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INTRODUCTION

The purpose of the project herein deseribed was to determine the
acceleration due to gravity for the loeale of Blaeksburg, Virginia, to
five si@iﬂcant figures, As far as the author has been able to determine,
tharchasnmrbunatoml&otmmuonaf"g" made for this area,

3 Supporﬂ.ng this prime purpose was the fact that the equipment re-
quired for this eaﬁpofimnt, i.e. a secondary standard of lemgth, a record-
:mg mm, and several portable photogell relay eircuits, and the vaguum
tnnk, would be useful to the department in the future,

~Plan of the project
The projeet was located in Room 106, Davidson Hall, on the campus of

the Virginia Polytechniec Institute. The elevation of the knife edge was
2037.,39 ft.. A Coast and Geodetic Survey bench mark is loecated on the
first step on the east side of Patton Hall at an elevation of 2057.13 ft..
It was from this mark that the Civil Engineering Department established as
a gecondary reference the first floor elewation of Davidson Hall which was
used in determining the elevation of the knife edge, The geographie loca=
tion of a point between the Lutheran ehurch and the V,P.I, barracks is
North latitude 37° 13' 54.456" and West longitude 80° 25' 10,961", The
exaet location of this point is not known, The momument was destroyed
during recent construetion in that area.

It is generally accepted that an experiment employing a Kater's



type pendulum is one of the better methods for making an accurate determi-
nation of "g". For this reason such a pendulum was used in this experiment;
however, in designing the equipment the following considerations were kept
in mind:

1, The pendulum ghould have e smell coefficient of expansion,

2, Friction et the point of support should be kept at a minimm,

3, The pendulun should vilwate in & vaowm in order to reduce the

damping effect of the air on the pendulum,

4s The date to be usged in the determination of the period of the

pendulum should be recorded automatically.

5. The amplitude of vibration should be known.

On the other hend, corrections for such phencmena as the motion of
the support, the elongaetion of the pendulum due to its own weight, flexure
of the pendulum, end the general dissipetion of the emergy of the pendulum
while in motion in the vacuum tank heve been disregarded, A review of the
ntefaﬁure indicated thet these are second-order effects and suffieiently
small as to be negligible in this determination,



THE THECRY OF KATER'S REVERSIBLE PENDULUM

Any rigid object which 1s hinged about a horizontal axis not passing
through its center of gravity, and acted upon by its own weight as its
restoring forece when displaced through an angle € from its equilibrium
position, 1e defined as a compound pendulum, However, the equation of
motion for su_ah a pendulum requires knowledge of its moment of inertia
about its axis of suspension.

In 1818 Captain Henry Kater (9) eliminated this difficulty by devising
a pendulum with two axes of suspension from which it could be suspended
alternately, He showed that when these axes were adjusted so that the
period of vibration of the pendulum was the same for both, the distance
between the axes was equal to the length of an equivalent simple pendulum.

A simple pendulum is defined as a heavy particle suspended by a weight-
less thread, If such a pendulum vibrates under the action of gravity alone,
its equation of motion is

-g-u--{-sinﬁ (1)
vhere _d%@

At is the angular aeceleration

g is the acceleration due to gravity

1 is the length of the pendulum

© is the angular displacement of the pendulum from its
equilibrium position

Integration of this equation gives for the time, t, of a complete
vibration of the pendulum,



utszvl-}-(1+3’-sm’§+&-m"§+....) (2)

For the ideal ease of amplitude, © = O:

t= zrj'? (2a)

In Figure 1, let hy and h, be the distances from the points of sus-
pensions, sy and sy respectively, to the center of gravity, C of G. Then,
when suspended from sy and pulled to one side through an angle @, the
torque which will cause it to swing toward its position of stable equi-
librium, i,e. the restoring torque, will be

JaIé%?u*“hllino (3)

where I is its moment of inertia about 8] as its axis, and § as its weight.
However, laGrange's equation for the moment of inertia of a body about
any axis parallel to an axis through the genter of gravity is

IA B Iﬂ-bmz (4)

vhere 1‘.& = Moment of Inertia about the new axis
Ig = Moment of Inertia gbout the center of gravlty

M = Mags of the body
d = Digtance between new axis and the center of gravity

A SRS

' 'mo derivation of this equation can be found in Mathematics
: s L.3. and E.8, Sokolniko MeGraw Hill Book

, Egsdfo:rk,; W.Y. 1933.
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FIG. | SCHEMATIC DIAGRAM
OF A KATERS PENDULUM




1

But Ig = MR® where R is the radius of gyration about the center of gravity.
Therefore, equation (3) becomes

MR+ hy?) &8 < iy sin 6 (5)

g%gz -ﬁ + h1*) | (6)

In absolute units, W = mg, and hence equation (6) becomes

gc.zhl-izth ) sin € (7)
1

By comparing the corresponding equation for a simple pendulum,

ﬁ.a-{-—me (8

we note that ifliaoqmltohl-ﬁﬁ?- then the two pendulums will have
the same period of vibration, "

By the same process, we can arrive at a similar statement for the
equation of motion for the compound pendulum about its other axis of sus-
pension 85, Hence

- in @ (9)
g (hp + E;hz :

where again if (hp + g-:j) is equal to the length of the equivalent simple
pendulum, their periods will be equal.



