + CCan P+ Coy Fou + Con 8] (D-268)
x3L 2 29 30 'n 31 23 32 S
Ty + 1)+ ) =
where now, S
e
CCyg = | Ty, (Adgq + u AAy)] (D-269) =
- and as before g
Cog = v (Agg = L, Agg) = Ly Agg = Ay, —
Cyy = |1,y (A% +u Ayl
i Cyp = |u By = Ayl R
~“', .‘ 1
According to equation D-219: ‘Q;
~ 1 . B
F ., = [Can + CCyy P+ Coe Fou +Cy, 0] (n-270)
y3L (L + LL)(l + u2) 33 34 'n 35 23 36 -__j
u - e
where now, . ,ﬁ
CCyy = 1L, (u AL, = 84,0 (D-271) ;
and, as before .o
Cy3 = lu (A, + Ly Agg) + Agg — L, Aggl
C35 = 'Lu (u A3g-. = A37)' §
C36 = I, + u Ayl
Substitution of Conservative (Tilded) Pivot Forces into 7Z-Moment Expres- ;
sion, The sum of the tilded pivot forces 1is identical in form to equation D- e
224, Therefore, with equations D-265, D-266, D-268, and D-270, the following is o
obtained:
100
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l?x3u + l,y:iu * l“xfﬂ.. + lPyBL ‘ _____.
. -
= Ayt Ay, Pot Aug Fog b Al b (D-272) ]
where now, N
CC.. + CC., + CC.. + CC i
My, + 22 26 go 34 (5-273) o
Lp (1 + %)
and, as hefore
o o lar t Cos + Cog * Gy -
437 L, (1 + %) »
T g o
Ay = Ca3 * Cyy *+ Gy + Cyg =
7 .
Ly (1 +w%) r...
. Cpy + Cog + Cap + Cag i
46

Substitution of equations D-257 and D-272 into equation D-260 furnishes the
complete Z-component of the escape wheel moment expression for exit coupled

motion:

2

o
-

1) ] + p - - -
Po (AL ¥ B1uy8y) * Fpg Ly —wsy (4 - a))] - oy Ay, o
muey (At AR P A Ty kA ] T 0, L (D-274)

Using the same reasoning as given in connection with equations D-~232 and D-233,

equation D-274 now solved for P,. Therefore, 5‘,

] ] -
P LA} + B] wys, = wey aa, ] X

*Fylry-ney (4 -a) - wo,a,.]

- uey Aas'T%T T logy Ay b ooy Ayplm Ly 8 1, G (P-275)

Ee
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Ar and, similar to equation D235 '
1 . .“;l .. .2 .,"
: 2 Ing 0% Byg & + T3 Ayg + Asy
v B P - (D"276)
. . n AA
- > 51 }
o where now K
. = A! ' - - ‘
2 Mgy = AL+ B ys, = ey My, (0-277)
L S
R while as before, Iﬁi
T Y L
48 . b
l @' o
Agg = ulsy (d4) - ay) + oy Ay5] -y o
| Aso = T, W+ [pgy Ay + 0y A4 o
Combined Exit Coupled Motion Differential Equation. Equations N=253 and
- . D-276 are now set equal to each other in order to obtain the combined coupled
i ; motion differential equation of the escapement under exit conditions: ?w
.‘T’ X -
3 3 AA o+ [AA 2
- ; [Adg) Tpp U= Adyg T, 1 0+ [Mgy (ag, U7 + Tpp V) i
t - Mg Al 8+ A Ay UG =
- 29 48 51 731 b
‘,. ) -‘ - - + ) n
. ; F23 AA29 A49 * AA29 A50 AASI (A9 A‘30)
5 : + - _ o
M, m Tep (Kx sin B Ky cos B) (p-278) :
i L The above expression has the same form as equation D-240, and the difference ‘
B § between entrance and exit coupled depends on the value of the signum function 89
. . which is introduced in the next section. _
§ Common Expressions for Entrance-~ and Exit-Coupled Motion e
It is possible to obtain common expressions for all the A's and C's
(1.e., AA's and €C's) assoclated with entrance-and exit-coupled motion, if the )
gignum functions sy are introduced, where ;_

87 = positive for entrance-coupled motion
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87 = negative for exit-coupled motion

With the above, equations D-54 and D-246 are satisfied, if
Ajg = - [“1°4 cos (y + a) - 8y sin (y + a) |
Equations D-60 and D~247 are satisfied, if
Ay = = [37 cos (Y + o) + w8, sin (y + a) ]
Equations D=130 and D-251 are satisfied, if
A2g = 87 D} - C] uy8, = pp U85 Ayg
Equations D=174 and D-261 are satisfied, if
A3z = uys, cos (p + a + B3) - 87 sin (Y + a + B,)

Equations D-178 and D-262 are satisfiéd, if

Ayg = w8, sin (v + a+ 83) + 8, cos (v + o+ 83)‘

Finally, equations D-239 and D-277 are satisfied, if
A5y = B w8, = 87 A] - ey Ay,

Dynamics of Rotor

w“‘ \‘-“-“—'-‘~‘—.

TT VIR, VN v e

(D~279a)

(D-279b)

(D-280)

(D-281)

(D-282)

(D-283)

Before the force and moment equations for the rotor can be considered, it is
first necessary to obtain expressions for the absolute accelerations of the rotor

pivot 0; and the rotor center of mass %}. A top view of the rotor in the mechan-
1g.

ism plane is shown in figure D=7 (also A-3).
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Absolute Acceleration of Rotor Pivot 0, =
The absolute acceleration of the rotor pivot 0, 1s given by i.q
AOllground - A01/0 + AC/gtound (0-284) ﬁ:;
where o
Kclground = given by equation C-4 of appendix C in the projectile fixed
X-Y system,
while e
AOI/C =0 x (wx ﬁl) +ux & (D-285)
After substituting :?f
R i -
a - ‘R i (D—286) [
1 1 _ "
and equations A-1 and A-5 for ® and &, respectively, the following is obtained:
AOI/C = Lx i+ Ly j + Lz k (D-287) &;
where %&
2 2 N
L, = - (my +0,%) R (0-288)
R
Ly = (a0, +5) &) (D-289)
Ly = (0w, = 0) & (D-290)
Together with equations D-187 and C-4, the following is obtained for equation D- r"
284 \
(o
AOllground =0 1+ 0y j+0,k (D-291) n
where 77
Oy = Gy + Ly (D-292)
Oy = Gy + Ly (D-293)
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0, = G, + L, (D-294)

Absolute Acceleration of the Rotor Center of Mass C1

To determine the absolute acceleration of the rotor center of mass in
the X-Y-Z system, it 1s first necessary to find AC /0.? the acceleration of the
"1

rotor center of mass with respect to the rotor pivot 0y in the % -
system (fig. B-7). Subsequently, this expression is transformed into the X—Y-f
system and added to the absolute acceleration of point 0, as given by equation D-

291. Therefore,

ch/ground - z'Cl/o1 + Kollground (D-295)
The term KC1/°1 is obtained from:
8 Kcl/ol -w x (—ml x ;cl )+ :'ﬁ X T (D-296)
where
. T, " Ty EEI (D-297)

The terms :i and &1 are taken from equations A~-35 and A~39, respectively.

