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ABSTRACT

In the first part of this investigation the feasibility
of constructing a timer mechanism with 1ts gear axes perpendl-
cular to the axis of the projectile is considered. It is found
that the potential advantages of thls arrangement may not be
g—eat enough to warrant solving the practical problems that
aris: with its use,

The second part of this investigation 1is concerned with

the friction torques of conventionally oriented mechanisms.

QEAR AXES PERPENDICULAR TO THE PROJECTILE AXIS

—— - =

Introduction <Zorsider a shsft in a timer mechanism that in-

tersects, and 1s perpendicular to the axis of the projectile.
During flight the gear-shaft-pinion assembly 13 subjected to
an acceleratioa along 1its axls which 18 proportional to the
square of the 3pin speed and to the distance from the projec-
tile centerline to the assembly's mass center. During the in-
terval vhen the projectile 13 in the rifled gun barrel the
assembly 18 suhjected to a transverse acceleration and to an
axial acceleration., The timer is not required to operate dur-
ing this interval even though i1t may have been turned on when

firing was initliated. It 1s to be expected that during this
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interval the spring torque will be balanced by the relatively
high friction torques on the timer shafts. When the proJjec-
tlle leaves the barrel the transverse acceleration becomes
negligible while the axial acceleration caused by projectiie
spin remains approximately constant. The timer is required
to operate during this interval with minimum friction torque
on its shafts.

In a timer with conventional shaft directions, that 1is
with the shaft axes parallel to the projectile axis, the situa-
tion 18 different. During flight the shafts not on the proJjec-
tile axis arc subjecied to transverce accelerations and during
3etback they are subjected to both transverse and axlial accelera-
tions,

Conventionallyr, Jjournal bearings are used to resist trans-
verse loads and a flat thrust collar is used to resist the
axial loads of setback. In a previous investlsation fll. the
possibility of using sharn vee, Jjewel type bearings in a con-
ventionally orlented timer was considered. Since these bearings
have contact at a radius that 1s small compared to the shaft
radius they offer a potential for low friction and are used in
instruments and watches for this reason. It was found, however,
that in the apvllication considered, these bearings were inade-
quate for two basic reason”, PFirst, they had to be an order of
magnitude larger than those used in instruments in order to with-
stand the setback loads. Thls caused the friction torques

during operation co be of the same order of magnitude as those

* Numbers in square brackets designate references on page 29
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in journal bearings. Second, they have low resistance to trans-
verse deflection and would not hold the shafts with the neces-
sary precision without additional constraints, which would in
turn produce additional friction.

By turning the timer shafts so that they are pe.pendicular
to the projectile centerline and by providing a separate set of
bearings to resist the transverse locads of setback two effects
occur:

(1) The steady loads due to projectile spin are changed from
a direction transverse to the shaft axis to one parallel to
the shaft axis,.

(2) Sizing of the bearings that resist setback is made inde-
pendent of the 3izing of the bearings which resist the spin
produced loads, with the possibility of getting lower friction

torque,

Tentative Desi,: Before analyzing an untried system in detaill,

it should be ce-ermined in a preliminary fishion, what practical
problems are associated with the system because of its baeic
nature and what the likelihood of solving these problems 1is.
These prodbleas should then de welzhed against the potential ad-
vantages cf -he system and the repsults of this comparison used
to determine 're extent of the required analysis and the effort
to be devoted t- solving the assocliated practical prodblems. To
thie end the system shown in Pigure 1| was conceived, It has

the following feazures:

(1) A hardenc¢ steel ball cuter %“earing 1s used. This eases
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the problem of hardening and precisely grinding the end of the
shaft.

(2) A hardened steel or a jewel spherical outer ball seat 1is
used,

(3) A shaft with integral pinion and staked-on gear 1s used.
The shaft contacts the outer ball at a larger radius than the
ball does its reat so that slippins occurs at the latter pair
of surfaces first. The relatively low contact stress developed
between the ball and the shaft end eases the fabrication pro-
blem for the shaft end.

(4) Two cylindrical journal bearings with clearance and roun-
ded corners are used to withstand the setback loads.

