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ABSTRACT OF REPORT ON EFFECT OF GEOMETRICAL FACTORS UPON
THE BEHAVIOUR OF AN UNTWED CLOCK MECHANISM

\

Continuing the study of untuned clock mechanisme, the despendence on

)time delay of the following geometrical factors was determined empirically:
(1) the angle auv the verge corner, (2) the center to center distance,
verge to wheel,-{3) the radius of tha tooth circle of the wheel, (L) the
position of the co.mer points of the verge with respect to the axis of
rotation of {ho verges It was found that except in case (1), the empirical
relat!.onah:lp
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must be rewritten (the powers of I, and Iv) to predict times T, The given
relationship is correct for the geomet.r:l.cal situation of case (1),

In each of the case (2) 13)/ and ‘(L) a 1inear relationship (approximately)
is found to hold when values of T are plotted agaimt. values of the
geométrical factor being varied,

The work absirected-ebove-was actually carried out for a scaled up
model of a particular untuned clock mechanism,

/_ .
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See a report dated Sept. 1, 1953, entitled "A Study of the Dynamics -
of an Untuned Clock Mschanism",
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ABSTRACT OF REPORT ON EFFECT OF GEOME'RICAL FACTORS UPON
THE BEHAVIOUR OF AN UNTUNED CLOCK MECHANISM

Continuing the study of untuned clock mechanisms, the dspendence on
time delay of the following geometrical factors was determined empiricallys
(1) the angle at the verge corner, (2) the center to center distance,
verge to wheel, (3) the radius of the tooth circle of the wheel, (L) the
position of the co.ner points of the verge with respect to the a:xds of
rotation of the verge, It was found that except in case (1), the empirical
relatd.onshipl

T = Be T =0:5 Iv‘612 1,~+112

must be rewritten (the powers of I, and Iw) 0 predict times T, The given
relationship is correct for the geometrical situation of case (1).

In each of the case (2), (3), and (L) a linear relationship (approximately)

is found to hold when values of T are plotted against values of the
geométrical factor being varied,

The work abstracted above was actually carried out for a scaled up
model of a particular untuned clock mechanism,

-
Ses a report dated Sept, 1, 1953, entitled "A Study of the Dynamics
of an Untuned Cleck Mechanism",
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I. INTRODUCTION

This is the second report dealing with the study of an untuned clock
mechanisn, undertaken undsr Task Assignment No. 1 (modified), Contract
No. CST-1224, now designated as DAI-L9-186-ORD(P)=100, The first report,
dated September 1, 1953, will be referred to frequently and will be desig-
nated simply bty the letter R.

R dealt with the dynamical chars!;cteristics of the clock mechanism,
in particular with the effect of moments of inertia of wheel and vergs,
and applied torque upon the time delay per revolution. This present report
will deal with the effects of various geometrical factors upon this time
delay,
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II. THE DIFFERENTIAL EQUATIONS OF MOTTON

Reference to R, pages 1-19, Appendices A and B, will explain the theore-
tical methods used to determine the tims delay per revolution of a scaled
up model of the clock. As described in R, the fundamental equation of
moilon of the verge-wheel swstem was solved by making use of a linear approxi-
mation to certain non-linear relationships involving the anguiar positions
of wheel and verge, The solutions attained and used were only approximately
csrrect for this reason, However, nb results given in R are basically
invalid because of this, |

We are indebted to Mr. Arthur Hausner, of the Mamond Ordnn ce Fuze
Laboratories, who pointed out to us a msthod of obtaining solutions for
the basic differential equation uw':.ich does not involve the use of the
linear approximations mentioned abovs, In ordar to describe this exact
method some background material of R will be briefly reviewed,

The clock is an untuned mechanism in which a spring driven too*thed
wheel engages alternately the leading and trailing pallot faces of a
freely oscillating verge, For example, in Figs 1, a tooth of the uhzel is
' * in contact with the
, Y leading pallot face,
lﬁo%dino This tooth slides
| F:cg' free of the leading
! v N\ pallet face, wheel

\ and verge rotate
v
1
b

Verge

clockwise and coun-

X terclockwise re-
spectively, and then
collide at the trail-
ing pallet face,
The whole action is
then repeated on this
trailing face, At
each impact energy
is lost so that at
the end of one cycle
the velocity of the
wheel is the same as
at the beginning of
the cycle, Under
these circumstances
there is a certain

] average velocity of

the wheel, called [

Trailing 0,
Pallat

Face

Ko

V/heel

Flg | During the time
2 a tooth is in contuct
with a pallet face,

elther leading or trailing we know that

sin (0 +4 ) -% - g Sinﬂ (1)
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During this period of contact, each component exerts a torque upon the
other, and it is essential that the ratio of the lever arms of these torques
be known. This ratio is given by

R (e +£) — __Recos (8 +/3)
= = k cos g+ R cos (/3+8) (2)

Both of these equatioas are fully discucec? in R, IX (A) and II (B).

u/v =

J(inzdcz-pz) + 2kR cos6

Now 1f one differentiates (1) he gots (2}, or
B u
a® " v (3)
This enables us to write

u an II@” =T _ dx (4)

v de Iy = Aw
for the fundamental differential equation for leading contact, By separat-
ing the variables and integrating

: 2
o 82 [Iw . Iy fg-%’} I + 2T(8 - 8)

e -
(ax)@
[Iw * Iv (@8),

Similar consideraticns lead to an identical solution for trailing contact.
This result, which is exact, may be campared with the approximate solution
of R, page 16, The change in aagle from /J toe(is fully explained on
page 6, R, and represents orly a change in axis from which vorzs angle is
measured,

No other equation ucsed in the solution for tho rotion of the system
is changed, although the symbols, 7, 7, K, K', of R i1l now ba replaced
by the proper values of ggg) = u/v, Of course the fact ‘hat we now deal

de)
with a different equation of motion than before will necessitate a change
in techniqus of solution. There is thorefore included at tho ond cf this
report an Appendix A which desceribes fully the mathematical and arith-
metical methods employed. The values of 6 computed and used in this
report were computed by the exact method unless otherwise noted. No
numerical solutions are includcd in this report; results only are given,

S L e




L

IITe SOME THEORETICAL CONSIDERATICNMS

In discussing the effect of geometry upon the behaviour of the motion
of the system there are certain broad statements which might bo made., In-
tui tively one would expect that any geomatry which results in a cycle of a
relatively long period of free motion would be characterized by a large
value of O, Similarly one expects that if the ratio v/v is relatively
large then the value of O will be relatively small and vice versa, From
the results of the empirical work descriled in the body of this report
the above statements will be shewn to be true, It is also possidble that
if one makes certain simplifying assumptions these results may be pre-
dicted theoretically.