Consequently, we have the two equalities

1:h1+"§':' (10)
and | 1==h2+-§:-;- (11)

By eliminating R we ean arrive at
1= +hy (12)
Consequently we have demonstrated that the distance between the two
axes of suspension, h1 + hz, 1s equal to the length of an equivalent simple
pendulum, Therefore, we can write equation (1) as

h, g

and also

ty = 2w .’%__';Rz (14)

provided that amplitude of vibration for the pendulum is small.
Squaring and subtracting equations (13) and (14), we have

hogty? = hlg"lz = 4ri(hy? + R - by e %) (15)

4 hots? = hqty? (16)



Upon expanding the right-hand side of this equation into partial
fractions we arrive at our final equation

2 2 2 2
" .‘%.:_3.) + .'Q._:.'z. (17)
g 2(hy + hy 2(hy = hyp)
If % were to equal t2 then this term would beecome zero and our
equation would revert to the form of (2a)

ta%’-lt—
J‘

which is the equationfor the period of a simple pendulum,
However, if the apparatus is adjusted so that ¢, and %, are very
nearly equal, and yet a considerable difference is maintained between
hy and hy, then the second term becomes a correction term of relatively
small magnitude. :
As a consequence of this seeond term becoming such a correction term,
the distances hy and hp need not be determined beyond the ageuracy of throe
significant places, Instead, the accuracy of the experiment is determined
by the length, 1 = hy + h,, of the pendulum and the periods, t; and tp.



APPARATUS

The Pendulum
The pendulum used was a metal bar, practically straight, with an

axis of support at each of its two conjugate points,

The bar of the pendulum was made of Gamma metal, an alloy manufactured
by the Midwvale Steel Corporation, whose coefficient of linear expansion
was taken as 1.0 x 10™® per °C, The bar itself was 131.5 em., long and
had a eross-sectional area of 1.9 em. x 0.6 em..

Plate glass planes were attached to the pendulum by means of brackets
located approximately at the eonjugete points of the pendulum, These
planes supported the pendulum as it vibrated back and forth on a knife
edge. They were made of two 2-inch seetions of 2" x 1/4" angle iron which
were slotted and bolted back to back, The result was a T-shaped bracket
containing an opening into which the stem of the pendulum eould be press~
fit. See Figure 2a,

These two brackets were fitted to the bar of the pendulum facing one
another, To their larger faces, and on either side of the stem, were
cemented the glass planes, This was accomplished in sueh a manner, to be
described later, that the planes on each bracket were approximately per-
pendicular to the eenter line of the pendulum and in a plane with each
other, See Figure 2b,

Also attached to the stem of the pendulum were two solld eylindrieally
shaped cast iron bobs, One of these bobs was 4.3 am. in diameter and 5.4
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FIGURE 2b. PENDULUM AS
CONSTRUCTED.

Fig. 2b Pendulum as constructed
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em., long, and was placed at one end of the pendulum., Ite purpose was

to destroy the symmetry of the straight bar, i.e. to make hy mot equal to
h,, The second bob, smaller than the first, was 5.2 em. in diameter and
3.2 em, long, and i% was positioned between the brackets, This bob served
as an adjustment for bringing ¢; and %2 to near equality.

In order to attach the plate glass planes to ecach bracket with the
previously mentioned restrictions, a wooden rack was built. This supported
a flat steel dise 16 inches in diameter and one ineh thick, Near the center
of this dise a hole was cut of the slze and shape shown in Figure 3. This
opening permitted the pendulum to be passed through it freely. The dise
rested upon three bolts in the rack, which served as leveling serews. On
the upper surface of this dise, which had been machined flat, were placed
the glass plates, one on either side of the slotted portion of the hole in
the dise. A sufficlent quantity of thickened plaster of Paris was then
sandwiched between the faces of the brackets and these glass plates and
the pendulum was allowed %o settle in a vertical position. A system of
guides and a plumb line were used for this vertiecal adjustment., See

Figure 4.

