™

AD
AD-E401 206

TECHNICAL REPORT ARLCD-TR-83050

COMPUTER SIMULATION OF ARTILLERY SAFING AND ARMING
MECHANISM IN AEROBALLISTIC ENVIRONMENT (INVOLUTE
GEAR TRAIN AND STRAIGHT-SIDED VERGE RUNAWAY ESCAPEMENT)

~
F. R. TEPPER
N ARDC A
g G. G. LOWEN
CITY COLLEGE OF NEW YORK
F
< , R

JULY 1984

U.S. ARMY ARMAMENT RESEARCH AND DEVELOPMENT CENTER
LARGE CALIBER WEAPON SYSTEMS LABORATORY
DOVER, NEW JERSEY

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.




The views, opinions, and/or findings contained in
this report are those of the author(s) and should
not be conatrued as an official Department of the
Army gosition. policy, or decision, unless so desig-
nated by other documentation.

Destroy this report when no longer needed. Do
not return to the originator.




s AW, g iy A S et b 01K M S i Wad AT ol et O " " " v -
L Lo LTICXCIREE TR RE ML R0 TR M 1 000400 LA B PN V0 41 L KA S A DL SV L0 RO RS R By il e D U B AV Rl AT T NI

SECURITY CLASSIFICATION OF THIS PAGE (When Date Bntered) :
READ INSTRUCTIONS bl

REPORT DOCUMENTATION PAGE pEriEAD INSTRUCTIONS - R
T RERSRY RO 7. GOVT ACCEBSION NOJ 3. RECIFIENT'S CATALOG NUMRER | e

Technical Report ARLCD-TR=-83050 A}/)N‘i/ﬂf -

& TITLE (and Subtitle) 8. TYPE OF REPORT & PERIOD COVERED

COMPUTER SIMULATION OF ARTILLERY SAFING AND ARMING oS
MECHANISM IN AEROBALLISTIC ENVIRONMENT (INVOLUTE il
GLAR ‘TRATN AND STRAIGHT- bID 'D VERGE RUNAWAY 6. PERFORMING ORG. REPORT NUMBER ' 0N
N | | \ i

« AUTHORC2) § CONTRACT OR GRANT NUMBER(s) ‘ LR
F. R. Tepper, ARDC g
G. G. Lowen, City College of New York ‘ E:
5. p"uronh'n'n'q GROANIZATION NAME AND ADDRESS 0. RROGRAW ELEWE e ROJEET. TASK (i
AREA & WORK UNIT NUMBERS ¢

"ARDC, LCWSL 5
Nuclear and Fuze Div- [DRSMC-LCN(D)] ‘ e
ver, NJ 07801 : o
{11, CONTROLLING OFFICE NAME AND ADORESS 12, REPORT DATE ,c
ARDC, TSD | July 1984 hud

» z
LTS e

e -
e

STINFO Div [DRSMC-TSS(D)] 13. NUMBER OF PAGES

| Dover, Ng 07801 192
« MONITORIN Y N & ADDRESS(I ditferent from Cantrolling Otfice) 18. IICURITY CLASS. (of thie report)

Unclassified

s
»

L.'-.!

e

“'ﬁ"'-.—?o [ &"ui‘"nr?n ATION/ DOWNORADING | Y
SCHEOULE N
‘ — : ‘ o
T6. DISTRIBUTION STATEMENT ¢of this Repori) b N L.
L be

A
a a &

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abatract entered in Block 20, it different trom Report) )
|

Ey e e e
. A S i
A T R APEL

* R R
- B A Y

R

TEre

18. SUPPLEMENTARY NOTES
Parts of this material appeared originally in ARRADCOM Technical Report

ARLCD-TR-82013.

x PR
. RG]
B Bt et

19. KEY WORDS (Continue on reveree side if necessary and identify by block number)

Aeroballistic environment Rotor L
M739 fuze Runaway escapement »!
Nutation S&A mechanism L

f,

Plate pallet Spin
X ion Verge escapement
on']. ABSTRACT (Tontisus e reverse siée I nesoesasy acl identity by block number)
A computer simulation was developed for a complete artillery safing and
arming (S&A) mechanism which must operate in a projectile that experiences spin,
precession, and nutation. This mechanism contains a straight-sided verge run-

away escapement, a two pass involute step~up gear train, and a spin driven
The mathematical model treats three motion regimes of the associated

3w 3 o -
‘ AR
e AR S-S el

™ e =
o A
LT Wt
K el tl

rotor.
escapement (i.e., coupled motion, free motion, and impact). The computer pro-

gram is well adapted to parametric studies, and it allows the use of pallets B

(cont) o

oD, ”. v WJ3  £oimion oF 1 nov 6813 oRsoLETE UNCLASSIFIED D

SECURITY CLASSIFICATION GF TNIS PAGE (When Date Entered) '




SRty Al LEN ,;srtz-u'i-,vr.;vi;;;- iy A4 O g W *;., SR WA L ERTRISEME AN SN :‘{';‘f‘-!f'_:jif:’"‘ﬂf‘;:r"‘_‘v"z‘i",‘I“’Tf‘.';t‘v"‘.“';""\i_‘{";'\;'"l'_'."&‘::t“.?
| ’ ' I
R

w3

LFIED .

SECURITY CLASBIFICATION OF THIS PAGE(When Date Entered) o

l‘;‘

20, ABSTRACT (cont) b

. -

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
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¥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 fix