(A) Cycle of No Free Motion

We assume here that a georetry exists such that as the tooth in leading
contact comes to last contact leading and slips frec, tiat iinmociately
the trailing tooth collides with the trailing pallet face,so tiiat there
is no free motion at all. Ve shall further assuma that the ratlo of lever
arms u/v = do/d0 = 7Y/, is a constant, 'The numerical valuc of 7 is the same
for both leading and trailing, but is regative or positive, respecctively,
The question as to the possibility of constructing a verze Lcr which
Y= constant is discussed in Appendix B, Ue assume finally that the
angular distance AQ@ through which the uvheel moves on leading contact
is equal to the & 6 through which the wheel moves on trailing contuct,
Actual computation of many cycles indicatus thav this last assumption is
very nearly fulfilled in all except the most extreme cases. Referring now
and throughout the remainder of this sec*ion to the material of Appendix A,
one procgeds as follows:

82 . o 4 2748 (1)  since (4 (%)
1 (o} Iw+ x2’IV ('ag)o = (a—d)lg —{

andOl-Oo,-_-AO. It is to be

noted that AO is cne half the size of the angulcr tooth spacing (42856
radians in this clock).

Since there is no free motion a collision takes place immediately at the
angle of last contact leading, 01 above, 'We have then

0 1,0, + é_O')3 i T")1 - o

2 (2)
L+ 1,
2 To1-72 Iy O L 2.1 .
which becomes O3 = L ot 37 T _ I.wwf“a’f- T:,r 8
since 0.2 = Ol and _g_‘if‘) g_;_‘))
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New vwo are on trailing contact and can write

2
04

s 2TAG
893 + Iw *dz’Iv (3)

as wo hava done above, ard firally

2 L, =d2. %, :
O, = i L "Y .0, =8 (at oquilibrium) (4)
o Ly + o4 Iy * ¥

A simltar:.uc colution of equatioza (1) to (4) adove gives

6, = 0,2 = TAO (I, + Iy72) (5)
2 L; Lgvl

5 s . , - 1_+/2)2

Cog .05l 062 . T4 (I, Iv/ ) (6)

T2 Iy I,9% (Iy ¢ Tg72)

end wo havo the Zinal ezd iritial voloecitics of cach half of the oyecle

expresecd in terms of the gecxmptrical and dyramic constanis of the systems

Noto that it 1s possible that Oy should dbe nozative, in which case the

wheel backs up and then goss forvard. Tals wos30ibility is not considered.

Ilow tho two halves of the cycle aro of course identical so the average
velocity over ones half is the avoraze ovor tho whole cycle. To find this

woe write

02 62 27T(6-6)

91 eo + Iw Y Iv C’ v aO +4 b
whore . 2+ - éoz . 27Te

Iy + fy1% Ty + Iy %
qd
now Tw- —.-Q is timo for half cycle.
6 61 5

Integrating gives

T a (61 60) !

a L6

so that é - A8 - - =
2(61 - 8¢)

T

P CRvTrg T




- il ey

==

Subsgtituting equations (5) and (6)

'; J IwT A8

TELNZ L, » LD =

as average or torminal velocity of this cycle.

(B) Cycle of No Contact lotion

Using the same basic assuuption as above ws now require a geomoiry
such that there is no sliding contuct of a tooth on a pallet face. The
collisions, both leading and trailing, teke place at the positions or last
contact, Hence there is contact betwaen tooth and verze only at the instant
of collision,

It 18 viser here to adopt slightly different equations of moticn
than those of Appendix A for the free motion, as follows, We write

012 = 8,2 + —2TA8 :1)

where 6g = velocity of verge irmedietely after leading collision and ©3
is the velocity at any instant to and including the instant of trailing
contact, A6 is the angular duration of the free motion and is one half
of the total angular duration of the cycle,

After the trailing collision

Iw + Iv" “
During the free motion to leading collision

6o = (2)

; ‘ (3)
8,2 = 657 + 2T A8

Iy
and just after leading collision

" Iy 63 =92 I, 6y

B4 = é =
4 = & T IT T, (4)

These equations most simply describe the motion,

To find the time required for one half cycle we integrate
e
- a8

el -
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(37 = 6o)

[N

R ISR Ci'u'O Sl

A3 =\{ T A6 (D, v Iy =) \5)

2 1, Iyq 2

This follows from (1), (2}, (3), (4) and the expression for T,

(C) Comrarision of Results

e now compare the results shovm above,

All Froa Yotion

Al)l Contacet Motion

~~/\ G . I2 < f’?“Ae : 2
NELTE | s RAT PUIEL LT e W

|

A curcoxy inspoction of these equations cllows us to conclude that
(1) the cy.lo of frc. motion his a largor average velocity than that of
contact wmciion, (2) es Y = u/v increases, the sverage velocity associated
with eny cycle will decrease. These results agree rith the predictions

wade at tho deginning of the cycle.

Tho vork of this paragraph was done by My, Arthur Hausner of Diemond
Ordnance Fuze laboratories and is included in this rerport for convenience.
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a IV. GRCIETRICAL YPACTORS EFFIolIG 7 1°C7ION
| ‘ Raferonco to Appendix A of this report will allow one to examine all
< oguations used in the solution for the nrotion of the system. A very brict

inspection iz sufficient to inpress upon one the importance of thec curves
X vs 6, and u/v v3 @ in deternining the motion. Any fector influencingy
the shape of the curves will inevitably influcrnce the avercge velocity 6.
Referring back to Section II, one ic eble to cce that these curves will
depond upon the terms /3, k, R, p, each of waich ig a definite geometrical
fnetor of the system. The diagram of Fig. 1 shows thece quantities whcrc/.f,
is that particular value ofﬁ for which the verge is in cquilibriun,

One would of course, consider the possibility of expressing u/v = dof/ds
in terms of these cquantities (andﬂund @) end by substitution into tho
ecuetions of motion bo able to pmke theoretical prodictions about the
cffect of any ono factor upon ©, Unfortunetoly the femily of equations
(Appendix A) that ors must use in order to plot a curve 6 vs 8 13 of such
a nature that even though every equation in the list to exprzssed in terms of
ﬁ,, k, R, and », it is still not possible to arrive at any analytical
expression for 6, If this were possible we could of course_have proceeded
in just this way to estoblish the functional dependence of 6 on Iy, for
cxample. Basically, the motion of this system 18 trested as discontinuous
at each collision, and this fact is in large part responsible for the
trouble discussed above.

o e At Papdv |

After several abortive attempts to work out scrne theoretical method
of handling this problem 1t became evident that wc vere faced with the
necessity of proceeding empirically; i.e. computing 6 Tor each of the
‘ various geometrical possibilities and attempting to derive some information
frcn these results. This is a long and tedious proceaure, and a repetiticn
rain and again of a fixed method of solution. Only results of such
solutions ere given in this report,

e .