(5) An inner end ball, with a cylindrical seat, an antirattle
spring, and spherical contact with the shaft end is used. It
18 needed to prevent the shaft from contacting the inner Journal
bearing during operation. The inner ball is shown on the same
side of the projectile axis as the outer ball.

The design as shown has certain limitaticns assoclated
with its potential advantage of low friction at the small radii
of contact between the balls and their seats.

The primary limitation is due to the low resistance of the
arrengement to deflections produced by transverse loads. This
means that the timer shafts must all be lined up so that each
intersects the projectile axis. Deviation of the projectile

mass center from its geometric centerline may cause large trans-

verse deflections,




In order tc prevent small misalignments from causing ex-
treme transverse d:flections relatively high axial forces are
required. This necessitates either locating botk bearings on
the same side of the projectile axis or providing an antirattle
spring of tremencdous strength,

To get an 1dea of the possible order of magnitude or loads

due to misalignmen: consider the following numerical values:
3pin Spesc, » i 3140 rad ‘avc {30,020 rpm)
Misalignment: .080 inches
Shaft length >etween bearings: .24 inches
Weight of shaft: .001 1b
Minimum dietance, inner bearing to spin axis: .10 inches
Center of zravity half-way between bearings

The eccentricity »" the center of gravity 1s then [See Figure 2)

. 1/2
e={ (0807 + (104 12)° } = .23% tnches

and its acceleration is

6, 2

in/sec

a = u%e = 3,140)%(.234) = 5,980g = 2.305(10

The axial and transverse components of this acceleration are

8,x191 = 8 c03a = (5,980g)(.22)/(.234) = 5,630¢ = 2.14(105)
in/sec®
and
8¢ ransverse = & 8ina = (5,980g)(.080)/(.234) = 2,050g = .79(10%)
in/sec
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Thus for a .001 1b, shaft the transverse and axial loads would
be about 2.1 and 5.6 1b, respectively under these conditions.
This continuously acting transverse load is caused by the com-
binationi of accidental eccentricity in one direction and in-
tentional eccentricity in the perpendicular direction. The
intentional eccentriclty is put in to allow an axial force to
be transmitted across the inner bearing. This axial force
would generate frictional resistance to transverse deflection
at the inner bearing.

If we decide to try to locate the timer shafts with their
centers of gravity on the projectile axis, a situation as shown
in Pigure 3 would result. Assuming five shafts with the middle
one nominally centered and allowing for some staggering, the
eccentricity of an end shaft could be

e = { (.08)2 + (.16)° }1/2 = .179 inches

with a total acceleration of 4,570g and axial and transverse
accelerations of 4,080g and 2,040g respectively. These are
essentially the same as before.

To summarize so far: The pivot bearings mu3t be able to
develop sufficient transverse rigidity to prevent contact with
the journal bearings during operation. If this transverse ri-
gldity is attained by transmitting centrifugally generated axial
forces across the inner bearing (Pigure 2), uncontrollable
eccentricities can cause appreciable transverse forces on the

shaft. If axial forces on the inner bearing are not intention-




ally generated centrifugally, then one shaft can be placed with
its center of gravity nominally on the projectile centerline.
The natural staggering of the gearing combined with uncontrol-
lable eccentricity (Pigure 3) will then still produce apprecia-
ble transverse forces on the shaft. Thus a severe practical
prodblem exists in making the effects of accidental eccentricity
negligible.

Estimate of Friction Torque Reflected to Mainspring Here it

will be assumed that the accidental eccentricity has been made
zero and that sharp vee pivot bearings are resisting only axial
load. The friction torque caused by spin forces and reflected
to the mainspring will be estimated for these cases:
(1) Mechanism center 1 inch from projectile axis with balance
lever near projectile axis.
(2) Mechanism center 1 inch from projectile axis with balance
lever away from projectile axis.
(3) Balance lever center on projectile axis.

These three arrangements are shown in Figure 4 which also
gives the numbering of the shafts.

