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.INTRODUCTION 

. . 
The pµ.rpose of tho project herein described was to determine the 

acceleration due to gravlty for the locale of Blaeksburlih Vl:t-giilia., to 

five a:tgnitioant figures. Aa tar as the author baa been able t o determine, 
. ' 

there has ne?er been a formal determination of '11r made tor this rea • 
. ' 

Suprorttng this prime purpose was the fact that the equipment re-
' . 

quired tor this experiment, i .e . a secondary st~ndard of length, a reoord-
. ' ' 

ing system, and several porU\ble photocell relay otrcuits, and the vacuum 

tank~ would be use£ul to the depar'tm$nt in the rutl.U'e . 

The projeet vas located in Room 106, Davidson Hall., on the eampul.l of 

the Virginia Polyteolmic Institute . The elevation 0£ the kn1.te edge was 

20.)? .,39 f't u A Coast and Geodetic S-urvey beneh ma.:rk 1s looated on the 

first st.ep on the east side of Patton Hall at an elevation of 2057.1.3 .ft ., 

It wo.s bom this llla1'k that the Ctv11 Engineering Department esta.blished a.s 

a. seoonda.ry re:f'erenoe the f i.rst floor elevation of Davidson Hall whioh was 

used in detenninine the Glevat:i.on 0£ the :Y.nt.re edge, The geograpbio loca-

tion of a point between the Lutheran church and tho V,P. I. ba,rraeks is 

North la.ti tude 37° 13 • 54.-l.S6n and West longitude 60° 25' 10, 961" _ The 

e.xact location of this point is not k11own. The monument va.s destroyed 

during recent construction in that al"Ga . 

It is generally accepted thnt an oxporiment employing a Kater 1 s 
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type penduluni .is one of the batter methods for making an aecu.rate deter:ni-

nat.:ton .of "g•r . For this reason such a pendulum 1'as used 1n this $xpar:Unent1 

ho~ver, in d.esignin& the equipment the following eonsiderations were kept 

in mind: 

1 . The pen_dulum should ha\ie c. f;lll&ll coefficient 0£ expansion. 

2.. Friction e. t the point of supnort should be kept at a minimum~ 

'• The pendulum should vibrate e. vacuum in order to reduce the 

damping effect cf the air on the pendulum. 

4. The date. to be ·used in the determinntion of the period of the 

pendulum ohould be reecrded automatically_ 

;.. The amplitude or vibrc.t1on ·should be known. 

On the other he.Ild, corraations for sueh phenomena as the inotion ot 

the S'!JPpo:r:t, the elongation of the pendulum due to its own weight, f'lexure 

or the pendu!nm, and the ~ennre.1 O..tssipe.tion of the energy of the pendulum 

wh4 le in mot_on in the vacuum te.nk heve lY~en disregarded . A r~vtew of the 

llt()re.ture indiec;.ted that thece e.ra second-order effects and su!tieien.tly 

smell as to be negligibl<e in thi0 detem1n.."ition., 
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THE THECEY OF KATER 'S REV'ERSIBIE PENDULUM 

Af.'IT rigid object which is hinged about a horizontal 4Xis not passing 

through its center of gravity, and acted upon b.r its own weight as its 

restoring force when displaced through an angle G f'rtom its equU1br1'Ulll 

position, is· defined as a. compound pendulUlll . Hovever, the equation of 

motion tor such a pendulum ~equires knowledge ot its moment ot ihertia 

about its axis of suspension. 

In 181.S Captain Uenry Ka.t¢r (9) eliminated th .. s difficulty by devls:Lng 

a pendulum with two axes of suspension trom which it could be suspended 

alternately. He showed that when these axes wero adjusted so that the 

period of vibration of the pendulum was the same tor both, the distance 

between the.axes was equal to the length of fil:tl equivalent simple pendulum. 