One of the factors appearing in the list above 1s p, which is given
by the equation

P = Xy COB/O, + Yo sin/ai

In this equation (xoyo) reprecent tlhe coordinates of the leceding verge-
point, when the verge is in equilibriw:. These coordinat: : are referred
4“0 a set of axes narked x and y in Fig. 1, baving origin 03, It vus
considered wise to think of the geometrical factors, then, as

/Q, k, R, (xoyo)

In our computations only one factor wuc varied a2t 2 tire, all otherc being

neld constant, The factor to bs varied wes tolen for several zrecific
valucs over its ellowable ranje, and for exch sueh vulue & "as corputed

i - Tor two or three values of Iv' Trom tze resuiig rogsorted in R v believe

oo 4

! t.int she Tuuebionzl éeperdenc: of 9 or T will nct beo crnnged brogny reusons

3 a2 ghmice ia gesttediny., “he semctieral depre i wde o2 o on 'T.. lc aolerpined
£ron a2 sbudy of the dcpeniencte of @ on Iy. Tox t.oo. rrafens values ol b
ene eoEue=d (D the warlous gacrazsries) only it <ilflurent Iy.

L
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Finally wa bas.d mll our computations upon the scaled up model. The
valuo of torque clways usoed is 2,71 x 10° dyne-cni. The noment of inertia
of the wheel is 2079 gm-cn®, Since the goomotrical curves represent only
angles, or ratios, the geomotrical dimensions can be oxpressed either in
terns of tho model or of the actual elock,
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ﬁ, y (A) Limits of o
: ~f

Y' Bois the angle made by p with the positive x axis when the verge is

! g at leading equilibrium, as shown in Fige 3. It is also, a face angle and

is a mcasure of the slope of the leading pallct face, Althougch we shall

A talk about angles Sa |

in terms of the leading

verge corner, one could
Just as easily adopt
the discussion to the

case of Bo measured at
the trailing corner.

~<

|~

‘o
E;\/ —

-

| — 5

—-¥ In varying B, we
increascd orr decreased
the angles of the races
of the verpge by equal
amounts at cach corner,
The dotted lir.:s at the
trailing comer ol the
verge in Fig, 3,shows
how this is done., To
find 1imits here, means
FIG. 3 to find how sharp or

. how obtusc we can make
E these cormers and still
i have the svstem run nor-
mally.

\
\

Remember that no other dimensions (including the positions of corner
points) are changed at all. Reference to Fipure L will make the geometrical
procedure clear. We imagine
that followirg last contact
leading the wheel remains in
position and the verge turns
to meet it, either tooth 1
against face 1, or tooth 2
against face 2, If tooth 2
collidss with face 2 before
wooth 1 collides with face 1
ve no longer have "normal"
motion, and a limit will be placed
on both maximum and mininum
valuos of B, » It actually
turns out that at B, = 29.5°
we have an upper 1limit and
at 8o = 7.5° there is a lower
linit, where g, = 17.5° is the
value for the "normal" verge,
i.0, the actual verpe used in
the clock. Tris information !

I .
\ Zr stout limits is found by !
determining the distance of ‘
F'G 4 tooth 2 from face 2 when face 1

strikes tooth 1 for various
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velues of A5, « Iv is found that cs L, increases from 17.5® the tceth 1 and 2
coin: rearer o e conditjon ia whieck both vill strike the verge simultaneously.
when .= 29,5° they do strike similtznesusly (or neerly so) and it B

ic rode uny larger thea tooth 2 collides first, waich is not "normel" motiorn.
In ¢ similer wey (at leading collicion) the lower limit {3 found. Tho
co:zpututions are simple but laborious and ars rod showma,

"a should note that our essumpiion that the wkeel stays at rest arter
last contuet and waits for the vorge to come eround anl sirike it is of
course wntrue. Jctually the wheel turas ipto the verge, and this of course
puts tooth 1 into a more favorable nosition to collide first., Thsre is
no way of accounting for this geometrically, so our upper and lower limits
are probebly a little too near the "normal" vulue. %o use them regardless,

{8) limits of k

The term k represents the distence beticen centers of the vergo and
wheel, Certainly as k is made lazrger the verge interferes les3 with the
rotation of the wheel and if k is too large the wheel is able to turn
Trecly without beingz slowod down by the verge. The upper limit on Iz will
be tkhat at vhich the two coruners of the verge ers on the tooth cirdle.
Simple geomatry gives k = ,2269 for this value,

oW es k decreaces, the verge moves in toward the whecel and will evont-
ually causoc it to jem if it is too close. This jexning occurs whon tooth 1
(sec Fig. 4) i3 in coatact with Tace 1 at the ingtent of last contact
leading. If cie finds the distance from the tip of tooth 1 to the fece 1
of the verge for conditions of last contuct loeding at various values of k,
then 1t turns out that a k = ,2172, tooth tip 1 is just touching face 1,
Any k skaller thaa this will result in jamminz, .

(C) Limits on R

R 15 the radius of tooth tip circle for the wheel. As R bocomes srwaller
the verge has less and locs influcnce on the wheel and if R is 50 small
that the points of the verge 1io outside the tooth cirele then the whesl
can run freely. The lower limit on R is therefors that value of R such
thet the loeding end trailing verge corners lie on ths tooth eirecle
simultaneously, This value is R = 0,1640,

The upper 1im't on R is found preeisely as is the lower limit of k,
described ebove. ‘‘he computation is long and tedious but does give the
rosult, which is R = 1740,




(D) limits oa (x.v.)