For simplicity, the wacuum tank was designed as a gingle unit eon-
sisting of the three main parts, the lower portion, the supporting shelf,
and the eap., The assembled tank and its assoeiated equipment is shown in
blogk~diagram form in Figure 5.
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FIGURE 3 KNIFE EDGE ASSEMBLY SHOWING
POSITION OVER HOLE IN SUPPORTING PLATE
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Fig. 4 Photograph of auxiliary assembly rack
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The lower portion of the tank was a five-foot seetion of 10" I.D.
vrwght-i_ronatnnp!.po. The wupper end of this was machined to a square
shoulder, and the lower end was closed by welding on a 14" square of 3/4"
boiler plate, This was fitted with a 3/8" cap sorew in each corner.

These screws served as leveling devices for the entire tank,

To complete the chamber, a cap was made from a 16" length of 8" I.D.
steam pipe. The bottom of this cap rested on the shelf arrangement, and
the top was sealed off with a 10" square alumimum plate waxed in place.

The bottom seetlon rested on 2" thick wooden blocks on the conerete
ground floor and positioned under the cap serews, and was made rigid to the
wall at its upper end. The eap was small enough to be removable., This
was necesgary in order to reverse the position of the pendulum, and also
to have access to the inside of the tank.

All dimensions were dictated somewhat by the availability of the
material, but mainly by the necessary elearances for the pendulum as it
vibrated within the tank,

The geals between the removable portions of the tank were aceomplished
with neoprene gaskets, and only the force exerted by the atmosphere was
required to make them vacuum tight,

Two nipples were welded into the oﬁa of the bottom seetion of the
tank, One was used for the rubber vacuum hose conneetion to the Ceneco
Hypervac pump, and it was positioned about a foot up from the floor of the
tank, In this position the air stream as the pump evacuated the tank was

generally directed down along the W.



The other nipple served three purposes. First, it was used for the
vacuum hose conneetion to the Stokes type MeCleod gauge. Secondly, it
was used as the inlet walve to the vacuum tank., And thirdly, beeause it
was intentionally positioned about 100 em, down the tank from the level
of the knife edge, it was also used to bulld up the initial smplitude of
the pendulim by admitting puffs of air into the tank, which impinged upon
the side of the lower hracket,

The Knife Edge

In the literature are recorded many experiments which were made to
determine the best type of knife edge to be used in pendulum work of this
nature, The results indicate that in order for the edge to withstand the
successive sidewise thrust of the pendulum as it vibrates from side to side,
the material must be hard and tough but not brittle, and the angle between
the faces forming the edge should be about 120° to insure sufficlent
strength,

The knife edge used in this experiment, Figure 3, was made of tool
steel which had been shaped, hardened, and then hand ground to an angle
of 136°, However, beeguse the pendulum earried the glass planes with it,
and they in turn supported the pendulum on the "knife edge", it was re-
quired that the imife edge used actually be mede in two segments so that
it could support the pendulum on both sides of the stem, Therefore, the
two segments, after they had been shaped and hardened, were press~-fit into
a U-shaped blogk of east iron, For grinding, then, this entire assembly
was turned over so that one of the edges of the block and the knife edge
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itself rested upon a piece of plate glass wetted with an aqueous solution
of levitated alumina, Therefore, not only did the cast iron block serve
as a holder for the two segmentg of the knife edge, but it also served as
a econvenient jig for grinding the final edge,

The combination of glass and tool steel used to reduce the friction
between the bearing surfaces appeared to be satisfactory., Examination of
the knife edges before and after the projeet with a high-powered mierosecope
ghowed the edge to be apparently free of eny defects. However, examination
of the glass planes did reveal surface seratches; but these did not appear
to be arranged in any regular fashion, This indicated thet they were not
necessarily breakdowns of the surface of the glase eaused by the pendulum
oseillating back and forth, Instead, it was supposed that they were caused
by such things as the initial abrupt setting of the pendulum down on the
edge, foreign particles between the knife edge and the glass, and the like,
Improvement over this condition might have been attained if polished quarts
planes could have been substituted for the plate glass,

For a gtandard of length a bar of Gamma metal similar to the stem of
the pendulum was sent to the National Bureau of Standards for ealibration.
On this bar there were three fine parsllel lines approximately 99, 100,
and 101 eentimeters respectively away from a similar line which served as
the zero line, This secondary standard, with its certified ealibration,
is on file in the Physics Department offiee. A reprint of this certification
is made in Figure 6,
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United States Department of Commerce

Wachington
C
0
P NATIONAL BUREAU OF STANDARDS
Y
Certificate
for
One-Meter Bar

Maker: Virginia Polytechnic Ingtitute

Maker's No. 105
: Virginia Polytechnic Ingtitute,

Department of Physies,
Blacksburg, Virginia.