A aim:ple pendullllll i$ defined as a heavy particle ~uspended by a weight-

less thread. It" such a. pendulum Vibrates under the action of gravity alone, 

its equation of motion is 

where d2i 
dta is the angular acceleration 

g is the acceleration due to gravity 
1 is the length of the pendulum 
Q is the angular displacement of the pendulum from its 

equilibrium position 

(1) 

Xntegration or this equation gives for the time; t, of a complete 

Vibration of tho pendulum, 
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• t = 2'lr J ! 1 

( 1 + Z sin2 ~ + J sin4 ~ + , ••• ) (2) 

For the ideal case of e.mpl tude, 9 = 0: 

(2a) 

In Figure l, let h1 and h2 be th distances from tho points or sus-

pona ons, s1 and s2 respectively, to the center of gravity, C or G. Then, 

when suspended from s1 and pv.lled to one side through an angle 9, the 

torque ·~f.ieh will cause t to swing tovard its position or s ble equi-

librium, i . e . the :restoring torque, will be 

(3) 

vhore I is its moment of ine1~tta about s1 as its axis, and li as its weight . -
However, IaGrange ' s equatio.."1 for the moment or tnerlia. of a body a.bout 

arry axis parallel to an axis through the center of gra ity 1 

W'he I = Moment of Inertia about tho new axis 
I 0 ~ Mori.cnt of Iner ia about the center of gravity 
M = Mass of th body 
d = Distance betveen new a.xis and the center or gravity 

(4) 

* The derivation of thts equation can be found in nigher t e t• ~ 
nslneer§ and Phvaio!rst.a, I .S. and E.S. Sokolnikoff. McGraw Ilill Book 
Co~, New York, N.Y. 19.33 . 
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FIG. I SCHEMATIC DIAGRAM 
OF A KA TER'S PENDULUM 
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But IQ= MB.a Where R is the radius of gyration about the center of graVity. 

The:rero:re, eq~t:ton (3) beeonaee 

(5) 

(6) 

::tn absolute units, W = mg, and henee equation (6) bee0l!l.ef1 

(7) 

By ~ompa.ring the oor~eaponding equation for a aimple PQndulum, 

(8} 

we note th.at if l ie equa.1 to h1 + ~ then the two pendulums will have 

the same period of vibration. 

By the same process, ve can arrive at a similar statement for the 

equation of lll0t1on .tor the eomp01Uld pendulum about its other axis of sus~ 

pend:uluni, their periods will be equal. 
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Consequently, we have the tvo equalities 

(10) 

and (11) 

By elimin ting R we arrive at 

(12) 

Consequently ve ve demonstrated that the di.stance between the two 

axes of suspension, h1 + h2, .ls equal to the length of an equivalent simple 

pendulum. Therefore, w can write equation (1) o.a 

(13) 

and also 

(14) 

provided t:1at amplitude of vibration for the pendulum is small . 

Squaring and subtracting equations (13) and (14), we have 

(15) 

or 
t+n2' ~ h2t22 - h1t12 

g h:2i - h12 
(16) 



Upon expanding the right·hand side of this equation into partial 

fractions w uriw a.t otll' final equation 

If t1 Yore to equal t2 then this term vould be~ome zero and our 

equation vould rave.rt to the form 0,f (2a) 

which ia the equation ibr the period of a simple pendulum. 

(17) 

However, if the apparatus is adjusted so that t1 and t 2 a.re very 

nearly equal, anc\ yot aonsidera.ble difference is :maintained between 

h1 and h:21 then the second term becomes a. correction term of relatively 

small magnitude . 

As a consequence of this $eeond term becoming such a correotian term, 

the distances h1 and h2 need not be determined beyond tho accuracy of throo 

significant places . Instead, the acct1r0.oy of the e·xperiment is determined 

by the length, l = h1 + h2, or the pendulum and tha periods, t1 and t2 . 



tne Pe~um 
l'be pendulum used 11as a. metal bar, pra.otieally stra.ight1 wi"th an 

axis or support a.t each of its tvo conjugate points . 

!he bar or the pendul.um -was mad.a o£ Ga.mma metal, a:n alloy manufact'W;'ed 

by the Midvale Steel Corporation, whose tsoettieient of linear expan~:ton 

was ta.ken a$ i .o x 10-6 par °C .. The ba.r itself w.s 131. 5 cm. lcng and 

bad Q. oroas- seotional area or 1.9 om. x o.6 em • • 

Plate glass planes were atta.ohed to the pendulum by means ot brackets 

located a:pproximately at the conjugate points of the pendulum. These 

planes $Uppo-r<ted tbe pendull.lln as it vibra'tied back and .to:rtb on a lmite 

edge . !hey- ware made o! two 2·1neh seQtions of a•• x l/4" angle iron wteb 
were slotted and bolted back to \la.ek. The result vaa a T-shaped braoket 

eontaining an opening into t-tbieh the stem of the pendulUJn could be prese-

tit . See Figure 28.. 