The coordinates (xpy,) locate the position of the verje point iith
rslecrence to ol when verge is in equilibriwm position. This is the ost
dirfricult cass as fer as
deteraining linits is con-
Y corned. It appearecd wise
) to discuss first the limits
I on f where ps Xo~ + Yo~
I

Of course all tooth
ool aEaaEaa points lie on the dotted
0. circle, Fig. 5, and if
| 1s sueh that the two cormer

- s - \E points of the vergo lie on
i

R ; Y this cirdle at cquilibriun
ro3ition then this will be a
’ i N limit on P . Clearly thore
/ 5 L3 & range of values of
Aads Tor waich this geometricel

condivion is met. If the
behavicur of the system is
R to be normal, wa can begin
by agrecing that the two
0 vorge cornurs must subtend
2 en argle on the wheel no
greater than five tooth
l Spaces, nor less than four,
Using this ides, we can
F‘lG 5 Tind that the limits on
2 ere 1217 and .1456,
The coordinates(xo¥o) in

eacu case cre (,091, -,081) and (.110, -,095) ernd these points ere lying
on the tooth circle. No points (xgye) (for any given value of P within
the permitted reange) may be chosen lyinz outside the tooth cirele, but
points lying inside are parmitted. Cuirve 1, Tig. 6, is a plot of all the
possible points lying on the tooth circle, with the values ofjo written in
at iztervals,

Tho next problem will be to find, for cach possible valus of vithin
the abovo range, the limits on the en3le 2C)’°, shown in Fig., 7. This of
courso will put limits on the poinis (x,y,) associated wAth c.ch value
of © . 1In this way we mny map out the total region within which the
corner point of the verge (xoyo) may lie,

JIEY VoL R T ateadles ivév s s o.Mk . Cilima i LM b

e —————— o ————




R o
R .
\
—1,1-
Ty Wiz et
Y ol 24, Lrs alrindy
bocn estoblished

by the cvbove des-
cribed work, so
tkat we need to
discuss only the
—X lover limit,
There are tvwo ways,
physically, in
which this lower
limit might occur,
(1) 24 4 so small
that at last
contact leading,
tooth number 2
is already in con-
tact vwith face 2
of the trailing verge.
(2) 2+ o 15 s0
small that at last
contact leading
| tooth pumber 1 is
FIG 7 already in contact
) with face 1 of the
trailing verge.

Now 1f case (1) occurs we must iuvestigate further, because "normal®
notion doss not allow the collision to take place in this manner, Honce
in such regions that case (1) occurs we must further limit 24 o by finding
values of 2 o for which tooth 1 collides with face 1 at the same time
that tooth 2 collides with face 2, The computations are very long, but
the rosults, showm in Fig. 6 are easy to interpret. Thess results, origin-
ally expressed in terms of A , are plotted in terus of (xoy,), es can
easily be donc. (Refer to Fig. 7).

Curvo 1 hus alreudy been discussed, Curve 2 gives the lirdting values
of the points (%.y,) as deteimined Ly the fact that tocth 2 i3 in contrct
with Tece 2 av lest contuct leading. To lLave the verge corner at a point to
the left of this curve would result in jammirn: the system. Curve 3 pives
lindting valucs of (xoyo) dotermined by the tuct that at last contact
leading tootk 1 is in contact with face 1, Arzin, if the verge corner
should lic below this curve, the system would jem. Rewembering that the
"norwal™ motion does not allow tooth 2 to slide on face 2, we next refer
to Curvo 4, Along this curve, both teeth 1 and 2 are sirultuncously in
contuct with fcces 1 and 2 and at last contact leading .t uny point to the
lor't and above this line tooth 2 strikes the verge first, to ihe ri ht ond
bolow it is tooth 1 which limits the values of (xgyo). The resion liphtly
crosshatched, bounded by curves 1, 2, and 3 is not alloved., 1Iirally, then,
all points (:{Oyo) lying in the recion bounded by Curves 1, & wnd 4 nre
ceoretrically allowable,
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Curiously enozgh the "norral' verge point lies just on the left
W

-« - -

=16~

boundary of this recicn, Tor future relersnce we rzcord below tho valucs of

(zoyo) used in computiag velocities,

P = 1223 S o= 2540

Xg ©v #0906 Yo = =.091 Yo = #0905 Yo oG
Xo = 097 Yo = =.080 %o = 4098 Yo = —.091
Xg = .098 Vi = -.089 %o = »100 Yo = —.094

S = 41370 P = 2100
¥o = +1000 -.0936 x, = 1040

-.09253
Xo = +1020 Yo = -.0915 xg = 41050 Yo

=.0957

(%]
o)
L]
~<
(@]
i

ﬁ = 1420
Io F . 107“5
yo - = .0944

(E) The"NormulY Veric

For refercnce, tle values of the gecometrical constants are

R = ,16775 B8, = 17.5° X, = .096
k ==2222 Yo = —+090

aldaaa
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‘lori: Lad been donme on this variation before X was written, and is nenticns’
in Section VI (G). All calculations for variation in ,62, were carried out by
the old mcthod, ucsing approxircte solutions to the dirferential cquations.

ﬁ, wus varied in steps of 2° from the louer limit or 7.5% to the upyur
lirdt ~* 27,5°, The value of 6 vas corputed for six different verge moments
of at each value of /3, . The results cf all these cslculations
Y. :a vhe graph of Fig. 8. Several of these voints ure quite
provavly nunerically incorrect, as shovm by the fect that they lie off the
c.rves, but the burden of calculation vazs so great that thev were not
recouputed,

ot b i
b
’

The most strilzing fenture of these cuwves is the apparent flattening or

" ' step occuring in the neighvcrhood of the rnor:l value, &)= 17.5°, a Tlatten-

: ing which is more pronounced at the larger veroc roments.e A later elerance
to certain sxperimental results will clso give scme £light evidence for

‘ this same thing. The wmacunitude of this step iu the thcoictical curves may
be exaggerated by the inexact method of solution used to obtein these velucs,

! Recalling thaut the whole solution depends upon our ability to make accurate

i linear approximntions to these curves, and since all culculation for one
valye of /éo vere based on the same curves, it is readily seen that all values
of & for a given /4 night be too large or too srall, In any case no direct

’ use of this Tlatfening is wade,

The final result of R was an cmpiricnl equution for the "nornzl" verge
and wheel

- 5 -
® = A-‘-—p' i 612 Iw.].lz (1)

where we would expect A to be a function of the geometrical dimencions, i.e.
A=A (/50} k, R, X5, Yo)

Of course we must nota the possibility ti.t the functional relationshiv
exprassing 6 may be different for diffcrent Ceo.stries since this equution
vas obtained empiricully for onz particulur jseawiry only. Ia purticular,
one would expect thut tue exponent of I, uigat changes