When all operaticis are performed, equation D=-296 becomes:

- 2 2 4 -
A =-r . (U +d ]n
¢,/0, el Ty Tt g
T, [mE w + & ]n
1 N 570N
L (D-298)

+r.. [w o
e
With the help of equations A-28 and A-31b substitute for the above body-fixed
unit vectors; 1i.e.,

(D-299)

n, =cos y1+ sin v]
&

n =-gin y1l+cos 3 (p-300)

i | Ll
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n =k (p-301)
J
where

This results in

- 2
A w -1 [(w +w Jecos v+ (w, w +w )siny]i
c,/0, cl n 1 M ;
-, [(mz + mi ) sin y - (NE w, + &C ) cos ¥] 3
" 1 1N 1
+r o (w, o -o ]k (D-303)
el g, %, n

Finally, equations A-36 to A~-38 and A~40 to A-42 are used to express the angular
quantities:

- 2 0.2
ACI/01 =-ry {[u)y cos Y = w, u sin v+ (w, + Ny, 6)" cos v

+ (&z + Ny, ¢) sin v] i

2 0.2
+{o " einy - o wg cos Y + (w, + Na, 6)° stny

- (&, + Ny, ) cos v] ]

- [(w, cos vy + w, 8in Y)(uw, + 2 6Ny, ) + 0w siny

- Gy cos v] k} (D-304)

The total acceleration KC /ground then bLecomes according to equation D-
295 with equation D-291: 1/8rou
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Acl/ground { -, [my cos Y = v w sin Y+ (w, + N3 $)° cos y

+ (0 + 8y @) siny]+o0} 1

+ {-r, [wx2 sin ¥ - wou cos v + (w, + Ny, &)2 sin vy

- (&z + Ny, $) cos v] + Oy} 3 L

+ {r,; [(u, cos v+ wy 8in ) (w, + 2 Ny, 6)
. . - (D-305)
+w, sin ¥ - u cos v]+o0,}k

Force Equations for the Rotor

A top view of the rotor together with the mechanism plane is shown in
figure D-8a. It indicates all required geometry, the base circle radius Rpy» and
the contact force F,, as well as the associated friction force F¢,, (for details, -
see refs 1, 2, and A). A free body diagram of the rotor pivot with all normal
and friction pivot forces is shown in figure D-8b. '

T

The force equation for the rotor is given by:

-t

LF =m Kcl/gmund (D-306) ~
where KCI/ground is given by equation D-305. Therefore

Flg gt ue Flony, +Fy k-F I-F ) ] "

SR I u Ry TRy TRy TRy, ]

T M FylL 1- ™ KCl/ground (D-307) ;
According to equation E-127 and E-128 of reference 1

Ry, = -sin (8 -0 )1+ cos (8 - 6)] (D-308) -

nyjp = =cos (B = 98;) 1~ sin (8 - 6,)] (D-309)
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Rotor rotation is ccw

Figure D-8b.

Rotor and gear no. 1.
friction torque acting on rotor pivots.
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The above unit vectors are now substituted into equation D-294. Subsequently,
the component expressions of this equation are written with the help of equation

D-305:

X-Component of Rotor Force Equation

F12 ein (Bl - ol) el F12 cos (81 - el) - Fxlu *u Fylu
+ F -y F wa [~r, {w 2 cos ¥
x1L yiL 1 cl Vy
YA
TS sin y + (mz + Ny, $)° cos v
+ (&z + Ny ¢) stny }+o] (p-310)

Y-Component of Rotor Force Equation

~Fpcos (8 ~0)-us F,ein (8 -0 )-F, ~uF,,

)l | ,
“ PRt TFgL M (- vy (o siny

0,2
- w, w cos Y + (w, + Ny, 6)" sin v

- (&z + Ny, ;) cos Y } + oy] (D=311)

Z-Component of Rotor Force Equation

Fo = m {z [(wg cos v+ v, sin 1) (u, + 2Ny, ¢)

zl

-"--, o ",'-,'... N

+uw einy - w, cos Y]+ Oz} (D-312)

Factors Entering into Moment Equations for the Rotor S

The moment equation for the rotor must be written with respect to the L L‘
accelerated pivot point 0y (This is similar to the manner in which the pallet T
moment expression D-30 was written with respect to point Op.) Therefore,

- o
- - Eol/ground X my ry (cos Y1+ sinyJ)+ iy (D-313) ?

Yo 1

1
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h -
where ]

sum of external moments about point O0j. It is assumed
1 that 0; lies in the plane of the rotor center of mass, and
that F1a and al F12 also lie in this plane,

4]
|

Aﬂl/ground = Absolute acceleration of point 0, (eq N-291) R

ﬁo = Time rate of change of angular momentum of rotor with L
1 respect to point 0;. It is obtained by adapting equation f?;
B-4 of appendix B to the ﬁ system. The appro- oy
priate angular velocity d ac elerition components are -
given by equations A-35 and A-39, respectively. The mnd
transformation into the X-Y-Z gystem is accomplished with C
the help of the unit vector expressions of equations D=299 J
to D=301. -
Determination of 3 ;
H01 —
[ «1
The moments due to the gear contact forces F, and us are identical to e
those of equation B~129 of reference 1, The mom ékts due to @ﬂe various bearing i
forces may be adapted from equation D-32. (Since the rotor always has counter- et
clockwise rotation, let = 4+ ] in equation D-32, change p to yu, and adjust the ‘5jf
subscripts from the primef to the unprimed coordinate system.) il
e
- { ‘ ":;
Mol = Ly Fypg * WL P+ Ly oy oy B4 -
+ [u Ly Fylu “ by Fypg P el FylL - L Fle] 3 _
* IRy Fp v wspa Fp - wey Fy
T A MFy T e ME g T P WFgy T Wy Lk (D-314) -

Determination of Right Hand Side of Equation D-313

- B With the help of equation D-291, the following i1s obtained for the right
) b’ hand side of equation D-313

i+0 3+0, k) x LI ( cos v 1+s8invy3)

- (ox y

-m T, [oz sin yi -0 cos vJ - (ox sin y - oy cos v) k] (D-315)
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. Determination of Time Rate of Change of Angular Momentum with Respect to Rotor f:jA;-:I‘
i_ T
b
To obtain an expression for ﬁ in the & =~ LR rotor-fixed system, jf'.'_j-J
equation B-4 1s first adapted from ch’! X-Y-Z system. Subsequently, the angular
velocity and acceleration of equations A=35 and A-39 are substituted as follows: e
.““.. .
mEl = w cosy+ ay sin y (D-316) iﬁ;f
w"l = - w siny+ow cosy (D-317) ’
. u“_
n - Ev e ol
mcl w, + N31 $ (D-318) L
mgl - w cos Y = u Ny $ stn v + by sin y + wy Ny, $ cos v (D-319) ;th
» * * ”_;:J
wnl - sin y ~ W N31 b cos vy + my cos Y - wy N31 $ sin vy (D-=320) - e
. . ' o
mcl =w, Ny o (D=-321) ','}
Finally, the body-fixed unit vectors EE . En , and n_ are given in the X-Y-2 b e
system according to equations D-299 to D-Sbl. khis furnﬁshes jﬁ‘f

Hy, = {1551 (wx cos Y = u, Ny, ¢ siny + wy sin v + wy Nj, ¢ cos Y) 3

+ (-, siny+ w, cos ) (w, + Ny, ¢)(Iccl - Innl)