This meter bar has been eompared with the standards of the United States,
and a ealibration has been made of the two one-gentimeter sub-intervals. The
results obtained ave as follows:

. Length of the interval from the zero to the one-meter graduation (labeled
0 to 2 on the bar) at 25° eentigrade: 99,9381 centimeter,

The observations were made at a mean temperature of 19.75° centigrade,
and in redueing to 25° centigrade, the coefficient of linear expansion of
0,000001 per degree centigrade was used, This value for the coefficient is
an average value for gamma steel,

Length of the sub-interwals at 25° centigrade:

Interval (em) Length (om)
1to 2 1,0018
2t0 3 1,0004

Measurements were made approximately 0,05 centimeter from the ends of
the graduations farthest from the engraved mmbers,

It is estimated that the walues for the lengths given sbove are not in
error by more than 0,0005 eentimeter,

- For the Director,
Lewis V, Judson,

Test No. 2,4/G-7780 Chief, Length Section
Test completed: Janwary 18, 1952, Opties and Metrology Division

Figure 6
Calibration of Secondary Standard Length
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Travelling mieroseopes¥* were positioned above the zero and 101 centi-
meter lines on the standard bar, and their relative positions were found
on the seales of the comparators. Replacing the standard bar with the
pendulum, the distances between the edges of the faces of the plate glass
planes could then be determined by observing the changes in the positions
of the comparators., These comparators could be read to a thousandth of a
centimeter and estimated to a ten-thousandth of a centimeter,

Yeasurement of Time
In Room 305, Davidson Hall, there was a Seth Thomas elock having

approximately a seeonds pendulum, Using this pendulum as a shutter to
interrupt a beam of light directed toward a photocell, an electrical
pulse was sent down to the reeording apparatus in Room 106, This pulse
actuated a pen relay on the chronograph, and the trace thus made on the
drum of the chronograph served as the time ealibration for the determination
of the period.

The rate of the clock was determined by frequent comparison with
the Station W.W.V.** time signals. By knowing the rate of the elock, it
was possible to eorrect the value of the elapsed time of each determination.

* Manufaetured by Gaertner Seientific Corporation, Chieago, Ill,

## Station W.W.V, of the National Bureau of Standards broadcasts continu-
ously, day and night, on standard radio frequencies of 2.5, 5, 10, 15
20, 25, 30 and 35 Me, Time intervals as received are normally aowa%e
within ¥ (2 parts in 10% + 1 millisecond), Transient conditions in the
i.onn;phar? a;. times cause received pulses to seatier by several milli-
seeonds, (13



If § is the daily rate of the clock, and I the recorded elapsed time,
the eorrected period is

r'ar(l-—g%@-)

The Chronograph
The reeording instrument was a chronograph, Figure 7, driven by an

1800-rpm synchronous motor, Drum speeds of 1,33, 4, and 12 rpm were
possible through the use of a gear box. All runs for the project were
made at the glowest speed. This allowed the recording and subsequent
determination of the two periods of the pendulum to five significant
figures on a single record.

In operation, a ecarriage having two pen relays moved parallel to the
hnéth ofthedmmeerqrmry%molutmofthedrm. As was pre-
viously mentioned, one of these pens was actuated by the time pulse origi~
nating at the elock, The second relay was actuated by a similar photoeell
located on the outside of the vacuum tank, Here the beam of light came
from a source on the opposite side of the tank, andmdiroctcd through
the tank so that the Kater's pendulum bar itself would act as a shutter.
Two windows were installed in the tank approximately 80 em. down from the
knife edge and diametrically opposite one another for this purpose,

Determination of the peried of wibration was made by taking the ratio
of the gorrected elapsed time to the number of vibrations as recorded on
the ehronograph,



27

Fig. 7 Photograph of Chronograph



The emplitude of the pendulum was determined through the use of
an optical lever, The mirror for this system was located on the side
of the bracket which was supporting the pendulum on the knife edge,
Theoretieally, this mirror should be at the knife edge itself, but the
correction for this smell displacement was found to be negliggible when
the amplitude is of the order of a few degrees, The seale, towerd which
the optical lever was directed, was about 300 centimeters away from the
tank, and an oval window in the eap of the tank permitted the light beam
to penetrate into the tank,



METHCD OF CALCUTATION

As was mentioned, the electrical impulses originating at the elock
and pendulum are each recorded by individual traces on the reecord of the
chronograph, Beeause two pens filled with different colored inks were
used, it was necessary to adjust the distance between the pens such that
they would interweave as the reeord progressed,

In order to determine the period as recorded, it was necessary to
remove the record from the drum of the chronograph, count the total number
of vibraiions - whole and parts - and obtain the ratio between the elapsed
time and the mumber of vibrations of the pendulum,

