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An untuned clock mechanism with s~ecially designed verge f ces 
1e described. Thia mechanism operates in a symmetric cycle in reference 
to leading and trailing faces of the verge. 

A study of t~~~ verge design indicates a probable minimizing of 
tho effects of geometrical var~ tiona of the leading race, observed with 
normal verges . 

Part II ot thia report represents sam experimental results on 
the motions of verge and atarwh el in the equilibrium cycle. 
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PAHT It    AM UNTUNril CLOCK HbCHANISM OF SPECIAL ÜLJIGN 

I. IJOÜOUCTIQN 

A thorough study of the untuned clock ha» been carried out 
In this laboratory over the past several years.    Four report» are on 
Tile in the library of DOFL embodying the result» of this study.    The 
reports are titled a» follows.   The nunbers are used for convenience 
in referring to these reports. 

R-l:    A STUDY OF THb DjfNAiilCS OF AN UNTUNU) CLOCK MtCHANISM. 

R-g:    A STUDY OF THbi EFfüCTS OF QÜOMbTßlCAL FACTURS UPON 
THE BEHAVOUR OF AN  UOTONED    CLOCK Mb'CHAMISM. 

R-5;    A STUDY OF THE NUN-UNIFORMITY IN RUNNING HATtS OF A 
CERTAIN TYPE OF TIME DELAY MECHANISM. 

R-4:    THE EFFECT OF UNBAUNCED VhRQE TOFQUES, AOCELtRATION 
FRICTION TORQUES, AND VERGE-STARWi^iX MAffiRIAL UPON 
THE RUNNING RATES OF A CERTAIN TYPE OF TIM) DEUY 
MECHANISM. 

It has become obvious as the result of these studies that 
the cycle of motion for the normal verge-starwheel combination is 
asymmetric, due largely to the fact that the ratio u/v is changing 
during periods of contact between verge face and starwheel tooth. 
In particular u/v < 1 at first contact leading and increases to u/v 
> 1 at last contact.    On the trailing face the opposite situation 
occurs. 

Because of this one finds that the effect of the collision 
on leading face Is always more pronounced or, in other words, changes 
in velocity are always greater at the leading face.    Report R-3 Indi- 
cates clearly that any geometrical changes at the leading face result 
in large changes in total period.   On the other hand, changes at the 
trailing face lead to much smaller changes in running time.    Cumula- 
tive evidence of this type implies that if u/v can be made constant 
and the same for either face a more symnetrical cycle will occur. 
With such a verge, it is further hoped that geometrical changes at 
either face will result in much i^ss drastic changes in the running 
tixuds.   In this manner the importance of such geometrical changes 
might, on the whole, be minimized»   ^ence in any given group of clocks, 
the small geometrical variations from clock to clock will introduce 
variations in running rate of »mailer magnitude that are now founl. 

J 
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II. Vl::RGE DESIGN 

Reference to the reports R-1, R-2 of the ser ios will expl ain the 
back ground of the following discussi on. 

no. 1 

3) cos(j3 + 

e wish to design a ~ew ver ge 
f ace whose shape will no longe r be 
a s t.raight line. Whatever this 
shape may b , the position of t h 
co n .. r point will be left uncha need. 
C nsidcr f i r s t the leading face . 

lev er a r :.::: u nd v are shown. 
~ measures t he rotation of the verge 
nd f3 measur s t l e rota t ion of a 

nor llli:l.l to the vcr ;c face. o<.. is in 
general not equal t o j3 • 

At any point (x,y) 

l ) sin(,i3 + " ) • p/R - k a1n~/R k <O • 

where p is the distance from U to 
the taO(;;ent drawn to the verge face 

t (x,y) . We can also show that 

- cos(e +4) 
2 ) u/v • k cosp + Rcos(f + Q) 