These tw(l) brackets were titted to the bar o.f the pEtndulum faoing one 

another. To their larger ta.ceca, and on either side of the stem, were 

cemented the glass planes . This was accomplished in such a manner, to be 

described later, that the planes on each bracket vere approXimately per-

pendieular to the cente:r line of the pendulum ari.d in a plane with eaoh 

other . See Figt.lre 2b, 

Also attached to the stem of the pendulum were two solid eylindl'ically 

shaped ca.st iron bobs . One of these bobs was 4.3 am. in diameter and 5.4 
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FIGUIU: 21t. ,ENDUL.UM Al 
CONSTRUCTED. 

Fig. 2b Pendulum as constructed 
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cm. 1ong1 and was placed at one end o; t.e pendulum .. Its purpos 'Yr.ls 

to destroy tho ej"llllnetry of the straight bar, i . e. to mak• b1 not equal to 

h:z• The second bob, Slllaller tha.n the f~at, Ya.s 5,2 am. in diameter a.nd 

3 ,2 cm. long, and. it t:m.S positioned botweon the brackets• 'l'l1is bob BO!'V'Gd 

as an adj.ustment for bringing ti and t2 to near equality. 

In -Order to attach the plate gl.a.se planes to each bracket 'With the 

previously mentioned re.~tr crtlotie, a. 'roodeu rack vas built. This supported 

a flat steel disc 16 inohee in di.a.motel" and one inch tbif:'k. f!car the center 

of thia disc a hole wa.s cut ot the s1.ze and ohape sho\m in Figure 3. This 

opEm:i,ng permitted tl1e pendul:um to be passed through it heezy . The diso 

rested npon three bolte in tbe rack, which served as leveling screws . On 

the upper su:r.f'a.ce of this disc,, which had been ma.chined. £lat., ware plaeed 

the glass plates, one on either aide of the slotted portion of the hole in 

the di.so. A sufficient quantit7 of thiokened plaster of Pa:!'ia wa.s then 

aaneht1.Che<l betvean the fa.~S Gf th-0 brackets and the SS glass pla tee a.flt\ 

the pendulum was allowed to settle in a vertJ.caJ. position. A aystern ot 
guide-s and a plumb lino were used tor thl.s verti.cal adjuatment . Sae 

Figure 4. 

De, J!cu:wn ~ D:M Supfl9GWS Aptwa~ 

For simplicity, the vacumn tank ~~as designed as a single unit eon-

sisting of the three ma.in parts, the lower portion, the supporting shelf, 

and the cap. The -assombled tank and its associ;a.ted equ:l,.pmant is shown in 

block-diagram torm. in Figure ; . 
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2 IN. 

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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FIGURE 5 BLOCK DIAGRAM OF VACUUM TANK 
AND ASSOCIATED EQUIPMENT 
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The lower portion of the tank was a. .five-foot section of 10° I .D. 

wrought-iron steam p:l,pe ., The 'Upper end of this 'Was machined to a square 

shoulder, and the lover end vas closed by welding on a 14"' square of 3/4" 

boiler plate . This was .fitted with a 3/8" cap sa2:'ew in ea.oh ·corner . 

These screws served as leveli,ng devices tor the entire tank. 

To complete tho chamber 1 a cap waa made from a 16" J.enghli of 811 :t .D . 

steam pipe. Tbe bottom of this cap rested on the shell' arrangement, and 

the top vas see.led ott with e. 10" square aluminum plate waxed in place . 

The .bottom section l"ested on 211 thick wooden blocks on the concrete 

ground floor and positioned under the cap screws, and was ma.de rigid to the 

w11 at ita upper end. The cap w.s small enough to be remov~ble . This 

'WR$ necesaa1'7 in order to re~rse the position of the pendulum, and also 

to have a.eoess to the inaido of the te.nk .. 

All d:Unensions were dictated somewhat by the availability of the 

material, but ma.11'1ly by t he n~essary oloara.noes tor tho pendulum aa :t.t 

vibrated wtth1n the tank. 

The seals between the removable portions of the tank were accomplished 

with neoprene gaskets, and only the f orce exerted by the atmosphere was 

required to make them vacuum tight . 