Ve bezin to analyze our d-ta hy substitutins into cruation (1) ecbove
the values Tor T, Iy, I, and for 8 and computing tac -csultinz volues of
A. “The results are siven in the table,

- .m"ru' otk Bl B i o el PPTIPH PO
L oyt x
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1, 2 9.5° 11.5° 15,.5° 15,5
1053 108 166 178 <186 10
1500 .160 171 172 .191 .210
2098 .159 .158 175 .181 .208
3000 145 163 182 .169 .204
3640 .139 164 .153 .189 .205
5000 .137 144 165 187 .09

+150+,009 .163+,006 174+,00& |, 4167+.C03 .208+,00%
1., 19.5° 21.5° 23.5° 55.5° 57.5°
1033 R34 255 v279 204 517
1500 +236 o253 277 .299 323
2098 237 255 275 .28 .523
3000 +236 o207 o273 .292 522
3640 .229 W58 o274 .235 519
5000 .242 251 W29 269 314

+235+,003 <£54+,C04 o577+,002 +295+,00:% .320...003

Ixcept at T2c czall values of /1,, vho rzcca doviation of tho valuss of
A 18 in the xc’zhborkood of &5, which would indicate thet the functionsl
dependence ol v oa Iy 1s not essentially uifferent ror dirfforent verge angles,

To corrosorate this vheoreticel result, orperimental dete was obteined
with verges :ose angzles wore 9,5, 13,5°, 15,5°, 19,5°, 21.5° and 25.5°%,
The results w<re ghowvm on Tig., 9. It can Ye soen that $ho values obtained
for the lightest verge are very erratic. In these curves thors 13 only
a very slight indication of the flattenning effect noted in the thaoretical
curves, II one computes the values of A from these experimental data,
the followiung are the results:

I, 9,5° 13,5° 15,5° SRR
1028 263 <170 180 1o
1578 .156 J174 .186 - Jlo.
2078 .153 .10 196 <203
2578 .153 174 .15 .205
3028 .149 171 C 189 .202
.155+,004 .174+,003 .165+,008 .199+,005
Iv 19.5° 21,5° MR
1028 - 168 JEO 2209
1578 .200 .213 o254
2078 «212 e 226 o237
2578 .216 «220 o224
3028 L214 .220 .259
.2056+.010 .216+,007 .231+,008

Hore again, except for the oxperiiental scattering, the values of
A are uniform indicating, as before, that ws kave the correct functional
relutionship us far as Iy 18 concerned,
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Tinully wo kave v;ottod Sl Ji:, 10, the values ol A e_ninst tha veliuou
both theor.ticol and r”:v:ivcr*~l, Tac ocovious rocult 45 of courwe
iu direatly propertionnl to &5,
heorctical curve sredicts a
cusa) of a%our 35 at olther
ou
bt

of
thet both curves chov thﬁt A {and 20 u)

within rather cloce linity, Jurther, tho =
chanso in velocity (zZrci taet of the nomal

(-]

r)r’.'

extreme, The excerincntel curss Alicos ZSoud e 2000 chanma av either
crtremo, It is algo cl oo by camurivic. of Fles, 8 and 9 that although
the experiizcntal velezitr 1s Looa thun vio Uhocroitueal veloeity for every
voint, a5 L3 Lo Do c:tou.b“, 1% e 2doc ol vhut Vhe 81l of Yho exper—
fientnl curves o lozs than thav Jor Tk voagoueiiel), Thds ipdicates
that T, ledle veres - lsw (L Bmeud B0 LE o comwsl e woloolty 48
ruel: lower then w:-*_v.v;. Ia sch cwmtes Tho luenflglilnual csubgldévatdons
uron vwnieh tho cqu.sicas aro boosed must ba Zes: closely w.roxirased,
n

In particular ic 1. %0 b3 rcuzibered vihwt wo have alweys woowiol tho collision
to take pleco on tho oint of vhe toovd, ilzsa A is large, Lu.. 18 loss
likoly to b tuos AS o result vl collicions talte placs \-" cimo and

in angle) beZoro mradieted by our cquaticns, Tais meens lose rroe travel

and henco u longor voried, therefors a smallor volocity. uile not ths

only fuctor involved thic sesems to be tho .ost importent reason ror tho
lowered exzorimental velocities,

B e 2 i i o b el a1 b
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VII, DrIZCT ¢ WERIATICUS Ik

In accord with the diccusslon on lindts i wi. vericd over thc rollowing
values: L2175, .2198, .R210, .2E38, L2305, 7200, WF2E83. For ecih of
these values of k, we ccu.;zud 9 For Iy = 103%, 25C0 and ZCCJ. The recults
of this computation are zivca o Jig. 1l

Ve must note hsra Lot voo plot ol U vo k iy meanly llnecur 2 ths
casg of the light Vorge tut et feor tho c._,_ twde ozecding es {x tho
case for veriable verze ontlo, we ootoln tlo Uollouing table of cozstzzta A,
I- 2U95 L, 2198 = L e
1033 «i50 #2037 PR et e ot «ED
£800 P Bl #208 A A w25 L R
£000 - s250 B 02..2 e ol e

Tho ooofe® .20 =230 3 vl Iy = E212, L = (2378, se klcrw i3 po velue
for this caz2, %“az r°'u1:g cr 3 s lexileniatics do pot BRI Sry

correlaticz volucon the values of A 4u ouch eclum,. TI6 soco— ostv unlikely
that the coz Zezgblonal depsrdence oo bolere (ol Lo expoctiod o Tar as Iy
is co:zer=:z=_, zzont e:wi'icu-Ly, tasre Lo ro uzeslo favol.ulon hore,

For the 10EC vorze there is a varliavlten of scze 1%, in velecity wbove and
below that o> tic morzal vergo.

e
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JIII. EFFRST OF VAPTATIONS IIT R

4As we have shovm above, the range or allouwrle values orf R was such
that the Tollowing values were uscd: JES, W16775, ,1ces, o170 3y 1 178
1783, Yor each of these values or R, ¢ is carrputed for threo values of
c Iy: 1033, 2500, 50CO. The results Or these compututions aro vlottoed
in Figz, 12,

As before ve compute the values of coustant A in eacli cace, on the
basis of tho usual Tunctional dipencene

eace upon Iy, nersly O ~1I,”.612,
The results ere given in the table balow,

Iy 21650 516796 — T35 1% S0 196
1033 0249 205 sl o208 00 18
2500 0265 .929 .r‘_ ] .ECJl ¢_=L:f':' o
£000 .293 .21E e - e