+ IEnl [(wz + Ny, ¢)(wx cos Y + wy sin v) - (- o, sin ¥ :

= w Ny ¢ cosy+ wy cos Y = g Ny 6 sin Y)] :

-1 w cos Y+ w 8in y)(- w sin y+ w cos y) ;

e, [(6, cos v + u sin ¥)(- uw sin y +u cos y)

+ (&z + Nqgy 3)] - IHCI ((- W 8in ¥ + w, cos Y)z

- (mz + Ny, &)2]} (cos Yy 1 + sin v 3)
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+ {Innl (= w, 8in Y - w Ny, 6 cos v+ Wy o8 1 = wy Ny, ¢ sin Y)

+ (u, cos v + w, sin v)(u, + Ny, ¢)(IEel - IC¢1)

W, o8 Y + uy sin v)(- w, sin y + w cos Y) - (&z + Ny ;)J

+ Incl[( X

= T [(w cos ¥y - Ny $einy+ w, 8in ¥ + uy Ny, ¢ cos Y)

&ny

+ (= w, sin y + W, cos Y)(wz + N, %)] - IECI [(Nz

+ Ny, ¢)2 - (w, cos v + w, sin Y]z]} (-8in y i+ cos v3J)

. (1]
+ {Icc (wz + Ny $) + (mx cos Y + w sin ¥)(- w, sin ¥ + w cos )

x (Innl - IEEI] + ICEI [(- w sin v + w, cos ) (w, + g ¢)

- [mx cos Y - w Ny ¢ sin v+ wy sin y + wy Ny, ¢ cos v)]

- ICnl [(-w, siny-w Ny ¢cosy+ w, cos Y = w, Ny ¢ sin Y)

+ (w, cos y + w, 8in ) (w, + Ny )] - IEnl [(w, cos v

+ g sin Y)z - (- w, 8in Y + w cos Y)Z]} k (D-322)

0. ° ﬁo , and ﬁo must now be determined from equation D=-322.

This leads to: 1x ly 1z

i

0

P .2 e
o Asz T Asy 0T Ag b Ags 8
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)

where
L] ]
Ag, = 08 Y {IEEl (“5: cos Y+ W sin v)
+ (1“1 - Im‘l) W, (= g sin v+ u cos Y)
+ Ian1 [w, (w, cos v+ w, sin v)+ (w etn v~ W, cos v)] :--:
- 15‘1 ({4 cos v+ W, sin Y)(- u sin v+ W, cos v) + ".’z] ‘
-
i -1 ((~ w sin y+ u cos Y)Z-mz]} i
P "\51 X y z -
:..- - 8in ¥ {Innl (- ‘:’x gin vy + (:)y cos y) _j.l:
= - :I::«
L + (IEEI - 1’.;; ) W (wx cos Y+ u sin v) ..-..J
- 1 kol
+ ]:m;1 (4, cos v+ w, sin v)(- w, sin v+ w, cos v) - w,]
- IE’“I [(Jsx cos Y+ (:’y sin v) + u (~ y sin Y+ 4 cos v)] ........
L ‘-\.‘:1
-1 [w2 - (w cos Y+ u sin Y)z]} (D-324) L
g ‘'z X y PO
:'jjf]
- - + + -
Agy = Ny {f g sin Y+ u cos v] [(1561 I‘;Cl Innl)cos Y —
+ 21 sin y]+ [w cos y+ w sin v} -1 +1__ )siny ‘1
En X y m & 44
+ 2151“1 cos Y]+ 2 u [Inil cos Y+ IECI sin v] (D-325) —
2 ; L
Agy ™ Nay []’.ng1 cos Yy + IE;Z;I sin v (D~-326)
A55 = N31 [— IEcl cos Y+ Im;l sin Y] (p-327)
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Further,
ﬁoly mAg + A bk A T4 Ay 0 (D-328)
A56 = gin ¥y {1551 (&x cos y + &y ein v)
+ (1“1 - Innl)(- W, sin ¥ + u cos Y) w,
+ IEnl [mz (wx cos Y + wy sin v) - (- &x sin v + &y cos v)]
- IECI [(w, cos v + w, 8in v)(- w, éin Y+ w cos Y) + &z]
- Incl [(- w, sin v + w, cos Y)z - wzz]}
+ cos Y {Iﬂﬂl (- &x sin v + &y cos Y)
+ (1651 - chl)(wx cos Y + u sin ) w,
+ Im;l [(w, cos v + w, sin v)(- w, sin y + w, cos Y) - &z]
- IEHI [&x cos y + &y sin Y + w, (- w, Bin Y + w, cos v)]
-1 [w 2 . (w cos y + uw_ sin 7)2]} (D-329)
£, "z x y
A57 - N3l {[— W sin v + my cos Y]
X [(IEgl + II;I;l -Innl) sin vy - 2 IEnl cos |
+ [mx cos Y + u sin Y]
x [2 IEnl sin vy + (IEgl - Iccl - Innl] cos Y]
+2u [Incl sin y - IEcl cos v]} (D-330)
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Agg = Nfz!l [I'\Cl sin y - IECI cos )
Agg = = No [IE?:l ein v+ Im:l cos v]
Finally,
ﬁo1 = Agg t gy 0
4
where
A, =1 _

60 g, W, + (Innl- IEEI)(NX cos Y+ @ sin Y)

x (- u sin y+ w, cos Y)

(D-331)

(p-332)

(pD-333)

+ 1 [(- W sin y + wy cos Y) w - ‘:'x cos y - u'.\y sin y]

5

+ I(;nl [mx sin y - Q cos Y = u (mx cos Y+ g sin y)]

-1 [( W cos Y+ u sin Y)z - (- 4 sin Y+ u cos Y)z](D-334)

e

Mgy = Nap I;cl

Simplification of Force Equations for the Rotor

X-Component of the Force Equation

Equation D-310 is now rewritten in the following manner:

xlu ylu x1L ylL
. .2 .
= Agg t gy b A 0+ A 6t AL Fy,

117
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Agz = my t, [ u»z cos Y+ u 4 sin y

2 .
- " cos Y- u sin v] + m; 0,

z
A63 - -2 rn1 rcl wz N31 cos Yy
A 2
64 ™ m1 rcl N31 cos ¥

A65 - - m1 rcl N31 sin ¥y

Agg = u 8 cos (Bl - 61)~sin (Bl - 91)

Y-Component of the Force Equation

FEquation D=311 becomes:

- F - uF + F + uF

vlu x1lu ylL x1L
= hgyt hgg b¥ A ¥+ Ay 0k Ay B
where
Agy = my Tt g [- wxz sin Y+ 4 W, cos Y
- wzz sin vy + J)z cos v]+ m, 0y
Agg ™ ~ 2 m T N31 w, sin v
Agy = = my To N3y sin y
Agg = - m r,, Ny cos y
A7y = cos (B, - 8, )+ use, sin (8 - 0)
118
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(p-338)

(p-339)

(D-340)

(D-341)

(D-342)

(D=-343)

(D~344)

(D~345)

(D-346)

(D-347)
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Z~-Component of Force FEquation

Equation D~312 is rewritten in its tilded form directly:

Fop = Ay + A0 0 (D-348)
where
Azg = Im r,, [u, (4 cos v+ 4, sin Y) b
* y sin y- 4 cos Y]+ m 0, (D-349)

A7y = |2 LI S [mx cos y + @, sin v]| (D-350) b

Simplification of Moment Equations for the Rotor

The components of the rotor moment equations are now written according
to equation D-313,

)(—Component of Moment Fquation

With the help of equations D-314, D-315, and D-323, the following 1is ;

obtained: Tf’f'li"."