The total elapsed time for each determination was about nine hundred
geconds, and the muber of vibrations of the pendulum was about four hundred
and fifty, Therefore, the period could be determined to five significant
figures econsidering the parts of the first and last vibrations as well as
the total number in between. A sample record ean be found in Figure &,

(a) Clock Rate

The Seth Thomas clock used for this project was compared frequently
with the time signal broadeast eontinually by the Natlonal Bureau of Stan-
dards over Station W.W.V.. A graph of the daily rates of the “oloek during
the experiment is showm in Figure 9. After making any necessary adjust-
ments on the e¢lock, care was taken that enough time had elapsed before data
was again taken in order to allow the cloeck to take wp its new rate,
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It was possible to correet for the overall rate of the cloeck, How~
ever, slight diurnal variations of the rate, due to effects of changing
temperature and humidity upon the cloek, could not be eliminated, Even
go, correcting the elapsed time of the determinations for the eloek rate
did tend to_vyoup the final wvalues of the periods eloser together, Butb
upon examining Figure 10 it is apparent that there isg a greater spread of
values of the periods in morning than in the afternoon. A statistiecal F
test was made which indieated that the difference in the variances is just
gignificant at the five percent level.*

An explanation of this difference could be that the steady state con-
ditions for the equipment had been reached by afternoon., As was mentioned
before, 1t was not possible to account for or control sueh factors as
temperature, hunidity, or the A.C. line frequency whiech might affeet the
elock or the chronograph,

(b) Horizontal Adjustments of the Knife Edge
If the knife edge is not absolutely horizontal then the effective
length, L', of the pendulum will be
, L' = L cos &
vhere © is the angle the knife edge makes with the horizontal.
For this projeet the knife edge was leveled with a Gurley bubble

¥ Significance at the five percent level means that if there were no regl
difference present the probebility of obtaining en observed difference
as large or larger than the one observed is less than five percent,
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level whose sensitivity in minutes of are for the first three divisions
to either side of the center are given in Figure 11,

Div, Side 1 Side 2
1 0.1' 0.1
2 0,8 0.6
3 1.6 1.3"

Fig. 11

It is readlly seen that even if the kmife edge were as much as 3'
off-level, the ecosine 1s still equel to 1.00000, and, therefore, the
effective length of the pendulum to five significant places is still
equal to the real length,

(e) Adjustment of Glass Planes

The measurement of the distances between the corresponding edges for
the two gets of glass planes indicated that they were not parallel, Theo-
retlcally, this would alter the effective length of the pendulum in the
game manner as the adjustment of the knife edge, However, several deter-
ninationg of the periods were made with the pendulum reversed on the knife
edge, i.e. ro"ba‘had about a vertical axls through 180° from its noml
position, The faet that the periods determined in this manner were well
within the limits of the original data eliminated the necessity for cor-
recting for the non-parallelism of the planes,
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(d) Temperature

The temperature of the pendulum was assumed to be the same as the
temperature of the room, DBecause this temperature at the time of the
rung never varied more than two ‘dagreee from 25° C., no atiempt was made
to correct for the expansion of the pendulum, As given by the National
Bureau of Standards, the coeffieient of linear expansion for the pendulum
ber was 1.0 x 10™® per °C, which would have meant a total maximum expan~
sion of 5.2 x 104 em, Because the comparators eould only be read to a
thousandth, and estimated to a ten-thousandth, of a centimeter, the ecor-
rection for this expansion was negligible,

(e) Damping

In an experiment of this type, the two sources of damping are (1) the
residual air, and (2) the friction at the knife edge, The effect of frie-
tion eannot be predicted, whereas the damping eaused by the residual air
will cguse the amplitude of the pendulum to deerease exponentially.

Figure 12 is a curve which demonstrates the damping of this pendulum
for a forty-eight hour run,

The period of a damped vibration (8, p,825), where the damping effect
is assumed proportional to the veloeity, is

Y POR...d uawj_?{1+—§‘l-+---} (18)
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vhere b= -ili- loge (-;:-)

n = total number of swings
Gy = initial amplitude

Op = final amplitude

If typieal values from the data of this projeet are inserted, the magnitude
of this correction becomes 10711, wyhich in our ease is a negligible amount,
It will also be noticed from Figure 13 that there was no over-all

trend in the datae between the amplitude of wibration and its period.

(£) Motion of the Support

Theoretically, the support of a pendulum executes forced vibrations
cauged by the motion of the pendulum as it swings through its appointed
arc, This motion will alter the period of the pendulum and can be eor-
rected for, if necessary.