4% BL3 luel of uniformivy ip Lo valuecy of A
suggests that as I clancss Velie, tho runetionnl dopanicne. of © on I,
also cLanges, I: ic inwerssting to note bors thet there

Once more we eonciuvug tlhui %h

ls, Zor ccea

- 2
velue of Iy, & lircer dcpendence of 6 op R, and that cocn . vigse iixes
has sbout the soxs slopa,
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{o DITZCT OF VARIADICNT I (i-va)

Roferring to pare 16 of ihis report v iinl a 1ist of nolats (xgyg) Tor
which the valu:.s of B were corpucced, in t::;.; cuce for crly tvo volurs of
1053 and 5000. ‘Ue procecdcel as fol.ho'..-.;: Crossinz tho smullest allovzblo

—

value of ©, wo calculated 8 for och o L. GiTferens 2oints such that
{2 = Xo2 + yo2. This gave us thrce Vulo.s ... 17 s novel vhat as Xg
c B t

:comss larger (as the poinis Py P Byl m i dit s e

GO LeeEs s deseiieey) | Sinis Woldis
ToaL Cor olofter iworpe Eiouy, end
S5 mEl vElwes of S Chunun,

Zooheas difficult vo docide how to

107 wnlas sezulvs graphically, until

L3 tos poved Phat 12 welucs of ¢

\ wuls provted egainst e certaln znsle T,
Sl

L
C'.."\ P o) noiatvs Jor vhe 1033 verge lic more
., = e Mc 3T oE ~ . A.

o = i MC B8 & guhadont lina

,‘P 4 2T ZEleeL of P eF Tow To o canctaiat

| - i Looned Lophpoiiliaiics vae sane thing
Lo ovsac of tho voaiuss cdtainad for the

| £300 voroa. The auzl. GO is defined

l by @ = sinTd *olP , B8= iz chewA ia
g Zige . It ds vhs cimo enzld called

S, i in l"f L) the enzle <, o Sporozicately,

then, tuc deta plotted on Fig, 14 chovis

thut for ary given G-, © ic the sizs rocardlcss o;‘JO , within <hc linits over
which the points (Zpyo) may exterd.

Relercnee to Fipg. 14 will chow thic to Lo trua. Tacro ary indicated

on this graph, three solid black points, wiich oo for £ = (1020 and

-

Lo = 096, 0SB, .100. Cleariy cs g i'\cv-‘a.,w § inereesos. Cae would

find a sini’cr cituation for soinis ab cach 0 the other valucs ol
and for I, = 5680, DBecuuse of vz cmall ciffcrences betusen valuzg of

’

© for the cwxz g0 tub differcus 2 iv soems lozical Yo discuws ‘;‘.cvn valucs
on thec busis of a lirear relccic chip, O Yo ¢ as outlined chove., Yo nots
in pzssing thet actually thero «_ooars 1o Lo 2 tendency for '; vo b2 elishtly
larsger sJO increases for cocceh lisd valuc ol @7, but thic i, relatively

Lo could here also evsluato Thoe conmal. Luo A in terus of Lo uncuion
described cbove, and if this is doac it 1 Jcuad once rore tiit wo O clunjes
50 wees i Iorm of the equation ncecssery to predict 3, iore tnc "nors v
ver 2 point lies wt the left end of ihe cusve end as O iucoences to thr

I

?

o, there is an dnerezce of come 285 in ihe veloeity for the cace

’

108¢, cnd nearly 50, in the case I, = tCOO,

v




¢ I —— T S ——

Gvd - 0- 379NV Y3INHO0D
1370 _273C 53°0 £3°0 eg" 700 130 __ 079
: m § - _ ;
| [
i i ENCH . S T S N B . :
l2s1 *mea] ) _ : o :
m | o il - bpees e -y P m— -
_ : : : T Y
—— i -1 y _. ' m . I" I - ||-||.1 e G B e e -I-I.-lnu - I|.| > — Ao — G
! pta g B¥H _ L S Y
_ s B e £ e pt o
L . ". | .“p . G nJu.-...Ol - |” 2 Y .|I_
| S | T e e <
_m = Lo M o o s o B0 B |
I SN RN iR 0N R L
m i St gy | | SRR
| a ; A | _
| Pt T e _.
! ||.-|_.| ERRTLoti, 1 .nl .-.__ piteeos |||._| S Ao S r.|| s i i o ol e T AL B
_ . i i Ty el VO R B | : | _
IS | Uz ) I ! _ = _ _
! | ' I = i i, _
| | ) ! , | ﬂ | |
.—. o ey el : Jm i - : 4
L "_Lq._._.__". A 1t .J_(u___.__ H ” U b ___.“_m-.u | _ i ! i
— o P - - =7 o e = e ||.~| FRE 2, ST ST | SRR L L it e s 2 S -
_ | _ _ m : : i
m i ) “ —— s i e
__ fie & et gt d RIS | > |,
“v i ﬁ _ _ -] . |..-.1.C.11111 } ¥ \WU
| n S e e e SlDANSREE o L S
¥ —. = < ¥
SR S I i ol IO, RO (N L R RO . I SERARE AN 05
! _ ; (1 — - 5" S48
— _ _ v o = o
. _ T S it |
! f =i 1 _ RReY 5 _
1 ! o X !
i _ o | _
i Ny R+ R e . o
_" | | |
_
..’.

i,

L ,;
dVINO NV 33100

()}

(@]

/ Qv

N
LVLS

%91

ALIOOT3A

-9

I_3
BS

0




T

-2g-

e v o seArmT e Ty YNC Y DY
dia e daasI Al Oz PSSt

From o coisideration cf the dsiu disctun: d ubovg, certain racts ure
cleur, Yrirerily one finds (os iz exsecte ) chat the emniriesl cnruution
derived in R holds only for a verze=wicel systeu of the type caelled “nornal".
It is not & generzlly valid equetion Tor other geometrical shapes. In
particuler we found that tais equation w3 logivinate when /gatvas varied,
but not in any othcr situation. It is airrficult to understand why this
should Le so in the gnse of the /B, veriavion. It was first thought that
since ~11 vulues of © in the cascs ol variable k, R (xgyo) tere couputed
b, a differcnt r.ethod than usod in tlhe cuse o*//L this might account for
the browidown of the empirical equation, UWith this in mind, we attemnpted
to fit the values of @ in tke cuss of verichla k, R and (xoyo) into e
single cumpirical oquation of the type used heretofore, This cunnot be done,
80 that it secias logical to conclude thet for each different geometry
thore is a different ecquation,