+ + L + )

" Lu Fxlu Lu Fylu " L Fle LL FylL "

. 2 - -

=My Top Oy BIN YR Agy + Agy 0F Agy & F Agg 0 (D-351) s

Y-Component of Moment Fquation

Again with the help of equations D-314 and D-315, i.e.,, its y~factors, as )
well as equation D-328, the following is found: “

- + - ""“:'q

Lu Fxlu H Lu Fylu o LL FylL LL Fle s

. .2 [ :

Y TMmy Ty 05008 YR A+ Agy bt Agg &+ Agg 0 (D-352) o

Z-Component of Moment FEquation

Again, using the Z-components of equations D-314 and D-315, together with
equation D-333, obtained for the Z~component of the moment expression
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- R, F

pp Flg ¥ ue 8 Flp = uey F, = up

+ F

(Fxlu ylu

--m o, [0, ein v - 0, cos Y]+ Ay + Ay 0

Solution of Rotor Pivot Forces

G g W By W BN Wy AT W e WL

i ¥ F)

(D-353)

To obtain the rotor pivot forces, equations D-336, D=342, D-351, and D-

352 must be solved simultaneously. Therefore,

- F + ul 4+ F uP = B

xlu ylu x1L ylL 11
- - + + =
4 Fxlu Fylu uFle FylL BIZ
+ + -
H Lu Fxlu + Lu Fylu H LL Fle LL FylL B13
- + - + -
Ly B T P Lo Fore ~ B Fan ML P B4
where
° .2 [ 1)
Bip = Agy * Agy 0+ Ag & A bt Ag Fry
Biwm Ao +A. 6+Ao 2+A_ o+A, F
12 67 68 69 70 71 12

313 = m fcl OZ sin v + A52 + A53 ¢+ ASA

Big = = m T Oz cos Y+ A56 + A57 ¢+ A5

2 .
P+ A b

. .
g & T A5 0

(D-354)

(D-355)

(D-356)

(D-357)

(p-358)

(D~359)

(D-360)

(n-361)

Since equations D-354 to DN-357 together have the same general form as equation D-
67 for the pallet, the forms of the pallet plvot force solutions for the rotor

pivot forces may be used.

p = [, + 1 )0+ 8P

Parallel to equation D-80, the determinant Dg ! becomes:
xlu

2
Dy = (L 1)+ )y By -y By 4 ouByg - By, |

x1lu
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It must be kept in mind that for the rotor the factor
u must be substituted for All' Then, according to equation D-73:

(D-362)

(p-363)
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After appropriate substitution of equations D-358 to D-361, parallel to
equations D-81 to D-87, the following is ohtained for the conservative rotor
pilvot force:

D
F
~ xlu 1 22 .
Fylu = L 0+ o) [Cyg + Cyg $+ Cag 8"+ Clp 0+ C Fpy]
b ¥ (D=364)
where
Cy7 = |~ Ly Agy + u (Asy = Ly, Agy) = Asg
+mor 0 (u sin v + cos v]| (D-365)
C3g = |- Ly Agy + u (Asy = Ly Agg) = Ayl (0-366)
C39 = [~ Ly Ag, + v (Ag, = Ly Agg) - Aggl (D~-367)
Cap = 1= Ly, Ags *+ 1 (A55 = Ly, Agp) = Asgl (p-368)
Parallel to equation D-89, the determinant Dp ! becomes:
ylu
Dp = (L, +L)(1+u?) {uL B, -1 B, +B,+uB,) (D-370)
yiu

After appropriate substitution of equations D-358 to D-361, parallel to
equations D-91 to D-96, it is found that:

D
~ "yl _ 1 . 02 -
Folu ™7 77 [Chp ¥ Cyy 8+ C 8+ Cpg 0+ Cp Fiyl
1 Ly (1 +w7) (D=371)
where
Caz = |- Ly, Ag7 + u (Asg + Ly, Agp) + A5y
+m or, 0, [sin ¥ - u cos v]| (D-372)
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Cuz = |- Ly, Agg *+ u (Ly, Agg + Agy) + Ags| (D-373)
Cog ™ |= Ly Agg + u (L, Agy + Agg) + Ag, | (D-374)
Cus = |- Ly Agg + u (Ly, Ags + Agg) + Agg] (D-375)
Cap ™ Ly (n Agg = Ayl (D~376)

Parallel to equation D-99, the determinant Dy 1L becomes:
X

D 2)

poo= L+ )+ ") (L, By + wL, B, + uBy - B} (D-377)

x1L

Again, equations D-358 to D-361 are substituted into the above. Then

proceed parallel to equations D-101 to D-106,., Finally,

~

D
F
« x1L 1 . 02 -
T b, 0+ ) [Ch7 + Cug 8+ Cyg ¢+ C5y 0+ C5) F ]
Ly W (D-378)

Ca7 = |Ly Agy + 1 (Ly Agy + Agy) = Agg +m ry 0, [usiny + cos v]|

(D-379)
Cag = IL, Agy + 1 (L, Agg + Agy) - Agyl (D-380)
Cao = L, Ag, + 1 (L, Agg + Ag,) - Aggl (D-381)
Cso = |Ly Agg + 1 (L, Ayp + Agg) - Aggl (D-382)
Cop = L, (Agg + 1 Ay ) (D-383)

Parallel to equation D-109, the determinant DF L becomes
y

2 -
DFylL - (Lu + LL)(I + u ) {' u Lu Bll + Lu BIZ + 313 + u BM} (D-384)
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After substitution of equations D-358 to D-361, proceed parallel to fo
equation D-111: {Q{
B 5
~ - yiL 1 - ’ 02 N o
fyiL = 7B, (0 + ) [Cop + Cgy 6+ Cgy 47+ Cg5 0+ G Fpy] s
br (D-385) o
where o
Csp = |L, Agy + 1 (A56 = Ly Agy) + A5y +myr O [sin v = u cos v]! n
(p-386) o
Cs3 = IL, Agg + u (Agy = Ly Agq) + Agql (D~387) :f3
Coq = L, Agg + 1 (Agg = Ly Ag,) + Agy] (D-388) ,:
.‘
Cs5 = ILy Ajg *+ v (Agg = Ly Ags) + Agg (D-389) ‘
Cse = 1L, (A7, - u AL )l (D-390) e
Substitution of Tilded Pivot Forces Into Z-Component of Moment Equation ﬁf
The sum of the pivot forces in equation D-353 is replaced by the sum of ‘
the tilded pivot forces, as given by ecuations D-364, D-371, D-378, and N-385.
Then
Ftu Y Pyt " o T Forn ® Fxi t Fyne ™ Fsan * Fyiw o
. .2 o N
At s 0t g bt Ay 0t Mg By (D-391)
where
C,, +C +C ,+C -
Ly (1 + u°)
Cog +C,a +C,, + C
4 Ayg = 38 43 43 53 (0-393)
A w39 % Cun * Cug * Csy
76 ~Z (D=394)
Ly (1 + %)
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Cyo * Cy5 + C50 * Csg