With this in mind, a simple test was made to determine if the sup-
porting plate for the pendulum was in motion., A dish containing a pool of
mereury was plaeodonthe aupportingpla‘b@, and while the pendvulum was in
motion it was observed that tharo were no apparent surface disturbances,
which indiecated that the support was comparatively at rest.
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(g) Other Factors

Scatter diagrams, Figures 14 through 17, of the data were made with
the thought that they might assist in uncovering additional interactions
between eombinations of "g", pressure, amplitude and period. Examination
of thege dlagrams did not reveal the existence of any sueh interactions
ingofar as they could be detected with the equipment employed.

A plot of the day-by-day variation of "g", Figure 18, was examined
and it appeared at first that there might have been a gradual inereasing
trend in the values of "g" as determined, and an analysis of variance was
made to test the hypothesis that the slope of this "trend" was zero. This
hypothesis, however, proved to be most tenmable, the evidence of trend being
very insignificant.
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DATA AND RESULTS

On pages 47 and 49 are recorded in tabular form the data as obtained
in this determination.

Table 1 presents the data used o determine the length of the pendu~
lum, The equation of the method used is

Length of Pendulumn = [ 101,9385 + (Ry = By)peng = (Rp = al)sm;] em,

Ag an example, to determine the length of the pendulum for position A
uging data from February 16.

Length of Pendulum at A = 101,9385 + (1.4860) = (1.0496) = 101.3749 em,

By this method, the following lengths for the pendulum at its four
positions were obtained

A (em) B (em) C (em) D (em)
10m2  loses  lonae 1ot
101.3749 101.3727

101,3768

By averaging the values for A and D, and B and C, the distance between
the center lines of corresponding planes at opposite ends of the pendulum
were obtained as 101.3704 em and 101,3703 em. Each of these walues is
bagsed on at least fifty individual determinations and, therefore, we can
accept the length of the pendulum as 101,37 em.

The values of hy and hy were obtained as 64.9 em and 36.5 em respec-
tively by balaneing the pendulum bar on a knife edge and measuring these
distances with a meter stick. Greater ascuracy was not warranted as the
difference between these distances appears only in the denominator of the



eorrection term,

The data used for the determination of the periods of the pendulum
is given as obtained in Table 2. It constitutes the last seventy-six
runs, i.e, thirty-eight for each of the two positions of the pendulum, of
geveral hundred runs., These last runs were used for they were made after
the glass planes had been reset on the pendulum, They were originally
found to be far from perallel with each other, which, of course, was not
daéirabla, and therefore they were reset.

The frequencles of the quantity, f_., and of the periods, t; and
%5, are plotted in Figures 19 and 20, Each one of these appears sufficiently
close to a normal distribution to indieate the absence of important assign-
able causes for wvariation,



Date

2-13

Standard Length

Pend, Position A

Pend. Position B

Rl cm, R2 cm, R1 cm, R2 cm.
91 05 40 00
94 05 47 03
94 05 48 00
96 05 49 01
95 03 48 02
98 00 50 01
95 05 45 01
98 06 49 00
95 03

2.8495 3.9005 2,7346 4,,2201

2,7330 4.2191
35 85
30 88
30 90
32 90
30 20
32 90
32 90
32 90
—_— 1 90
2.7932 4.2189

R1 cn, R2 cm,
2.7278 4.2120
73 23
75 23
78 23
78 23
78 21
82 22
78 21
79 22
77 21
2.,7277 L2122
2,6967 4.1755
65 60
70 58
68 60
69 62
70 60
67 62
68 60
69 62
69 61
2.6968 4.1760
0.8270 2. 3127
73 30
> 26
74 25
75 25
75 25
T 22
75 30
75 25
5 -2
0.8274 2.3126

Pend. Position C

Pend. Position D

R1 cm, R2 cm, R1 cm, R2 cnm,
1.5792 3.0592 1.4720 2.9520
921 92 20 18
90 90 20 20
91 93 23 18
a8 92 22 18
90 90 25 18
95 92 22 18
95 93 20 18
92 89 21 20
92 91 S| 18
1.5792 3.0591 1.4722 2.9519
First page of
Table 1

LY



Date

2-16

Standard Length

Ry em, Rp em.
1.1110 2.1608
10 05
08 05
08 05
10 05
10 04
08 05
10 05
08 03
09 04
1.1109 2.1605

Pend. Position A

Ry em. Ry em,
104227 2.%91
2/, 89
27 g8
30 85
29 88
25 86
29 87
28 88
23 85
20 85
1.4227 2.9087

Pend., Position B

Rl cm, R2 cm,
1.3780 2.8660
81 60
80 60
83 62
82 61
8; 60
83 58
81 60
83 60
el - SO -
TABIE 1

Pend. Position C

Ry em. Ry cm.
1.1895 2,6666
91 68
95 70
98 67
98 63
93 63
93 67
96 66
97 68

Pend, Position D

—h
1.1895 2.6667

Data for Determination of the Length of the Pendulum

Ry om. Ry em,
1.0917 2,5682
19 75

20 82

19 80

21 g1

19 78

20 80

19 80

19 78
18 ___82
1.0919 2.5679
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2-23-1
2=24-1
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10:15
10:30
11:40
2:55
3:05
3:30
3:45
7:35
8:00
8:30
8:50
8:50
9:18
9:45
10:00
10:35
11:20
3:40
4:10
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.
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Press.