Taking a derivative in l) gives 

...~~ 1 ~ k --2£ ) (7 + l ) L T d9 - R cosjS d9 

Setting u/v • C in 2) and substituting i n 3) 

l +C .k. 
kcosf3 dQ 

This equation i nd · c t. s t t t a ny point. (x,y) d/J/d9 can be thought 
of a s consisting of two conponent s . The first component is constant, the 
s econd depends on dp/d • lf p • con t., then dp/d& 0 and dJ9/dQ c. C. This 
is j us t t. caoe for which the f ace of t he vt:rge i s pl;me . ·e interpret 
(d,6/ d9)1• C R S t t component o f t he r otation measured by f3 which is caused 
by the actual space rotation of the verge. The secorxi component is that 
c · ed by the curvature of the verge f ce , apart from any act;.ual verge ro­
tation. 
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A logie&l. choice for C is wrl.ty, since u/v :::! 1 in the normal verge. 
The problem is to determine the shape of the leadi~ verge face for which 
u/v • 1. Using equation 2), solve for j3 tor a range ot e trom .6354 to .5100 • 
e • .6354 is the angle of last contact leading. These values of /1 are sub­
stituted into equation 1} and p is computed !or each e. Now assume that as 
e changes by .01 radian p will remain consta!'lt~ which is physically the samG 
as a.ssuning that the veree surface is pane over this small interval. Suppose, 
tor example, that at 8 • ~~ we find f' ~,131 and p .. Pl • Set i • Q + .01, 
and using p

2 
• P:l. solve !or ~,. 'l'hu latter v lue Will not b~ the1eame as 

the l'.c previously oomputed because p has not been allowed to change. The 
difference ,13{-/l • 4o( ia appr' xi.mately that part of -49 which is caused 
by the pure rota!.i~n of the verge. Aa shown above, ....4!d_ • c am we 

~Q 

find on computing that 4a(• .0103. The diacropancy ot .0003 is due to the 
!'act that di • • 01. racl. Smaller A Q intervals would give better agr ement. 

The problem of discovering the proper shape of the !'ace remains. 
The point (x

0
,y

0
) in Fig. 2 represents the position ot last contact leading. 

FIG. 2 

shape ot the !ace !'or u/v • 1 is 
is done in Fig. 3. 

Imagine that the tooth slides 
back along the ver~e face into 
some new position lx1,y

1
). The 

coordinates of any such point 
are given by 

·x • Rain& 

y • k + RcoaQ 

t position (x.,, y
1

) the verge 
has turned through t toul angle 
b'~ • EACX starti~ from position 
o.'.' last ct~ntact, which corresponda 
t~ the total change <S Q • rAi. 
The value &o< can be readily deter­
~ from the preceding computa­
tiona. Now it the verge is rota­
ted hack through this angle we 
can find the n coordinates ot 
our point, (x 11 y 1.) • This point, 
and all othe:r!s~ pointe, lies 
on the verge tace at the posi­
tion occupied at the instant ot 
last contact. There tore, the 

towvi by tracin& throuch these point a. This 

For the trailing tace the method ot deai&n ia very .nearly the aame. 

.. 
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Again the equation 

~) a in( f3 + e) • p/R -ka1n,d /R 

holds at a point (x,y), where p ia 
a tunct1on ot e. ~ meaaurea the 
rotation ot the normal to the Yerge 
taoe, while o<. will be uaed aa a 
measure ot true Yerge rotation. 

Taking a deriYat1Ye in equation ~) 
giYt8 

~ l/R *- oos(e + IJ) 
6) 48 = ooa(e + p} + kooaj'/R 

l"or the leadizag tact ,.. haYe 

7) u/T • Roo~{e + {! ) 
kooa )J + Rooa 8 + ,IJ ) 

0 StttiDg u/Y • 1 g1Yt8 2'70 •/J. under 
the .. oircumatanoes 6) beoom.a 

!~ 
8) M1. R 48 -1 

48 aiDe 

The ._erm l ~ represent• tbat part ot the rotation ot the normal to 
R ain8 

the tact due aolely to the change in alope ot the face, since it p • 
constant this term equala zero. The aecoD4 term h the rate at which the 
Terge actually rotates with respect to e. It the procedure outlined aboYe 
tor leading taoe 1• now tollow.d one obtaiu the ahape ot the tra1l1D& 
tace. !'ig. ~ ahon thia taoe. 
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III. THE SYlMiTRICAL CYCLE 