The calculated axial forces for arrangement (1) at a spin
speed of 30,000 rpm are shown in Table 1, page 12,

Using the equations of Reference [1l) we have

pl/2 g

2
Ry = (3) (3")3/ —2 (146 of Ref. 1)

qo3/2
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TABLE 1

CALCULATED AXIAL FORCES POR ARRANOEMENT (1)
AT A SPIN SPEED OF 30,000 rpm

Mot Lneres T e el vedgnt (1tel03) percs: (1b)
s 1.12 26,700 5.5° 157.°

4 1.07 27,400 3. 24 88.6

3 1.00 25,600 972 24.9

2 .94 24,000 .618 14.8

1 .85 21,800 .503 11.0

0 .75 19,207 .332 6.40
BL .68 17, 400 185 3.22

® Uncertainty as to how much spriig weight to assume to be supported
by the bearing has led to disregnrding any friction caused by this

force in the totals of Tables ' to &

- 12 -
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to size the bearings where

12 -1 .1
+ (130 of Ref. 1)
R, B K
1 els v12 - v (131 of Ref. 1)
= + 0 efl,
E, TE Eo

and
R, 18 the (negative) radius of the bearing seat

R2 is the radius of the shaft end or ball

E1 and E2 are the modulil of elasticity of the
two materials

21 and v, are Poisson's ratios
0 is the design maximum compressive stress
P i8 the axial load

The friction torque on a bearing with coefficient of friction

¢ and maximum compressive stress q, produced by an axial load

P 18 then
3/ 1/2 3/2
1 P
Top = (B)@) (m) u "'17q 2 (151 of Ref. 1)
(o]
or
3/2
P
Trr = 0408 u q——m
(o]

- 13 -



Using the numerical values q, = 285,000 psi for hardened
steel on saphire (2] and uy = ,17 for these materials we can
find the torques required at the shafts to overcome friction
due to the axial (centrifugal) loads on the outer bearing.

The results are shown in Table 2 (page 15) which also gives the
idea) torque required at the mainspring to overcome these fric-
tion torques.

1t may be scer. that this 1s potentially a high torque to
overcome &t the nainspring shaft.

The effect of reversing the eccentricities and locating
the bslunce leve:r on the outside (arrangement 2) is shown in
Table 3 on page . °.

I* may be se=r. that arrangement 1 gives somewhat lower
ref.ected frictir » torque although the orders of magnitude are
the same.

The torque ‘aluee from these tables can be modified for
othur friction co<Cicients u, or design bearing stresses Q5>

by noting that

1/2
T =T, () (282090,

fr I
Teble 2

Por different get.. ratios, shaf: weights, or eccentricities

the calculations have to be repeated.

S SRRSO T

- 14 - 1




TABLE 2

CALCULATED FRICTION TV RQUES POR
ARRANGEMENT 1 POR A SPIN SPEED OF 30,000 rpm,
A COEFFICIENT OF PRICTION OF .17, ANT A
DESTGN MAXIMUM COMPRESSIVE STRESS OF 285,000 psi

Shart Qear Ratlo P (1b.) : Trr at Trr Reflected
Number to From Table 1
' Shart to Mainspring
Mainepring (1b.1n.) (n,.m.'i
MS 1 - - -
4 2.33 88.6 .1082 .252
3 T.00 24.9 .0161 .113
2 21.0 14.8 . 00652 .137
1 78.8 1.0 .00472 . 372
0 354, 6.480 .00210 LT44
BL - 3.22 . 000750 -

Total = 1.618 1b.in.

= 25.9 oz.in.

-15 -
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TABLE 3

CALCULATED FRICTION TORQUES FOR
ARRANGEMENT 2 FOR A SPIN SPEED OF 30,000 rpm,
A COEFFICIENT OF FRICTION OF .17 AND A
DESIGN MAXIMUM COMPRESSIVE STRESS OF 285,000 psi

Shaft Eccentricity Axial Tep at Tfr Reflec-
Number (inches) * Force Shaft ted to Main-
(1b.) (1b.1n.) spring (1b.1in.)
MS .70 - = -
4 «T5 62.3 .0638 .1486
3 .85 21,2 .01263 .0835
2 .94 14.8 .00739 .155
1 1.00 12,86 00596 470
0 1.07 9.10 .00356 1.261
BL s 18 5.44 .001642 -

Total = 2,104 1b.in,
= 33.6 oz.in.

-

* ALl eccerntricitier except trat of shaft number 1 are eantimated
independently of those in arrangements (1) and (3)

- 16 -



As opposed to these pessimistic estimates we may consider
Arrangement 3, with tnhe balance lever center of mass exactly
at the spin axis and the only eccentricities due 0o a small
staggering effect. The results of this calculation are shown
in Table 4, page 15.