A second strilting esult of ouwr culeol.ticng 1s that in almost all
cases the vuriation of 6 as onc varico wio v..lus of a gcometricul factor
i3 fairly well reprcscnted by a lincer ool wlon. This is psriicularly
truc in the cases of R, and the lipghter ver ol wind k. Within the limivs
sot by the problem, our curves will indicute how zwch chanze in 6 to expoct
for a given chanse in R, = or (::Oyo)o Cne could, ir it sceuned important,
find the lirecr re;ation hip. reedily

It should also be clearly understoou thaet wo have ncver consicoered
chenges of moro than one poonetric iactor &t ¢ tiro, The amcant of
conutation necessury to do thic seens ““ohibiuivc. Certainly, with what
we have Tound, sorie reescnsble predictions could be mads. e can say
with ¢ *tnlnty that any change which tends to increase the vime during
which the wheecl end verge cre fres oi coch other tends to speed up the
motion, We firnd this Vo occur Tor increasiny k, decreasing R or increasing

U « It is not atv all obvious that this is occurring in the casc of
variablo ,éé hovever. IR this case it wnzonrs to be principully a case or a
change in the values of u/ve In gencrol, for sna 1141 , u/v i3 large and
for large A u/v is small, This sic ply ti.on. that in a reletive sense the
torque teing applicd to slow do:ﬁ the wn.ocl is docreasirng us A&, increcuses so
the wheel runs rore rapidly. These oo Juctors are, it would seem, the
inportant one governcd by jeorciry. Lo repeat, these factors are (1) lengtn
of tine the verge and wicel arc free o1 erch other, (2) values of the ratio
u/ve In the design of a verge-vheel cystem this 1nforhation should be of aid.
‘“hose conclusions cun be conpared witl the theorcticel discussion of
Section III.

€2 uwll the geomotrical Tactors studic.: none ecn bo chunzed enougch to
alter the veloclty ct the "normal® case by rowre then 505, Kemerber apuin the
resivievion of "norral" motion. COf ¢ gooretvic Joetory, the 'pb"rvYU“
picLt be bullt so ws to muke It vu'laa’e. Tl Lt xois *\\Tp&ﬁtd o L2178
ShCnes O LUNEY dnenes there will bLe 4 ceoutinuous ard nenrly liunenr chuiyio
L veloeity 6, lota 1n7, houcever, that tiae toii:l clunse 1o lesc than 10 wils

3

1t eprenrs what any wecurste wetiot o1 controlliin~s ¥ would be oT coutly
ronuiueiurs, O7 coursc ohg other dimencions, =, JGO)\..Q Vo) iicit be elinngned
in the procests of tprnult cvule 10 ive Verpes o different crounte ol tirwe
deluy, but ws atetid cbove such clanres could aol aifect tho Tinal 6,

AN o ti.e

)
’

or the final do te o ¢rect extent,
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it should be rone.beves. or COuUrLo, vhLt wo huve zrudied oaly ong
] ] J

particular king of uniuncd cloan wecianiil, The pocuille nutber of shapoes

erlanzonent icounlimited, It would Socmorensonuvle To exnect that for
A0 types Lie dulay vinmes 2iZit depend vory 5vonzly on pgeosetric

rSe  lhe rosults renorted hers right forn e basis from whieh other
could be worked out,
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delercaco to arpendix A of R vill be a2elpful in uncerstanding the temud
enployed in this discucsion,

We asswis that Loia wheel end verge ere ot rest in the position of 7 ud-
ing equilibriwn at tne beginning. Herco in the equution

e

. "0( 2 e
el =
(¢et)® (1)
I"’ + Iv ('é'—)l

[
wvhere 63 1s the angle of last contuct leading, Ikving cecnputed 63, thea
’ (G o 8
= — 9* {
°<.A. (a)l *

Having reachcd and passed the position of last coatue. leading, cthe
wheel and verge turn freely until collision trailing, tho position of which
is found froz ‘

/
O\Q_O(l ~ 5 .
= = B = =g to + 31 1+ (3 -6 2
/l e 2'.‘W 4 (l .i) () l

and the use of the & vs 6 curve Zor trailinz coxtact.

The velocily of the wheel just bofore cnd just alfter this collision are
found frow equutions

I ~ .

6o = 'f‘;t+el

and
¢ ((5\) . (»'\",'\) 0,
é3 - I, 62 + e AR ) P!
- . (d)® '
TV (35
or uoarsegi:\;' = -1-;- et first contact (collision trailinrr). it is to be notcid

then in wars reporied in R, u/v = I ot collision traili i S)r u/v = Knt
collision lecading wra boti consldered positive bub thet fox
cerodeic Tami l:

Laz,

(w) <O for eontact ~o.ding. Thae only poiat et which

i 19 angortant i3 in equations {4) anc (I (waich folleowrs later) vhere

‘.;E(o: raerator alueys is given by the diifercico ol tuwe rnwsbers, since thc
CA - ;

(30} 6Fe of opiosite sign. J

B
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The wheel und verge now being in treiling coxntect we huve
. T e
B - (&a) -
A 65*-4 LI,',‘, + »,-::)H v o T (U‘: = S
6/‘ = e (5
(CU‘E
I, + I -
: LI T

. 2l u " - :
where (T‘) = = at lest contact leadinz. £Llso wa et
(cb)y v
. 4 ‘,4) [
0\/‘1 & es e L
‘.U)i_.
-

Now i I, 18 lenge cucazs, 1v Lo posuiils fow B3 ©o oo no -
cAatinz vaur the ®Eee. LRAL PERoLCCE GEEOTion ot ke COowsliiched,
circuwaisctances it i3 nzceuo. 0y to Cind vhe anjle Cxa et valch vlhe
ccrme to reot beloro stustiug Torvard wzain,

ng

This anzic is found oy using ceuutloz (8) wheme
2 = 93,2 = 0.