We next conalder the actual cycle of this verge,    i., me u/v • 1 
at all points of contact, leading and trailing, the calculat; ons are con- 
siderably simplified.    In fact it is possible to derive a sat of equations 
free of the »cut and try" method of preceding reports;    Thi.   car: be done 
because there now exists a linear relatioiuhip between CK ana ^ for each 
face.    This relationship is very dimply establiehed in view c    the fact 
that at the leading face   doc     - +1, and at the trailing fac*    d<*      ■ -1, 

de d© 
as pointed out in the preceding section.    In designing the nev, ver^e faces 
it was asswed that the point« of last contact (given by oc an   9) would be 
the same a3 in the normal verge.    In the normal verge these ara d •   6354 
oc - .0289 for leading, and 6 - -.6354  0^" -,0289 for trailir,,   T.rji. at 
once leads to the equations 

9 - oc ♦ ,6065 
9 - -o<. -.6643 

.\eading 
trailing 

Very briefly the equations for the cyola of the u/\r ■ I verge 
are obtained as follows. 

The basic differential equation of motion during lead, ng contact 
(see R-l) becomes 

-1 IwQ - T 
IT U 

where 9 - o ^ .606:> 

Solving 

i,       7" 
V W 

During free motion leading 

t?    + o't.    + 9 
1 o 1 o 

ö   m     T   • t! + 9*t •♦• 9 
2        21        ^       ^^    tfl 

(1) 

and o^ - ^t, +' o^/ 

while at collision   ^ " - 92 - .6643 

Solving gives 

t. - —'V/i   —w  (2-- 

From this we can get 9 and 90, 
2 z 

At trailing collision 

e„ ^wS-r ^;Yh 
(31 
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During trailing contact 

e • X .t4• + 93·t4 +Q'Z 
4 2CI +I ) .. v w 

Durin& free motion traili.Dg 

Q • -1:-.t• + Q·t5 + Q 
5 ~I 5 4 4 

w 

and at collision· 

Solving gives 

t -5 
1!· (.070~ 

rJI w 
• 

From this we get e
5 

a e
5
• 

Fir~ at leading collisi on 
• • 

;_ • I~ + L.o(s-
v6 I + f" 

v w 
(6) 

Bquations (1) through (6) give a complete solution for the cycle . Reference 
to R-1 and R-2 will give the basic information not included here. 

In order to determine how this cycle will v~ry from t hose studied 
previously computation is necessnry. ·e shall use t he term normal verge to 
~ere~ to the verge with plane faces whose cycle of motion is asymmetrical. 
The term symmetrical verge refers to the verge for which u/v ~ l .having cur­
ved surfaces and resulting in a nearly symnetrical cycl e. The untuned 
clock used in all calculations in this report has t l'"w3 following dynamical 
constants 

I == 2100 gmcm• 
w 

6 7 "' 2.65Xl0 dyne em 
rad. 

Calculations were carried out and cycles plotted for both normal 
rtnd symmetrical verges, ~s stat ed above . The cycles are shown on Fig . 6. 
The symnetrical verge does not give an entirely Sjll'l'lletrical cycle, although 
the improvement is ma~ked. Complete symmetry can be achieved only by chang­
ing the position of last contact. If t he coordinates are leading, eL ~ .6426, 
o£ir- . 036~ and trailing 9 ~ -.6426 ~f== -.0?.17, true s~mmetry is aChi~ved. 
On ?igs ~and 4 these poi~ts are marked P•. It can be seen also th4t the 
'fP.lUe Of Q iS not essentially different f 0r curves 1 aT1d 2 • Only in the 
~ se cf the completely symmetric verge is ~ very much changed. Actually, 
:. uc~ c f this change can be due to the difference in methods used to deter­
:nine ~. 
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It has been noted that in the normal verge geometrical variations 
ot the leading race have a lnrge influence on the running time, while t hose 
ot the trailing race are or much less importance. ie investigated this sit­
uation tor the completely aynmetrical verge (adjusted end points). 

Two pouible types of error are considered. The first would 
result in changing only the point of last contact, and is indicated in 
l1g 7 (a). ~re the error ia along a non-contact face of the v rge , so 
that the shape or the tace on which the tooth s ides is not affected. · 

(a) 

(b) 

no. " 

t the l ading tooth is mill d 
s in 3 tor example then we si -

ply have a case in which last 
contact occurs earlier than 
norual. 