Ayy = (D-395)
Ly (1 + 0°)
o o a1t Gt Gs) * Csp
78 = W, (D-396)
LT (1 + u )
The above 1s now substituted, together with the thrust friction accord-
ing to equation D-348, into the moment expression D=-353:
hﬁi =Ry Fig * usya) Fiyp = uog [Agy % Ay ¢
[N
; . o2 “ ..
& = ey (A ¥ A bk Mg 0T R Ay b A Ty
kij =-m T, [Ox sin y - Oy cos v] + Aoy + Agy (D-397) O]
-1
The above is rearranged to: =
" Frp Ry mwspaptwe Agleufog) Ay, + 0y 8y s
. Y4 . -
£ fogy Agyt ooy Mgl bk A &k uey Ay T
" i
- - r - - -
Agg * Agy &~ my T [0 siny -0 cos Y) (D-398) ]

Now consider the signs of the various friction moments, recalling that a S
reversal in the gear train motion will cause a change in the sign of u in the :f}
program, The following moment components must have negative signs during posi- .
tive rotation (note also that N31 is positive): i

A (D-399) o

l: -y F 18 L

12 *1

since Fi, and py are positive, and Ayg is a sum of absolute values.

o .

since p¢) and p; are positive, while A;, and Ay, are both absolute values.
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since Ayg is also a sum of absolute values,

The sign of the term containing $ must be decided by the sign of this
angular velocity only, Therefore, the coefficient of friction must not change

sign on motion reversal, and the expression takes the form:

= lul gy Apy + 0y Ap5] (0-402)

The choice of signs in the coefficient of the angular acceleration ; is
discussed in detail in appendix F of reference 2, This leads to the computa-

tional rules of equations D-409 and D~41C below.
With the above considerations, equation D-398 hecomes: ﬁi?f
. 2 LW‘M
" Ajg Fip " Agy Ay ¢ 7 Agp ¢ o
= Lig ¢+ Agy = my Ty [0y sin ¥ - 0y cos v] (D-403) o
where t;;ﬂ
Arg = Ry, ~wsya +uop; A?B (D=-404) ’Eig
Ago = [pgy Agp * oy A7y ] (D-405) i
- LR |
e
R
Agy = lul [og; Agg + 0 Ayl (D-406) L
Aga = u P Agg (b-407) s
) Agy = lul o) Ay (D-408)
Further :
3 LR = As1 + Ag3 (D=-409) —
£ when § and ¢ have the same signs, and S
Iir = A1 - Ag3 (D-410)
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Expression for Contact Force F),

Fquation D=403 may be rewritten to obtain an expression for the contact
force FIZ’

o . Q2
T hig b Agy - Agy b - Ay = Agg +m T [0 sin v~ 0 cos v]
12 Ar9 (P=411)

F

Dynamice of Gear and Pinion No. 2

Before the force and moment equations for gear and pinion no. 2 can be writ-
ten, it is first necessary to find an expression for the absolute acceleration of

the gear and pinion pivot point 02, which coincides with the center of mass 02 of
this component. A top view of gear and pinion no, 2 in the mechanlism plane 1is
shown in figure -9,

Absolute Acceleration of Gear and Pinion Pivot 02

The absolute acceleration of pivot point 0, is given by:

AOZ/grnund = A02/0 + AC/ground (D-412)
where

Ac/ground =« Absolute acceleration of geometric ceanter C of mechanism

plane, as given by equation C-4.

and

Rojra = WX (wxg, ny)+ ux®, a (n-413)
where

W= w 1+ w 14wk (n-414)

X 4 z

«I;-Jsx'i'+&vj'+&;zl'c (D=415)

Further
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. Gear and Pinion
No.2

s x(1)

= Mechanism Plane

Figure D-9. Top view of gear and pinion no. 2 in mechanism plane
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o n, = cos vy, 1 +siny, ] (D-416
e 2 2 2 3 )
h' and
o R & - '
s ox T T2 9% Yy (N=417) .
-‘?E “ = - ' 'IIJ
X% 2y = & 810 v (D-418) ;
_ With the above, equation D-413 becomes: :“"
- A T+p 3 k 4 i
_ where -....4
= - . 2 2 - . 4
= P =y w0y By (wy +u) Ry, - u, Ry (N-420) C
S Poomw w R - (0?+u?)R,_ +o K (D-421) )
y X 'y 2x X z 2y z  2x - c
- . . _ N
P, (usx ], + Wy, azy) w, + aZy i (P (D-422) o
ﬁf::fi
ﬁ{: Finally, equation D~412 becomes: ;4}
s
Aozlground = Qx i+ (')y J + Oz k (h-423) " "“’1
where, with the help of equations C-4 and D-419: j
Ox = Gy + Py (D-424) et
0y = Gy + Py (D-425) {;f
0z = Gz + Py (D-426) o

Force Equations for Gear and Pinion No. 2

A top view of gear and pinion no. 2, showing the contact forces Fqy and

F)o together with their associated friction forces is given in figure D-10a. A ——
free-body diagram of the pivot shaft of this component is shown in figure D~10b,

The force equation is again based on Newton's law, i.e,:
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Figure D-10b. Gear and pinion no. 2. Normal forces, friction forces, and thrust o
friction torque on pivots. L
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The force equation is again based on Newton's law, i.e.:

IF = m, Aozlground (D-427)

where

ILF = Sum of the pivot forces as well as the various contact
forcesa

m, = Mass of gear and pinion no, 2

A = Acceleration of the component center of mass, i.e., equa-
0y/eround = ¢ ion D423 '

The full force equation is now obtained with the help of figures D=10a
and D-10b, as well as equation B~153 of reference 1:

- -

= Fyqfgq = 8y UFoq Myoq + Fiy 0yy = M8y Fry Mgy

R L uF, TR, I HuF, 1 +F,k
“ P L WP I - Fop 3 - uF o 1
=m, (0, L+0,3+0, k) (D-428)

In the above, ﬁ23 and 5N23 are given by equations D-162 and D-163, respectively,
The unit vectors n and Nyyy Were defined by equations D-308 and D-309. Appro-
priate substitution and subsequent separation into x and y components furnishes:

X~Component of Gear and Pinion Force Equation

- F,, 8in (82 + 82)- 8, WF,, cos (62 + 62]— F,, sin (Bl - el)

J+F . + ufF , - WF =m0 (D-429)

+ us, F,. cos (Bl -9 . )

1 12 x2u

1

Y~Component of Gear and Pinion Force Equation

F,y cos (32 + 92) - us, Fy, 8in (32 + ez)+ F,, cos (sl - 91)

- - + - -
+us F, sin (el 91) MF oa * Fya ¥ WPy = Frpp =m0y (D-430)
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Z=Component of Gear and Pinion Force Equations

This thrust force is best expreessed in tilded form, so that,

Fgp = Imy 0,1 (D-431)
Moment Kquations for Gear and Pinion No. 2

Since gear and pinion no, 2 represents a symmetrical body without pro-
ducts of inertia, its moment equations may be expressed in terms of the projec~
tile-fixed X-Y-Z system by the appropriate adaption of equation B-~13 (app B).

o Keeping {n mind that the angular velocity & and the angular accelera=~
tion y of gear and pinion no, 2 with respect t6 the projectile, must be
expressed in terms of the eacape wheel angular velocity ¢ and angular accelera-~

tion ¢,

b = Nyy ¢ (D-432)
and

¢? - Ny, 6 (D~433)