.
o

[CXAR

[(WF 3%
licu 2
65 T T (a4
' Ly v oIy T
€oy = 02 = - ! (de)s (6)

v 6, the wicel is at rost. As it onco rors
.4 a%"which it now has a vclocity Gz > O.

nee

ng ¢silision is carri

The remainder ol the cycls up to lcadi
duscribed above, using equaticns

< 5~ 9‘-/‘_‘_. i .
t= o og = .2.41_ t2 4+ g, ¢t + (84 + ) (7)
then
g5 = -%:- *t v
% ]
‘ ; () . e | ¢
6y = L, &8 + (@6)g ~ *V {a9), O
1, + Ly (_":_va"' (9)
A (d6)6 l
el O 19 tio velocivy of the whecel imrcdiately after . cading collision,
a e »-nvﬂ*’ﬁizzilllllld

rmoves forward it roturns to

-II-

)

vive, indi-
Jader these

‘4‘1’1‘. -t 1 )

(v

v
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c¢ out as
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5 = ST S A Ay . b . R - . DL
< 0 owe ure “husTion (1) zoa bR, L GRs i To e A Tie Vel
baely LR &nt caus 1o Tov oLllerg R il o Jortourd Lellon Cuce O,
- :
. rol
G W m, 0= - .
~ ~ "' -’ ! ) R
e . = -C - { \ N (U)
Tt
Ca L N
ol 4
s
b .t B L ~ . il S Al . R - " [ -
“S the whoel v “SNEE A 5 S LV OTRS loorty gs > 0,
H
B c NS B g i - 5 - v - o .

Cac eyeig L 2B B Pvaelor, ane Villes €. g Oy found QOOVE ero 1o
NakL o - i a = N . A . oI oo npe "t i . PN - r . .
ceasldored g TS unc Ve =0l L oLeoc i, L Cluzutuiion ig rerentod,
ATLw +n o) CX 1o Yea =y R, | ORISR - C 3 A s -~
Al g v ICOU O e DS TN Pubes OUTS Ol e dvatione “v 45 .0uUla tha

v g
T

B
Wi kng beon Serelli in S Lns thos KA Volo®i Ty op tie last
cquul Lo tne corrvu,cn_;:J Velseovy sr “hionicecline (Shyop!

In cxler %o plo:-J.V; RSP E U S <ClnLL T s Co 3T eutiin
intex~¢;-uzc velucs ol ¢, o - Caliul Ul QUG Culill L L5 Cezeribeg in
R, Aprondix . usi B LS nroson diseuc.ien oo ceirso,

. A

Once the CUTve € vs g ngs Lorcty Ooiein . o Procecd us Geoclitld in R,
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-If... l
- R i i
T, @ 0 g B Wi Sk DS e s 3T i
———— e et - g
:
A B A o0 oA LI B S P S i T T R | oon g oS S
1 GeCiiom IE oF Thls :\,;::, L0 LsSwnntion was made tast there cexisted
. P i 9 2 S om g /o0 Gpmoos Sa o0 S o ot o
& Verge AR whdeh the rEREO o lowed ame ufv wonldd rensia comstont Ay tho
ety B g Ny . Pl e y -~ g oy oy o - b .
VigEpE| IOV, | Afie lecClolsanyin g Eupant ise vy vk dakicie Lowck) Linis) wiRs

rmeagarod.  The cqueiion is
R R coax (f2+ 8]
I cos/5+ R ¢os (ﬁ+ 6) {

wene o L0, as usual., “Now
l ac The Tooth woves elong L

- a munes
|\ P') is roteted,
\ u/v will ia
] X , - = . Tor tke pitne _
% . P Seilot Ynze used on ell verges
TRl TR ciullol iu this work the angle
e ik L Shonly e arzaler
= MRl i%iom. M BRI ".'_.J ol
o —-”,I.H e g = B Lo w.no o tho
J R..“i-""'"“m. wael Bouelds ke looe P P
U\ ! chanzes éireciion grnlv l
\ beccuns The verge ic cotatinz, ]
| sow if tho z2llet Tace r
!I ic 2ov plane but a curved
surlaco of comd B¥yEe, e
3. %S Girceci_on of 2 P chanses as
the vhcel zofatos Tor Vo
reacons, Tirst becguse tho ‘
. |
verge i

CClY 45 roteving end cecond bocause the dirccetion of P T P' @t the

I conteet 1s nov tho caxze us eb tho oriziael point because of the
ture of thz suriucc,
Supncso we cguate the omprecsion for v/v Yo o constent and compute the/3
COI‘I‘C;‘DC""“_:J To caca G, This value of /8 now can reler only vo the anzle

> lover don v Witk cils of centers, aac not cpseifically to the rotction

{ the wernfes Sunpese thtse vaiues of ,J Just computed be co.;parcd irith
*."-lx.'n, comnuvsd Tn o similor» case for }u plorn: face ver Zhe c.Terenca

wos chould be e mmsasure (:.m“o..l a"c) ef ti.al :Mzld

tlhoe Junent to vos curved curiece rnltcs with Uho planc surface ei that
valuo o O, Ucling ¢ porophical method ous x:..;,’ citeteh the curved f";_'-:cc.
Uhis curlnce 1o In gnior tocause wo huve carried out our calculctiicns on
the boelis dlat v tooln i un com::c‘s with t‘le plene Tace at cuch azlz,
In reality, iho vcoth must bl in countaet with the curved paller & In

crior 10 Soe LGw TO apply a corricuion Tor this wo consider a ospecilic cases.
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The "nomawal" verge ut 1 _oecquilibziw. sives & lover arm retio
u/v = ,949, Ve computed, - . rabso ol values of © civhor sido ol the
equilibriw: point, those TGS c;‘/é TLouized Be lkeep udv eondTent., Thon

usinz the valuos of /A5 cricinally con ;v ed for tho rotutvion of the plerno

faced vergo, we found tle incrcizcnic /.: €% cueh G by wihich e noruzl to

the veryge eurface rust chorza, ’I":.; Tull; lizo pliofyad i g Hotlowdng dlicaram,
Flg. 16, 1s tho result of this arzproinave olusi on. L2 thz curve éGeparts further
frowm thoe lino 1t turns out thot oul valuc, of ,/.) bec®nz teco larngo,

In other words tho curve 1o scmowlat fluttor tzuau tiut drava as o colid line.

The dotted line is probably iore nc.rly coniccs.

This dotted lino curve wes nsi comput . Ouzy eculd proccsd es rollows,
however, TFrom the graphical *)lc.. ol e rscverd ByEm fSeunme it iz possible
to determains ..ow much tho vergc would be ro';:";uc‘. wadn tho tooth is in
contact at point A' rather thon A, Tais ,,/> coulé thon bo sudbtractcd
Trom the incroment. A7/$ ative to gave o moig acarly corruct clopy sizlo at

that point,

An epproach of thig tymc chould wlio i fairly oi:ple to cdezizn e nallet
faca waich would producs ccustunt u/ve IT is of counse obvious that tho
preceding discussion iz oniy ceal=quantitutive av viot,
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