The second case i s that of 
Fig 7 (b). Here the error is 
on he contact face itself. The 
s pe is not cha"Bed but, a in 
4 for example, there is a whole 
new geometrical situation because 
esventially the face has been 
lliOVed over. Calculation simil£~r 
to that outlined ln Section . II 
above enables one to calculate the 
new geometric l relationships. 
e fit¥1 that u/v, although no 
onger 1, is still very nearly a 

constant. Cycles are then com­
puted as heretofor described. As a comparision cycle we use curve s of 
Fig 6 .for 1 ch ~ • 8.26 rad/ae • In each case the 'Yaluea of Iw, loy 
and T gi~ n above -were uaed. Tho reaulte are shown in the following ta•les. 

C a ( ) Fig. 7 a ) 

~ variation 
Error 1 from 

symmetrical cycle 

1 + 2 units leading 8.08 2.2% 

2 + 2 units traili"B 8.09 2.1% 

3 - 2 units leading 8.47 2.~ 

4 - 2 units trailing 8.45 2.3% 

Clearly the change in ~ resulting frca these errors is the same at 
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either face, as is expected in this cycle. 

Case (b) (Fig 7 b) 

Error % * variation 
from 

symmetrical cycle 

1 + 2 unitb leading 8.50 2.95* 

2 * 2 units trailing 8.55 3.5^ 

6 - 2 units leading 7.95 3.a* 

k - 2 units trailing 8.02 2.95S 

Again, the changes in 9 are to an excellent approximation inde- 
pendent of the face on which the error is made. 

L ■- 
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V. EFFECT OF CHANCES IN & ON THE bL-3-IETHICAL VEHGE CYCLE 

1 

T 

Among the geometrical variations found to have an important effect 
upon the running rate of a clock is the variation in k, the center to center 
spacing. This variation has been studied in same detail for the normal 
verge. Reference to R-3 will indicate that k may vary between the limits 
- .2198 and -.2245 the normal value being -.2222. ^or the same I , ^ and 
as listed above we determined © for the extreme values of k, using the 
nomal verge. The results are given in the tab!: at the end of this section. 

Next we made similar computations fcr the symmetrical verco. It 
is clear from the first that as soon as k changes the value of u/v is no 
longer 1 nor is it a constant. Furthermore, the method of computing a 
cycle will be radically changed. A brief outline of Lhis work follous, 
using the trailing face. Similar considerations hold for the leading face. 

In Fig. 8 Oj^ is the 
center of rotation of the 
verpo and 0 that for the 
starwheel. Point (x,y) 
is a point of contact be- 
tween tooth and verge 

_^   face for the normal value 
of k. The distance r is 
no physical dimension of 
the verge, but represents 
only the distance from 0, 
to the point of contact 
(x, y). From the diagram 

r,1'(Rsine)*+(k+Rco30)' 

iin^T' 
RsinQ f>0 

k<0 

e<o 
e 

From these equations we may 
easily find r and ^ for 
each value of 0. Suppose 
that Qj is now moved to 01 so 
that iK'j > |kj. For the 
same value of ras above the 
point of contact has new 
coordinates (x'^y1). These 
coordinates satisfy the 
equations 

sin' i|,o 

x1' * y' -r 

t   (yi-k')'   -   R* 
k^O 

; 
sin«' ir<0 

The first two of these equations give us x1, and then we find tf  and 0', 
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Since 

I I 
these new coordinates oC and j9 can be foW'ld. 

The equation 

k 1cos#'• Rcos(.6'1 • Q1
) 

(u/v)l • 
I 

Rcos(,8 + 1 ) 

gives (u/v) 1 at once . 

The results of this computation are two curves , o<
1
vs 9 1

1 (u/v ) 1 vs 9 1 , 

valid for the value k 1 used in the equations . Anal.ogous procedure can be 
used for t he leading face. The curves o<.'vs Q1 are straight lines, to an 
extremely good appro~tion. The graphs of (u/v 1 vs 9 1 show that (u/v) 1 

is no long or a constant. 

Having the above curves enables us to derive equations for solving the 
cycle . Referring to Sect ion Ill above, only equations (l ) and (4) need be 
modified in order to obtain the solution. Using the basi c differential 
equation of motion 

I •• 
u/ 

wg_( 
v • I • · 

vc::K.. 

one easUy finds •Q • f (Q) , which is plotted on a graph. Th:;_s curve may be 
approximated very closely as a 4th order polynomial . & • !{Q) is i.zmnediately 
integrable by elementary methods, am ~ is obtained . Similar considerations 
hold for the trailing case. 