Two nipples were welded into the side of the bottom seotion of the 

tank. One was usod for the rubber vacuum hose connection to the Ceneo 

Hyperva.o pump, and it vas positi.oned a.bout a foot 'Qp from the :floor of the 

ta.nk . In this position the air stream as the pum.p evacuated the tank was 

generally directed down along the pendtll:u:m. 
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The other nipple served three purposes . First,, it was used for the 

vacuum bo~e eonneetion to the Stokes t~ McCleod gauge . Seqond'.cy', it 

was used as the inlet vaJ.w ·to the vr-i.cuum tank. And thirdly, because it 

· was intentionally positioned about 100 em. down the tank from tho level 

of th~ kni.f'e edge, it was also used to bu.tld up the init 1 amplitude of 

t.l-ie pendu.l'lll'll by admitting puffs of air into the tank, which impinged upon 

the s:tde of tho lower bracket .. 

the Kru/e Edg 

In the literature a.re recorded many experiments uhich vere made to 

determine the best type of knife edge to be used in pendulum vork of this 

ne:ture . fhe results indicate that in o:rder for the edge to withstand the 

,sucoessive sidewit:ie thrust or the pendulum as it vibrate-a .from side to aide,, 

the mteriAl must be hard and tough but not brittle, and the angle between 

the .f aoea forming the edge should be a.bout 120'0 to insure su!'fielent 

:st1·ength. 

The knife edge used :Ln this exµer:Lroont, Figure 3t wa.s made of tool 

st~el whieh had been sha:ped, hal"dened, and then hand ground to an angl• 

c:t 136° . However, beevuse the pendul\lDl earried the glass planes w!.tb it, 

and they in turn supported the pendulum on the "knife edgett, it was re~ 

q ired that the kni£e edge used actually' be made in two segments so that 

it eould support the pendulum on both 0 ides of the atem_ Therefore, the 

two segments,; after they had been shai;.10d and hardened, were press•i"it into 

a U-shaped blook of east tron. Fol' grirul:tng,, then, this entire &Ssembly 

was turned ove~ so that one of the edges of the block and the knU'e edge 



itself rested upon a piece or plate gla~s vetted with an aqueous solution 

of levitated alUltlin.a.. TbeI"efore., not on'.J¥ did the ca.et iron block se~ 

e.s a holder for the ti-10 segments ct the knife edge, but it also serve:d :a.s 

a. convenient jig for grinding the flnal edge. 

The ()ombimt:lan of glass and tool steel used to r·duae the friction 

between the baarwg surfacea a.ppe ~ed to be satisfactory. Examination of 

the knife edges before Q.nd a..fter the projoat with a high•powred ndel'O$cope 

showed the edge to be apparent~ free of M'7 defects. IIowever, GXami:nat1on 

of the glass planes did reveal surface scra.tehes; but thes0 did not. appear 

to be atta.nged in any reeular ta.sM .. rm. This indicated that they were not 

necessaril;r breakdowns 0£ the surface 0£ the glass caused by the pendulum 

oscillating baek and forth. Instead, it wa supposed that they wet•e caused 

bY such thines as the initial abrupt setting of the pendul1Jm down on tbe 

edge, foreign particles betve.en the knife edge and the glass, and the like . 

Improvement over this condition m:teht have been attained if poli$hed i;tua:rtz 

lanes could have been substituted for the plate glass . 

~!eMWeUJent ot:. tenet& 
For a tandard of length a. oor of Gannna metal simili to the et"Elm of 

the pendulum waa sent to the Naticnal Bureau ot Sta.nd.:1.l'ds tor O'\libra.il:ton. 

On this bar th re wer three f'ine parallel lines approximately 99, 100, 

and 101 centimeters :re peetively :way from a. similar line 1hich served as 

the zero li.M. This secondary standard, with it.s nert· :Led oalilrration, 

is on .r le in the Phy cs Dopartment o!':fioe. A reprint of this ,,ertlfication 

ia made in Figure 6. 
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United States Depart.nt ot Comma.rte 
Washington 

IUTIONAL BUREAU OF STANDAPJ>S 

Certificnta 
for 

One-Meter Bar 

Maloor: Virgird.a. Polytechnic Institute 
Moker ' s No . 105 

Virginia Polyteohn1c Inst· tute, 
Departtt.nent of Physics, 
Bla.qk$burg~ V:trg.1nia. 

This m.eter bar baa beon compared t·iith the standards of the United Sta.tee, 
and a calibration has been made of' t."1e two one-centimeter sub-intervals . The 
reslilts obtained ara as follows; 

Lon£,;t.. oi' the interval from the :aero to the one-meter graduation (labeled 
o to 2 on the bar) at 25°' centigrade: 99.9381 centimeter. 