Temp,

°C

24

Amplitude
Before After
109! 106l
1099 l°6'
1061 1°5'
00590 0°57!*
0040- 0°39!
1 ol L L
102! 1°1°
00590 00560
1010! 109!
0°58' 0°e57!
0057| 0056'
0°52*  0°51°
108v 107"
1060 103-
106! 103-
DASSY - DRELH
QoS54  [es3e
1°0! 0°59°
0059 0°58'
0°52'  0°52°
]eo7* 1°5¢
1050 1o4-
1°4° 1°3°
i A T TR
1o 16"
1°11" 1°9°
109| 107'
0°54' -
138 1°17
[
1°7! 1°5°®
0059 Qes5g!
0°58' 0057
1c8| 106|
1°5°* 194"
0°53" 00520
s U
0058' 0°57"
1c7v 1060
106| 1050
1°1° 1°0°
L SR
1025 1024
108" 127"

No.vib,

425,30
. 449.38
L4767
449.51
449.52
L4 .56
449.52
447,52
44T .59
449,30
449.48
LA4TT .85
LAT .67
449.66
449,63
L47.78
447.89
449041
449.33
447,63
449.48
447 .66
L4T7.37
449,37
44T7.81
449 .48
449.67
425,07
447,22
425,30
449037
426,96
447,39
449.15
449,26
447.52
457,78
L47.86
449.30
449.33
441,74
449.67
449.37
L47.70

First Page of Table 2

49

Elapsed Time (sec)
Uncorr.

855.14
899.71
900.07
‘900,15
900.23
900,00
900,00
899.79
899.94
899.74
899.98
900,37
900.06
900.49
900.38
900,21
900. 44
899,82
899.81
899.91
900,02
900,15
899.39
899.72
900.50
900,08
900,42
854.67
899.31
855.19
900,00
855.15
899.67
899.53
899.80
899.78
900,33
900,61
899.86
899.97
900.29
900.46
899.92
900.29

Corr.

855,22
899.79
900.15
900.23
900.31
900.08
900.08
899.87
900,02
899.82
900,06
900.45
900.14
900, 57
900.46
900,29
900. 52
899.90
899.89
899.99
899.99
900012
899.36
899.69
900,47
900.05
900039
54,69
899.28
855,21
899.97
855,13
899,64
899050
899.77
899.75
900,30
900,58
899.83
899.94
900,26
900.43
899.89
900.26

Periods (sec)
Down

Up

2.0023

2.,0027
2,0028

2.0023

2.,0028
2.0027

2.0024
2,0027

2,0023

2.0021

2.0024
2.0023

2.0027
2,0028

2.0027
2.002¢

2.0027
2.0028

2.0024
2.0020

2.

2.

2.

2.
.0108

2

2.
2,
2e

NN

N

0109

0107

0111

0108

.0106
.0107

.0106
.0106
.0106

a0107
.0103

.0108

0107
0108
0108

.0109

.0105
.0106
.0109

.0107

.109

AT

g

0.0403217
0.0402837
0.0403145
0.0403127
0.0402927
0.0402897
0.0402787
0.0402747
0.0402897
0.0402747

10.0403037

0.0402778
0.0403077
0.0403037
0.0402927
0.0402877
0.0403017
0.0402607
0.0402747
0.0402966
0.0402987
0.0403066

/se?
979.086
980,009
979.260
979.304
979.790
979.863
980.131
980,228
979.863
980,228
979.523
980,153
979.426
979.523
979.790
979.912
979.572
980,569
980,228
979.696
979.645
979.452



Run No.' Time

3-14-1 10:40 a.m.
2 1120 B s
5 1:30 p.m.
4 2315 p.m.
5 2:45 p.m.
6 3:30 p.m.

3-16-1 8:55 a.m.
2 9:45 a.m.
3 10:25 a.m,
4 11:15 8.m,

3-18-1 10:00 a.m,
2 11:05 a.m.
3 2:00 p.m.
4 2:25 p.m.
5 2:45 p.m.
6 3:10 p.m.
7 3:30 p.nm,
8 4:10 p.m,

3-19-1 9:30 a.m.
2 10:05 a.m,
3 10:25 a.m,
4 11:00 a.m,
5 11:15 a.m.
6 1:30 p.m,
i 1245 p.m.
8 2:00 p.m,
9 2:15 p.m,
10 2:30 p.m.
11 3:00 p.m.
12 315 p.m,
13 3:30 p.m.
14 3:45 p.m,
' First

? Pressure as expressed by microns of Hg.