It may be noted that the friction arising from the trans-
verse loads applied at the cear teeth has been realistically
neglected in Tables 2 and 3 but that this neglect is not jJus-
tified in the opt-imistic Table 4. Table 4 does indicate, how-
ever, the potentially lower friction possidble when the aschan-
lsu 18 centered on the spin axis,

These results may be summarized as follows: If we assume
that all the shaft axes actually do intersect the spin axis,
and the loads are thus applied axially, then at 30,000 rpm
the torque required at the mainspring to overcome the friction
caused by these axial loads is of the order of the available
torque when the eccentricity of the mechanism is abtout one
inch. If the centrifugal forces are not used to generate
transverse stiffness, then the eccentricity of the mechanism
can be reduced and friction torques an order of magnitude lower

can be attained.

Effect of Proposed Orientation on Balance Lever Period Fig-

ure 5 shows the balance lever for the on-center Arrangement 3,
It 18 shown in its equilibrium position with its center of

mass on the spin centerline of the projectile. It may be noted
that when the balance lever 1s rotated from its equilibrium

position, centrifugal forces act on the two mass28 to increase

= d7 =
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TABLE 4

CALCULATED FRICTION TORQUES FOR
ARRANGEMENT 3 FOR A SPIN SPEED OF 30,000 rpm,
A COEFFICIENT OF FRICTION OF ,17 AND A
DESIGN MAXIMUM COMPRESSIVE STRESS OF 285,000 psi

Shafrt Eccentri- Axial Tfr at Trr Reflected
U (menet (b fefs o Matnapring
MS .15 - - =

4 .13 10.75 .00457 .01065

3 .11 2.73 .000584 .00409

2 .09 1.42 .000219 .00461

1 .07 . 900 .0001105 .00872

0 .05 424 .0000357 .01262
BL 0 0] - =

Total = ,04069 1b.in.

= ,652 o0z.in.

® All eccentricities except that of shaft number DL are es-
timated independently of those in arrangements (1) and (2).

- 18 -



ani¢

projectile

centerline l
|
bear 8
/, ! q
+ +
projecti { b /
spin

oscillating
masses

BALANCE LEVER IN ITS EQUILIBRUIM POSITION
WHEN ITS CENTER OF MASS LIES ON THE
SPIN CENTERLINE OF THE PROJECTILE

FIGURE 5
e




o

this deflection, Assuming ftor the calculations to follow that
the spring stiffness 1s not affected by spin, the effective

stiffness becomes

o 202

K t spring ~ P

t effective ~ X

Assuming that K. ,.rective t design

spin speed wp, it will increase to a higher value at a lower

spin uspeea. Mo ° numerical <stimate of this effe:t take pre-

18 equal to K at a design

sent "typical"' numerical values as

b = ,701,2 inches

6

mg = 115.5 x 107 1b,

and
fn 30,000 = 81.5 cps

and calculate the natural frequency when the spin speed is half

of the design maxlinum spin speed of 30,000 rpm. We have

Ky 30,000 I ‘”n23o,ooo' (.0366 x 10'6)(.262 x 105)

.0096 in.1lb.,rad.

15,2, 2 .2
Ke 15,000 = K¢ 30,000 + 4 (1 - ( 36 )71 muyg 0P
1/2
] 2 , 2
T 15,000 = fn 30,000 (1 * 3015 000 /®n 30,000

81.5 (5.43)

= 441 cps

- 20 -
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which obviously cannot be tolerated.

If the equilibrium position is rotated 90° as shown in
Pigure 6 a similar effect occurs. In this case a smal:. ‘o-
tation from the equilibrium position does not change th:  cen-
trifugal forces to first order in small quantities, but does
change the moment arms of these forces by first order quantities.

The effective spring constant becomes

+ mw 2b2

- K, spring p

Kt effective

which, except for a difference in sign causes the same diffi-
culties as before.

For the mechanism of Table 2, where the balance lever has
an intentional eccentricity similar effects occur.