Cycles were computed for three different values of k, first tor the 
normal var ge and then for the 11u/v • 1 11 verge, where of course u/v is no 
ronger unity. The results are s hown in the following table. The verge 
starwheel combination is the same as thnt described in Section Ill above. 

':" % variation 
k Type Verge Q from normal 

-.2198 Nor mal 7. 9'6 ?.Ji. 

-.?.222 ( ormal ) onnal 8. 54 ----
-.2245 Normsl 9.18 7. 5% 

-.2198 Symuetric 7.77 7.7% 
-. 222 2 Symmetric 8.42 ---·- r- -
-.2245 Synmetr 9.02 7.3$ 
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It Is cl«ar that although the % Tarlatlon Introduced Into 6 
by changes in 1c is not ImproTed by using the symmetric verge,  neither la 
is made any worse. 

VI.   CONCLUSION 

The problem of reducing the variation in running times anong a 
large numbur of clocks is only partly a problem of geometry of course. 
The friction effects which vary so greatly from one mechanism to the next 
are very probably the most important  single factor involved.    This report 
presents no definite results in regard to the geometrical effects.    Verges 
for which u/v - constant can be designed.    Theoretically,   such verges re- 
spond similarly to geometrical variations at either face.    The importance 
of the leading face so clearly evident for the normal verge,   is conspic- 
uously absent here.    Variations in center to center distance cause no 
greater changes in running times than In the normal verge.    It would appear 
what some possible improvement in obtaining uniform running rates might 
result from the redesign of the verge faces. 
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PA.HT II. AN :t.:XPl::RII£!JTAL !.iTUIJY ur' ' lit:: HUTI0N UF AN UN'Tl.Ji :.0 CLOCK 

SECTIUH VII: INTRODUCTiuU 

It was felt that a study ot the relationship between the star­
wheel and verge in the actual clock mechanism might provide some useful 
information. In order to discover experi:nental..ly this relationship, the 
starwheel and verge were insulated !rom e ch other and, in ettect, the 
v;_riation in capacitance bet"-een the two was observed. Sinco the capa­
citance between the star~1eel and verge is here predominantly a !unction 
of their separation, a study or the results should rweal information 
concerning the nature ot the relative motion between the two parts. 

In the following description ot the experimental work performed, 
computations ot the relative time occupied by the various contact and tree 
time periods are carried out; howwr, no other att•pt.a at quantitative 
interpretations were made. 

/ 
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SECT! UN VIII: TH:; APPAAA TUS 

The determination of the starwh~el-verge capacitance variation 
was centered about the circuit shown in nsure 9. This consists of a 
tuned sr14-tuned plate oscillator coupled to th input of an infinite 
impedance detector; the input of the detector is then sub jected to a 
single stage of amplification before being fed into t e vertical ampli­
fier of a T3ktronix 51.4-D cathode ray oscilloscope. 

The resonant frequency of the f ixed oscillator grid tank circuit 
is approximately 2.8 me. The oscillator plate tank and the detector grid 
tank are tunable, and the coupling between the oscillator and detector 
stagos is adjustable; the result is that the amplitude of tho oscillP-
tion is readily variable. · · 

A peak vol tap,e output or approximately 25 volts is available 
from the amplifie stage . The filament am pl.a te voltages are variable in 
order to aid in obtaining the correct amplitude signal at the oscillorcope. 
A block diagram of the equipment employed is shown in Fi.g 10. 

oac. - det. -

t 
to vorge 

& •~arwheel 

300 vdo 
power 
supply 

~p. 

_al 
~-

? > 

0 
. 'scope 

.---
6 T 

l.Jlc..... 

na. 10 

The starwheels and verges 
being tested were mounted i n 
a rebui t clock mechanism in 
which the starwheel bearings 
were insulated from the verge 
be rings. The verge was then 
connected to the grid of the 
oscillator tube, and the star­
wheel was connected to t he 
plate through a very smal 
capacitancG made by twisting 
together two two inch insu­
lated wires. 