Press.?

=

=
WMO-J0oWoOoOwmowm

e
oo

=
(@ RN}

=
® O E;E;\9<DIU

=

MO OWMMWWU»BMRROWUn @

=

Temp.
°C

26
26

Amplitude
Before After
J°0* 0°59°
12154 12312"
1°14° 1°12°
1°3* 102"
192" 190?
1°0* 1°0*
1°4° 1°1°
0059| 00581
0°58" % S
0e58! O= o
1215° = Lo bl
0°54%  0°53
102 1°1°
1°4°* ]1e2*
A 1°1°
0°54'  0°53°
0053| 0°52°
0°58' 0°57°"
0°55'  0°54°
0056v 0055:
0o55¢ . Qe84
0056: 0055.
0°55¢ 0954
106 1°5°
105¢ 1°03?
103" 102!
102 1°1°*
1°1°* 1°0*
0°58' 0°57!*
QST 0956
0056| 0055v
0856 0°54"

two figures signify month and day of run

No.vib. Uncorr.
4L47.85 900,36
449.59 900,35
449.04 899.19
L47.60 900,00
44T, 899.92
449.37 899.85
892,67 1799.69
895.30 1800.14%
895.34 1799.96
899,22 1800,64
449.52 900,23
L47.59 899.97
4477.63 900.13
426.93 854.98
449.04 899.25
425.41 855.36
425,03 854.59
L49. T4 900.59
447,63 900.15
426,96 854.95
449.29 899.78
4477 .66 900,30
LAT.TT 900.32
449.33 899.78
449.63 900.36
L49.41 899.85
449.37 899.81
449.03 899.25
447.59 899.87
447,78 900,37
447.56 899.87
447 .41 899.59
TABIE 2

50

Elapsed Time (sec)

(a) Computed from 3-19-7 and 3-19-11
(b) Computed from 3-19-8 and 3-19-12
(¢) Computed from 3-19-9 and 3-19-13
(d) Computed from 3-19-10 and 3-19-14

Corr.

900.41
900.40
899.24

Data for determination of "g"

Periods (sec)

Up

2.0027
2.0026

2.0026

2.0025
2.0028

2.0026
2,0026
2.0024
2.0025
2,0028

Down

2,0105

2.0108
2,0107

2,0108
2.0105

2,0108
2.0110

2,0108
2,0108

2.0110

2,0112
2.0108

2.0106
2.0109
2.0107
2,0108

A

g

0.0402657
0.0402976
0.0402886
0.0402927
0.0402707
0.0402877
0.0403106
0.0402927
0.0402976
0.0403206
0.0403235
0.0402976
0.0402798
0.0403166
0.0402937

0.0402877

o
980.447
979.671
979.890
979.790
980,326
979.912
979.355
979.790
979.671
979.112
979.042
979.671
980.104 (a)
979.210 (b)
979.766 (e)
979.912 (d)
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EVALUATION OF DATA

If we eonsider the equation

A A Ez,,,fz g Ez_zz

g  2(by; +hy)  2(hy = hy)
used to ecaleulate the value of "g", we find that the quantity Jf—
is a linear function of t,° and t,°, Therefore, it is convenient to
determine the variance of these quantities and from this determine the
confidence limits on the final walue of "g".

This wag done giving the following 95 percent gonfidence limits for
the true wvalue of "g" as obtained from data of this project:

"g" = 979,7625 £ 0,1276 ﬁ

Wider 99 percent confidence limits are:
vg" = 979,7619 ¥ 0,1690 #

On the other hand, the International Gravity Formula, as adopted by
the International Association of Geodesy in 1930 (6, pg. 4) reads

Y, = 979,049 (1 + 0,0052884 stn® D ~ 0,0000059 sir? 268)
where )Y is the theoretical value of gravity at sea level for latitude @,
The eorrection for the elevation of the station s given by the
formula
Elevation Correction = =0,00030855h = 0,00000022h eos 2 P+

0,000072 (=)’
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where h is the elevation of the station in meters,
Solving for the theoretical value of gravity as determined by these
two equations, one obtains

r = 979.7442 ;&'

On the basle of the close agreement between the predicted and experi-
mental values the final walue of acceleration due to gravity for the locale
of Blacksburg, Virginia, should be placed at

"g“ = Wgo% i 0.128 ﬁ'
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