It can be seen that since the signs of the spin sensitive
terms depend on the orientation of the two masses which effec-
tively determine the motion of the balance lever, it would be
possible to cancel out these effects by using a balance lever

with suitable symmetry.

Conclusions From the discussion and preliminary calculations

we may list the following conclusions,

There is a possibility of considerably reducing friction
torque during operation of & conventional timer by turning its
axis 90°, using sharp vee pivot bearings, and locating its cen-
ter of gravity on the spin axis of the projectile.

There are, however, severe practical disadvantages aswso-




Technical Sciences Corporation

n/2
projectile
centerline
—r

- O

m/2 bearings

DALANCE LEVER IN ITS EQUILIDRIUM POSITION
WHEN ITS CENTER OF MASS LIES ON THER SPIN
CENTERLINE OF THE PROJECTILE
( EQuilibrium position rotat-
ed 90° from that of figure 5 )

PIGURE 6



ciated with this change. They are (no attempt is made here to
estimate the relative importance of each disadvantage):

1. All shafts must intersect the spin axis of the prcjectile
and must therefore project on a straight line. This may cause
an unwieldy shape to be required for the timer,

2. Transverse accelerations of the order of 2000g can arise
due to accidental eccentricities. The sharp vee pivot bearings
have negligible resistance to transverse deflection caused by
the inertia forces arising from these acceleratior.s and exces-
sive deflections of the shafts will occur.

3. If axial forces are generated by spin in order to create
sufficient axial reaction to cause transverse frictional resis-
tance to deflection, then the friction torques arising from these
axial reactions are of the order of magnitude of the mainspring
capabilities. Thus the low friction advantage of the arrange-
ment would be lost.

4, Por a conventional two-mass balance lever the effective
spring constant depends upon the spin speed. Thus either the
frequency will be sensitive to spin speed or an unconventional

balance lever shape must be used.

FRICTION TORQUES ON A CONVENTIONAL TIMER

In this section friction torques on a conventional timer
are calculated. First the mechanisa centerline is taken to
coincide with the spin axis of the projectile and then it is
taken as dbeing eccentri: by .080 inches in the direction which

increases the escapewheel's eccentricity dby this amount.

- 23 -



(~A¢
-

If a cosine distridbution of normal force in the circum-
ferential direction is assumed for a Jjournal bearing, then the
following relations can be derived for maxi.um pressure and

friction torque.

P
tr 4
P = 3 o (123 of Ref. 1)

Ton = (P, )(d/2)(u)(4/r)

(128 of Ref. 1)
- (P, )(d/2)(u)(1.275)
where Pcr is the transverse load applied to the bearing, p

m
is the aaximum force per unit length of circumference, d 18
the diameter, u the coefficient of friction, and 'rn_ the fric-
tion torque.

It may be noted that:
1. Although all the friction forces are exerted at the shaft
redius, the friction torque is greater than (rw)(a/z)(u) be -
cause more normal force than 'tr is generated to resist Ptr'
due to the angularity of the norual force components with re-
spect to ’tr'
2. The maximum pressure i1s 1.275 times (Pu/d) and the effec-
tive friction radius is 1.275 tinmes the radius of the shaft.
3. If a uniforw pressure distridbution 1s assumed, the corres-
ponding values are 1.00 and 1.571. In this case the maximum
pressure 1s less as nore of the surface is subjected to this
pressure but the friction torque is higher for the same reason.
4, The factor 1.275 in the torque equation can be reduced to
1.00 1f all the pressure is concentrated in line with P".

This means relatively large clearance and 1s unacceptadle in
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a mechanism of this type.
For the present caloculations we will use the cosine dle-
tribution as being the most reasonsble for this sechaniea.

We will also assume that the not force, P acting on the

Lr’
two bearings equals the applieu transverse force. This will
occur if the plates have at least a slight seridtonal curvature
80 that both ends of the shafts can be considered as oimyply
supported (See page 93 of Reference 1).

The results of the friction calculations for no eccentri-
city are tabulated in Table 5, page 26, which alsc shows the
pertinent mechanism dimensiocns and weights which were used.