• ince in effect the 
starwheel-verge combination 
and the twisted wire capaci­
tor are two capacitors connec­
ted in series between the plate 
and the grid of the oscill~­
tor, as the starwheel and the 
verge approach each other the 
total capacitance increases, 
reaching a maximun when the 

starwheel and verge are in contact, this equilibrium value being the capaci­
tance of the twisted wires. (See Fig. ll). This increased capacitance causes 
an increase in the ampl.itude of oscUlation of the 605 oscillator. 'l'his is 
transmitted to the detector as a modulated RF signal. 
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Total 
capacitance 

FIG.    11 

Btarwheel-rerge capcitance 

In the actual exporimental runs that were made,  the oscillator 
was adjusted so that it was oscillating very weakly;    the oscillator in 
this condition is most sensitive to variations in grid-plate capacitance. 
As the untuned clock was allowed to unwind,  a levor attached to the wind- 
ing arm tripped a micro switch which in turn actuated a single horizontal 
sweep across the oscilloscope tube.   The resulting trace was then photo- 
graphed. 

L 
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iKCTlOH IX.    IttSULTS 

As in previous experimental work performed en the actual mechanism 
in this laboratory, most of the v/ork described below was done with the one 
second CIOCK.    l^ven though some of the results for other clock5(0.5 see, 1,5 
sec,  10 sec, etc) are somewhat different,  the following description leads 
to an understanding of the method employed. 

Photographs of thirty-nine complete equilibrium cycles for Mie 
nominal one second clock were  obtained,    Several qualitative characteris- 
tics of the  cycles were immediately apparent.    First of all,  it was seen 
that a true  ''sliding contact"  between verge and sUt wheel never occurred; 
rather, contact periods were presented as series of very rapid oscilla- 
tions of the trace-apparently rapid  "bounces" of the verge and starwheel. 
The  true dynamical significance of these  "bounces" has not been investi- 
gated in detail. 

In addition, a striking difference between the nature of leading 
contact and that of trailing contact waa noted. In all cases, the leading, 
contact period was composed of tvvo short "periods of contact" with a short 
"free time" separating them. However trailing contact was made up of from 
one to four individual contact periods. 

For convenience of discussion, the complete, equilibrium cycle 
will henceforth be divided into six portions: 

1. First Leading Contact Period 

2. Leading Contact Free Time 

3. Secor.d leading Contact Period 

4. Leading Free Time 

5. Trailing  Contact j 

6. Trailing Free Time 

Referred to in R-l as 
"fading Contact Period" 

Composed of from one to 
four individual contact 
periods 

The time occupied by each of the above na^.ied  "periods" was com- 
puted  for each of the thirty-nine cycles as a percent of the total time 
elapsed during that compleUcycle.    The mean percent tine  for each period 
was then computed by plotting a mean distribution curve.     The res>ilting 
"average'^ycle may then be described as follows: 



First Leading Contact 

Leading Contact Free Time 

Second Leading Contact 

Leading Free Time 

Trailing Contact 

Trailing Free Ti.me 

12.5% ! ;; . 5% 
+ 

41.~. - 2.4% 

7.1$ ! 1.5% 
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51.3~ 

} 
48 . 7,~ 

The times for each period were expressed as a percent of complete 
cycle because of the fact that the cycle l ength varied because of varia­
tions in friction between trials . It is to be rer.tembered that the trail­
ing contact period was composed of varyine numbers of individual contact 
periods, but that they were lumped together for convenience in calculation . 

In Figure 12 is shown a typical trace obtained from the apf..i r a­
tus. ~o com}Jlete cycles a re shown. Note that the 11 contact periods" are 
composed of many rapid bounces . Furthermore 1;.he two trailing contact periods 
are entirely different in nature .f'rom each other; that is, the first trail­
ing contact period shown is seen as one single period of contact; the 
second is composed of four individUAl contact periods . 

FIG. 12 
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It is seen that t he nature of the re ln tionship bet ween the :>tar ­
wheel and verge is quite different from what is assumed in t he theoretical 
vrork. In th nominal one second clock, no pure sliding cont~ct ever occurs; 
furtl~rmore , the periods formerly r~ferred to as lending ccntact and trail­
ing contact are nade up of several st~ller contact periods . 

The experimental work described docs certainly point to a qiffcrence 
in the nature of trailing and leading contact; this is very probably 
closely related to the kno'-m act that the leading face is very sensitive 
to geometrical changes , as comparftd to the trailing face . 