This gives the moment equation the following form (note that the pivot point 0y
and the center of mass C, coincide):

Mo2 = [Ix2 W + Izz wy (wz+ N32 ¢)- Iy2 my mz] i

w + 1 wow = I, oy (mz+N32 &)]j—

+[Iy2 y X2 x 2

+ 1, (4 + Ny, ¢)k (D-435)

The moment Moz about point 0y is now found with the help of the pivot

shaft free-body diagram of figure D-10b as well as by the adaptation of terms due
to FlZ and Fy,, according to equation B-160 of reference l. HNote that the thrust
torque («) n Pea Fz k uses the tilded form of 1“22 equation D-431 in order to
always make this frzction moment positive, i.e, oppose the clockwise rotation of
the component, The parameter p 2 represents the thrust friction radius, while P
is the radius of the pivot shaftf’. Then
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The above becomes

Mo2 = (W Ly Fypy = Ly Fypy * WLy, Frgp = Ly, Fypp 1 1

+ [Lu Fx2u tu Lu Fyzu + LL Fx2L tu LL FyZL] ]

-

*[Fpy Ry -~ wsya))-Fy (r,-nse (@ -a))

+upg, Fop+ o (Fx2u + Fy2u + Fogp + FyZL)] k (D-437a) -
Substitution of equatidn D-436 into equation D-434 yields the following moment ;Q
component expressions: L
X~Component of Gear and Pinion Moment Equation oo
M Lu Fx2u - Lu Fy2u *ou LL FxZL - LL FyZL :
=Ly B * I, (w, + Ny, $) - Iy vy o, (D~-437b)
Y-Component of Gear and Pinion Moment Equation o
Lu FxZu tu Lu FyZu + LL Fx2L tou LL Fy2L ﬁ
- Iy2 by Lgu, v, - 1,0 (mz + Nay $) (D-438) 77?
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N
Z=Conmponent of Gear and Pinion Moment Equation IE
Fas (Ryg + 4 8y 8] = Fpp (1 —wsy (4 - a))) .
*uegy Fop w0y (Fegy *+ Fypy + Frgp, + Fypy)
- 122 (wz + N32 ¢) (0-439) :'-
Simplification of Force Equations for Gear and Pinion No. 2 L
The X-component of the force equation, i.e.,, equation D=429, is now ..
rewritten: e
" Frau TV Fyou T Fron T W Fypp " Ry Faa o Ags gt Agg (D-440) ~
where "o
Agy = = [sin (B, + 8,) + u s, cos (B, + 6,)] (D-441)
Ags = = [sin (B, - 0,) - u s, cos (8 - 9,)] (D~442) L
Age = - m2 Ox (D~443)
The Y~component of the force expression, i.e., equation D~430 is simpli- :f
fied to: "
W Fou T Fyau T ¥ Faon t Fyan T Agy Faz ¥ Agg Fia * Ay (D-444) o
where If
Ag7 = - [u sy 8in (By + 8y) = cos (By + 6,)] (D-445) ""
Agg = [n s; sin (B, - 8;) + cos (B, - ;)] (D-446)
Agg = - my Qy (D-447) T
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Simplification of Moment Equations for Gear and Pinion No. 2

Equation D-437b for the X-~component of the moment may be rewritten as:

" ULy Faou by Fyay = WLy Fugp + Ly Fypy, = Agp + Ag ¢ (D-448)
where

Agg = - [Ix2 ot ou (z,, - Iyz)] (D~449)

Aot =~ Ty Yy 8, | (o450

Equation D-438 for the Y-component of the moment is written as follows:

- Lu Fx2u - Lu Fy2u - LL FxZL e LL r"yZL = A92 + A93 b (D-451)
where

Agy = - [1yz @t w (I, - 1,,)) (D-452)

A3 = 1,5 4 Ny (D-453)

Fquation N-439 for the Z-component of the moment remains as is.
Simultaneous Solution of Pivot Forces of Gear and Pinion No. 2

Equations D=-440, D=-444, D-448, and D-45]1 are now solved simultaneously
for the pivot forces., Therefore,

\
- — + =
Fezu ™ ¥ Fyou * o ¥ ¥ FgaL T By
F - F - F + = B
H x2u y2u " x2L FyZL 22
> (D-454)
e Lu FIx?.u + Lu FyZu - LL FxZL + LL FyZL - B23
- Lu Fx2u - Lu Fy2u - LL FxZL - H LL FyZL N 324
where J
Byy = Agy Fa3 + Ags Fip + Agg (D-455)
135

e



L e e TR AN M) —
~ e S IRIN ALY - e, R - " e
AT et L A LT Nt S A W = it =i -~ .\'.."..‘.~.‘.—:‘.-‘.-'_~'.5'.«‘ AR ts tnttiade SRJE T Sl JREER T
aot e e N T TS

AR
e

l.‘

. .

e

Byg = Agy Fyg + Agg Fyp + Agg (D-456) '.,;,
Bay ™ Agy + Ag; ¢ (D-457)
Boy = Agy + Agy ¢ (D-458) r__

To use the solutions of equation D-67, equation D-454 has to bhe changed
to a form that has the same signs as this set of expressions, This may be accom-
pligshed by substituting

W= -y (D-459) L

(This replaces Ay, = W 8g in equation D-67.) Equation D-454 then becomes:

~ -
- F + + - =
Xx2u W FyZu Fx?.L ” Fy2L B21 it
L.
— 0 - + + -
W eru szu W Fx2L Fy2L B22 '
? (D-460)
" <+ o= Lo
” Iu Fx2u * Lu Fy2u w LL FxZL + LL FyZL BZB —
t
- - + -
Lu Fx2u o Lu FyZu LL Fx2L * LL FyZL BZA
v
With the above substitution (i.e., equation D-459) the coefficient
determinant of equation D-460 becomes according to equation D-75: »o
D= (@, + 1)+ )T (D-461)

According to equation D-80, the determinant Dpxoy NOW becomes with the
appropriate changes:

2

D = (L, + 4 )1+ W)= L By + wL; By, = uByy - By, | (D-462)

Fx2u
Now suhstitute for the Bzi's according to equations D-455 to D-458:

2

P 0y " Ly + 1)+ ) { -1 [Agy Fag + Ags Fip + Agg )

*uly [Agy Fyy + Agg Fiy + Agg]
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- u [Agy + Ag) $] - [Agy + Agy 3]} (D-463)

After collecting of terms, the tilded force F#Zu becomes:

D
F
o x2u 1 » .
L N 7 [Csy + Cog &+ Cgg Fpy + Co Fip | (D-4b4)
Lp (1 + %) :
vhere
Cs7 = |= Ly, Agg + w (Ly, Agg = Agg) = Agyl (D-465)
Csg = |u Ag; + Agsl (D-466)
Cog = Ly (w Agy = Ag,)! (D-467)
Coo = ILy, (v Agg = Ays)l (D-468)
According to equation D-90, Dy ) with appropriate changes becomes:
yiu
2 - - -
DFyzu (Ly+ 1)1+ ) [ wiy By = Uy Byy + Byy =By, ] (D-469)
Substitution of equations D-455 to D~458 gives:
2 P
DFy2u = (L + 1)+ 7] { - wy [Agy Fpy + Agg Fip + Ayl
= Ly [Agy Foy + Agy Fip + Agy]
+ [A90 + Ay, $) - u [Agy + Agy $] (D~470)
After appropriate collecting of terms, the tilded force ﬁyZu becomes:
BF
¥ y2u 1 [c,, +¢C., b+C  F . .+C, F._ | (D-471)
F - - , -
y2u ) Ly (1 + uz) 61 62 63 23 64 12
where
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c61 L |- LL A89 - M (LL A86 + Agz) -+ Agol (D“472)