It may be seen that for coefficients of friction of .17
the calculated friction torque at the mainspring 1 of the
order of magnltude of the availadble spring torque. It msay de
noted that:

1. This calculation is valid as long as the transverse forces
produced at the bearings by transmitted tourqQue arc negligidle
compared to those produced by centrifugal acceleration,

2. Subject to this limitation the friction torque 18 directly
proportional to coefficient of friction (taken as .17 here)
and to the square of the spin speed (taken as 30,000 rpa here).

In Table 6, page 27, calculations are given for the same
mechanism with an eccentricity of .080 inches in a direction
toward the escapewheel center, as this produces the greatest
effect at the mainspring.

It may be seen that for an eccentricity of this (pessi-

mistic but possible) magriitude in this direction a considersdle



TABLE 5

PRICTI'N CAUSED BY CENTRIFUOAL FORCE
MECHANISM N CENTER

Jnaft FEccentri- Icuhs) P ® Diame- Q(ear Trrat
(

T at
tr. fr
No. city (tn.) (1lbx10 1b) ter Ratio Shart Main

(mil.) 80 (Ib.in.) Spring

Spring (1b.4n.)
R Y 5.5 0 97.8 1 0 0
& 314 3.24 26.1 49.2 2.33 .1388 .324
3 .264 972 7.06 30.0 7.00 .0229 .161
< .312 .618 4,92 22.1 21,0 .01178 247
1 .210 .503 2.70 18.3 78.8 .00535 422
0 211 .32 1.79 18.6 354, .00360 1.275
BL 0 .185 0 18. - 0 -
®* [ue to a spin speed of 30,000 rpm motal = 2,53 ib.in,
= 3% oz, i,

ee Due to a coefficient of I'riction of .17

- 26 -




TABLE 6

FPRICTIGN CAUSED BY CENTRIFUGAL PORCE
MECHANTISM ECCENTRIC BY .080 INCHES

Shaft Eccen- Ueigh(t)3) (Pu_ ® Diame- QJear Ratio Trrat+ Ttr“
1b

N e SR astoring SATE Maine
(1b.1in.)
MS  .080 5.5 11.27  97.8 1 .119 .119 **
4 314 3.24 26.1 49.2 2.33 .1388 .324
3 .352 .972 8.75 30.0 7.00 .0284 .199
2 .390 .618 6.16 22.1 21.0 . 01473 .310
1 .260 .503 3.3% 18.3 78.8 . 00664 .522
0 .291 .332 2.47 18.6 354, .00498  1.764
BL .080 .185 18.0 - -
® Due to a spin speed of 30,000 rpm Total = 3.12 1b.in.
+ Due to a coefficlient of friction of .17 = 50 oz.in,

®® Neglected in <o a. tecause of uncertainty about weight to use.
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increase in friction torque will occur,

Another general comment may be made. The friction coef-
ficlient used here i1s .17. Before using an experimentally de-
termined friction coefficient it should be determined which
circumferential pressure distribution has been assumed by the
experimenter. For the three more or less limiting cases con-
sidered here there are factors of 1, 1,275, and 1571 which
would be used in transforming measured values of friction tor-
que, transverse force, and shaft diameter to friction coefficient.
Considerable differences can result if we are unaware which val-
ue an experimenter has used,

It may also be noted that the effect of gear ratio in in-
creasing the reflected torque to the mainspring more than coun-
teracts the effect of reduced weight in decreasing this torque

as we go toward the high speed end of the gear train.

. V §
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SYMBOLS

Angular velocity of projectile

Bearing racius
Pivot radius
Axial load on shaft pivot and bearing

1 2 2
-V 1l - Vo
TR TR

Bearing modulus of elasticity
Shaft m~dulus of elasticity
Poisson's ratio for bearing
Poisson's reatio for shaft
Maximum pressure on contact area

Coefficlent of friction

Friction torque

Balance lever masses

Distance from balance lever masses to center
of rotation

Balance lever spring stiffness

Moment of inertia of balance lever

Natural frequency of balance lever

Natural frequency of balance lever

- 30 -

rad/sec

in
ir

1b

psi

psi

psi

in 1b

rad/sec

cps



‘e ntvmd An” 1A - rintn M eaaw, Aavaa 1 AN

SYMBOLS

Transverse load applied to journal bearing 1b
Maximum force per unit length of Jjournal bear-

ing circumference 1b/in
Diameter of shaft ' in
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