Co2 * lAgy = u Agsl (D-473)
Co3 = ILL (u Ag, t+ A87)| (D=474)
Cou = Ly, (u Ags + Agy)l (D-475)

According to equation D-100, Dg oL with the applicable changes becomes:
X

2 -
) {L, Byy = WL, By, = uBy =B} (D-476)

-~

Dpsz = (L, + 1 )(1 +

Substitute equations D-455 to D=458:

2
Drsz = (ny + 1 )(1 +w7) {u, [Ag, Foy + Ag5 Fiy + gl
s u Ly [Agy Fyg *+ Agg Frp ¥ Agg]

- u [Agy + gy 3] - [Agy + Agy 4] (D=477)

After collecting of teims, the tilded force Fyog, hecomes :

~

o DFx2L 1 .
Ly (1 + v%)
where
Cos = |~ u (L, Agg + Agp) + Ly Agg = Ag| . (D~479)
Cop = In Agy + Agsl (D-480)
Cor = Iy (Agy = u Agy)l (D-481)
C68 = lLu (ABS i ' A88)| (D-482)
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after applicable adaptation

According to equation D-109, the determinant D
hecomes:

FyZL
2 e
DFyZL = (L, + L)1 +u®) { wLy By, + L, By, + Byy - w By} (D-483)
Substitution of equations D=455 to N=458 lead to:
DFyzL = (L + 1)1+ 7)) {wny [Ag, Fuy + Agg Fiy + Agg]

* L, [Agy Fpy + Agg Fiy + Agg]

+ [A90 + Ay, $] - u [Ag, + Ag3 $1} | (D=484)

Again, terms are collected and an expression for the tilded force Fyyy, is found.
Therefore,

~

o DFyZL 1 s oy
Foo. ™"~ = 57 [Cog * Cpg ¢+ Cpy Fyy + Cyp Fipl  (D-485)
LT (1 + u ) ,
where
Coo = L, Agg + 1 (L, Agg = Agy) + Agy)l . : (b-486)
C7o = |Ag; = 1 Agsl (D-487)
Cyp = I, (u Ag, + Agq )l (D-488)
C72 - ILU ‘(U A85 + Agg)l (D~489)

Substitution of Tilded Pivot Forces Into Z-Component of Moment Equation

Substitution of equations D-431, D-464, D-471, D-478, and D-485 into the
7Z-moment equation D-439 is now required. First, let the tilde forces be added:
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where
' C., +C,, +C, . +C
Agy = =L 6L 65 69 (D=491)
Lp (14 ")
Ceo + Coop + C.p + C
Agy = 3B 62 63 70 (D-492)
Lp (1+47)
Ceg + Cpq + C,0 + C
Agg = 22 63 6; 71 (D-493)
LT 1+ )
C,.+C,, +C,o +0C
Agy = 80" 64 63 72 (D-494)
Lp (14 47)
Further, let eguation D-431 be expressed as
Foo = Agg = Imy 0, | (D-495)
Equation D-439 then becomes:
Frg Rypg ~ sy 8)) = Fy [y us) (4 -a])
*uogy Agg t upy [Ag, E Ags 0+ Agg Fpy + Agy Fp ]
=1, (u,+ N, ¢) (0-496)
or
Py (Ryp = Wop 8y ¥ wmy Mgl = By [ryy = wsy (@) - a)) - wpy Ay |
+oulogy Agg + 0y Mgy 1 upy Mgy dm Agg ¥ Aoy ¢ (D-497)
where
A99 » 122 W, (D-498)
Atoo = T My (D-499)
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Now consider again the signe of the friction moment terms, recalling
that a reverssl in the gear train rotion will cause a change of the sign of uin
the program. The component rotates normally in a clockwise direction and the
friction moments must be positive, Also note that N3, 1s negative,

The following friction moments must be positive for positive rotation $
of the escape wheel. (This implies a negative angular velocity for gear and

pinion no, 2,)

‘- U F23 Py A96. “‘96 is sum of ahsolute values) (0-500)

&

% u 1@‘12 Py A97 (A97 iz sum of absolute values) (D-501)

2 n [nfz Agg + Py Agz.] (Ag, and A . are absolute values) (D-502)
h__ The sign of the term containing $ must be determined by the sign of —--
-_ alone, When ¢ is positive, the gear and pinion no, 2 turns negatively, and the .

N friction moment must be positive, Therefore, the term must have a positive sign, fﬁf
3 and the abhsolute values of u must be used: R
:* : | .ﬁuﬁ
h + 1wl ey Ayg $ | (D-503) . ._i

”'_lfv : Note that Ags is an absolute value.

:ﬁ"' With the above considerations, equation D-497 becomes:

Fpy Ry = wsyay+uwpy Ay l-F) [, - us (@ ~a )= up, A ]
+ u [ogy Agg + 0y Ag, 1+ [ul oy Agg b= Agg + Ay 0 (D=504)

Finally, the above 1s solved for Fypj3:

Aro2 Fi1a = Ajo3 = Ajpg 9t Agg * Ajgp ¢

F,, = (D-505) i

24 A1 .

e

where o
Al01 = Rp2 = usp az + u py Agg (D-506) : )

Aoz = Tpy - usy) (d) - ap) - uopy Agy (p-507) R
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Aoz = u [pgy Agg + 0y Ag, ] (D-508)

Aou = 1ul 0, Agg (D~509)

Dynamics of Combined System in Coupled Motion (Applicable to Both Configurations)

As in reference 1, it is now necessary to develop a single differential
equation for coupled motion., This 1is accomplished by first substituting equation
D=411 for F;, 1into equation D-505 for Fyq. The latter expression is then made
part of the combined differential equation for the escapement, i,e,, equation D~
240 or N-278. Therefore substitution of equation D-411 into equation D-505

glven:

A

1 102 " » 02
F » e—— -1 ¢ - A 6=~ A b - A
23 AlOl A79 IR 81 82 80

-A_+m v (Ox sin y-oy cos v)]

60 1 cl
= Alg3 = Ajgy O+ Agg + Ay ¢l (0-510)
or
A A
1 N 102 s 102 ABI
Fpa g { ¢ =1 * Ao ]~ ¢ =+ 4, ]
23 TR Ry IR "100 Ay 104
+ ¢ [_fJ_QZ__'fﬂ_Z“ - (A80+A60)A102_A Ao ]
’ A9 Arg 103 7 99
Aoz
+ _K;—g_ m1 rcl (0x sin y - Oy cos Y)} (D-511)
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The above is now substituted into equation D-240

2 )

(1] '2
[Ag) Lpp U = Agg I ¢ + [Ag) (Ayy U™ + Tpp V) = Ay Augl ¢

Ao Ayg Moz g
{[Ayg0 - Ay | ¢

+ A Uém
51 A3 Aoy

Aoz As) . Aoz M2 2 Moz (Ago * Ago)
- [+ A ¢ - o - Ty
79 N9 79

- Ago) + 1 Fel (o, sin v - o, cos v)}

Arg Agy = Agy (Ag + A30) Agy My Tep (xx sin 8 - K cos 8) (D-512)

Finally, the above bhecomes*

Ags ¢+ A0 § + Aoy ¢

-0
Aog * Aloo [0 sin vy y cos Y]
Ao [xx sin § - K cos 8] (D-513)
where
Amo Ao A Ao Aa A
29 Au9 Moo | 29 49 D02
A = A U=~ A I - + 1 (D-514)
105 51 PR 29 “zs Aol Aol Asg 1R
An Ao A
2 29 249 o2 482
Args = Agy (Agy UT + Tpp V) = Ayg Ay + 3 (D-515)
101 79
Ao Ao A
29 49 Ao 481

101 79

* The value of the signum function sy decides whether entrance- or exit-coupled
motion is described by the differential equation D-513.
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Mg Ayg Aoy (Agg + Ago) A - A

Ajpg = = ]
8
10 Aot Azq 103~ “99
Ay Agg = Agy (Ag + Ay | (D=317)
Asog An A
29 49 102
A109 - m, r (D=518)
AIOI A79 1 el
Alln L] AS]. mp l.'cp (D-519) "
oo
Contact Forces for Coupled Motion "ﬁ
The contact force Fy3 is given by equation D-511: _j
- Y] . i
Mg P A & YA P A , .
Fpy = - (D-520) 3
101 L;‘:\?
where R
A I v".“A'.
o - o2 M1v _ e
Al ———* Ao (D-521) o
79 o>
A A
Az = - ——“*—122 2 (D~522) e
79 2
e
A A -
102 481
Appy = - (*““——‘—A7 + Ajgs) (D-523) '}
9 ‘
+ -
N (Agg A6O)A102_A .
114 Ay 103 * Aog -
A o
102 e
+=—%m v . [0 sin y- 0 cos Y]
Azg 1 el Tx y (D-524) S
The contact force Fyj5 is found with the help of equation D-505:
Fa3 Ajor Y Ays Y A 97 Ao ¢ (D-525)
Fla = A D=5
102
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where

Al1s = Alo3 = Agg (D=526)

The contact force P,, betwaen verge and escape wheel, may either be obtained
from equation D=137 or from equation D-235, Therefore, from equation D=137 with

the pallet variable y:

1 i1} . .2
Po == [Tpg ¥+ Ay U+ Ay V7 + A0

29 .
- my £ (K sin B = K cos 8))] (D-527)
where
All6 = Ag + Ajp (D-528)

In terms of the escape wheel variable ¢, equation D-235 gives:

(1] 2
I 6+ Ag 6+ Fou Ag + A
P =28 48 23 749 50 (D-529)
n ASI

Equations D=527 and D-529 are valid both for entrance~ and exit-coupled wmotion as
long as the common expressions for Agg and A5y are used (eqs D-278 to D-283).

Differential Equations and Contact Forces During Free Motion
Pallet Free Motion Differential Equation

By letting P, = O in equation D-527, the free motion equation of the
pallet 1is obtained, which is now independent of euntrance or exit conditions:

(1) 2 . - _ -
Lpg ¥+ Ay V" 48y b= Ao bm r K osin g - Ko cos B] (D-530)

cp

Escape Wheel-Gear Train-Rotor Free Motion Differential Equation
First let P, be set equal to zero in equation D-529. This results in:

. . )
Tzg &+ Ay 07 = = Ayg Fa3 = Agg (p-531)
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Note that this is also now independent of entrance or exit condition, ,f*uj
Now, Fy3 (eq D=520) is substituted into the above expression. This
leads to: e
- 2 . , PR
Az ¢ Ajpg ¢ YA ¢ A (D-532) s
-'_<
where ; ';,
Ao A S
Ay = 1, + -l (P-533) SRR
101 o o
b o
A, . A e
49 112 : \;1
Ajig ® Ao + —S—= (D-534) EARRN
: 48 Alf)l L
A,. A
Mg = —p—2 (D~535)
101 ;
Ayg Ay, X
Mao = = (Agy + —3—112) (D=536) o
101 primad

Contact Forces NDuring Free Motion

o . Equation D-531 may be solved for the free motion contact force FF23 once [;;;
¢ and ¢, for free motion, are known: o

- .2

B (Izs ¢+ A48 o + ASO) o
Fpay = A (D-537) R
‘ 49 .
(The additional subscript F stands for free motion.) %f_ﬁ
Equation D~505 was derived for gear and pinion set no, 2. It way now be modified ‘1:ﬁ$
to obtain the free motion contact force Fpjp, using free motion values of Fpyj, Lo
6, and ¢t F""T
Fray Ato1 + Al03 + Atos = Agg = Ajgg ¢

Fpip = A (D-538) e

102 R
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Finally, with equation N-526:

Feas Ao Y Alis * Aos 7 Ao

Fl2 AIOZ

F

Impact Equations

The impact equations may be taken directly from reference 1 if care is taken
to adjust all parameters to the presaent notation, Just as in reference 1, only
the kinematics relative to the fuze body counts, since all other angular veloci-

ties are common to both pallet and escape wheel,

must be used, while for exit impact time

For entrance impact the angle
e and exit impact equations are identical

the angle o is applicable. FEntra
(ref 1), Therefore,
& i - e 1 A'z) + 9 1 A (1+e)D!
. i STOT "1 r qu 1 i ;cp 1 r 1
b = ¥ > (D-540)
] ]
Ic«:p Al * Igror 0y
b Al - e (# D! - 4 A)
b = f 1 T '1 1 i1 (D-541)
f Dl
where
- 2 - 9
fstor * tzs T Ta2 M32 T Ty N, (D-542)
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UIntil the time when actual aeroballistic data can be incorporated into pro-
gram SARROV, the following expressions for the projectile kinematics will be
usad: ¥

Spin Simulation

Assuming a constant spin velocity, obtain for the spin kinematics:

¢F = () (E"l)
. RPM x 27 o —
de = DPHIE = €0 (E-2) o

and

b = PHIE = § ¢ b (E-3) ___
' "

Precession Simulation

Assuming that the precession velocity 1is also constant, the following is ‘
obtained: N
G =0 (E-4) B
where ff
[
. M L)PHIE - -

dh = DPSTE <P (E-5)

KP = K . is a divisor to obtain the precession velocity as a fraction of

the spin velocity

K, ~ 100 (E-6) -

wE = PSIF = xpE t (E=7)
* For nomenclature see appendix A. : -
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Nutation Simulation

The nutation angle is assumed to vary sinusoidally about some initial angle.

Then

8 = THET = THETIN + TVAR sin (K ¢ t)

where

THETIN ~ 8 degrees, the initial cone angle
TVAR = 2 degrees, the maximum chauge in cone angle

K, =6 to 8, multiplier of precession angular velocity %3
to obtain maximum nutation velocity GEMAX

With the above

éE-TVAR*Kn*ﬁtcos (Kn "t)

- 2 .3
8 = = TVAR * K “ * §.° sin (Kn W t)

Drag Deceleration

-
.

The deceleration z = zk of the center of mass, due to drag and expressed in

the projactile~fixed system, is given by

2z = DDZ = - 386.4 * 10
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