Tho obs~~tions were ma.de at a mea.n temperature or 19.75° centigrade, 
and in reducing to 25~ ceatig:ra.de, the eoef£ioient of linear elq).."lnsion ot 
0 .000001 per degree centigrade wa~ used . T".nis value for !;.lie eoef'f'lc:tent is 
an average value ior gamma steel. 

Lensth of the aub.-intervala at 25° centigrade; 

Interval (am) 

l to 2 
2 to ' 

Length (cm} 

1, 001$ 
i .0004 

Moasul'ements were trade appro.zcima:tely 0 . 05 centimeter f~om the ends of 
the graduations farthest f:rom the engraved numbers. 

n. is estime.t~d that tho values tor ·the lengths given ab.')ve e.re not in 
erro:r by more iha.n O. 0005 centimeter. ' 

Tost No. 2.4/G-7700 
Test completed; Janun...7 18, 1952. 

For the Di;reotor, 

Lewis V. Judson, 
Chi.cf, Length Section 
Optics and He"trology D l vision 
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Travelling microscopes* were positioned above the zero and 101 oenti-

l'lleter lines on the standard bar, and their relative positions were to:und 

on the scales of the oo.'rJlpatrators . 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 oomparators . These comparators oould bo read to a thousandth of a. 

centimeter and eatimated to a ten.-thoueand.th of a Qentimeter ~ 

In Room ,30;, Davidson Hall, there uas a Seth Thomas clock having 

approxima:tely a seconds pendulum. Using this pendulum as e. shutter to 

interrupt a beam of light di:fected toward a. photooell, an electrioal 

pulse was: sent down to the recording apparatus in ll.oom 106. This pulse 

actuated a pen relay on the chronograph, and the tra.oe thus made on tbe 

drum of the chronograph served as the time calibration £or the determination 

of the period . 

The rate of the olook was determined by frequent comparison with 

the Statton W.W.V.** time signals . By knowing the rate of the elock,, it 

was possible to oorreot the value of the elapsed time of eadh determination. 

* Manufactured by Gaertner Scientific Corporation, Chicago, Ill . 

** S tc'l. ti.on W. W _. V. of the lfa.tional Bureau of Standards broadcasts con:tinu-
oualy, day and night, on stander~ radio frequencies of 2. S, 5, 10, 15f 
;?0, 25, .;30 and .35 Mo . Time intervals as reoeived are nQl.'."n'lally a.ocura:te 
within t (2 parts in lOS + l millisecond) '" Transient conditions in the 
ionosphere at times causf!l received pulses to scatter by several milli .. 
seconds . (13) 
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If ~ is the daily rate of the clock, and I the recorded elapsed time, 

the oorreeted pe1•iad. is 

T' = T (l ... 86~400 ) 

XJle.QJ;y::onowP.b 
The recording instrument vas a chrcnosraph, li'i~ 7, driven by an 

1800-rpm syncl ronous motor . Drum speeds of 1 • .3.:3, 4, a.nd 12 rpm were 

possible thro'l,lgh the use 0£ a gear box. All rims for the project ware 

made at the slowest speed. 1'his allowed the recording and subsequent 

determinatinn o.f the two periods of the pendulum to five aignificant 

figures on a ijillgle record . 

In operation, a ea?Tiage ha"ting 'two pen relays moved parallel to the 

length of t.11.e d..""Ulll once f.or every 66 revolutions of the drum. As was pre-

viously mentioned, one of' theao ns wa.s actuated by the time pulse origi .... 

nating at the clock. The second l"elay was actuated by a slmlla.r photocell 

located on the outside of the vacuum tank . He:re the beam ot light came 

fl'Otll a. soul"ee on the opposite side of the tank, and was directed through 

the tank so that the Kater•s pendulum bar itself would aot as a shutter . 

Two Y:Lndows were install ed 1n the tank approximately SO em. down from the 

¥.nife edge and diametrically opposite one another for this purpose . 

Determimttion of the period of' V1b:ration tJas ma.de by taking the ratio 

of' the corrected elapsed time to the number of vibrations as recorded on 

the chronograph. 
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Fig. 7 Photograph of Chronograph 



The OlllPl!tud Of the pendulum S determined thl"OUgh the US0 Of 

an optical lever, the mirror for this system va.s located on the side 

of the brncket 'Which was supporting the • endulum on the knife dge. 

Theoretically-, this ldrror should be t the knife edge itselt, but the 

cottectitln for this snnll displacement ' · s round to bo n gliGibla when 

the amplitude is of the order of a few degrees . The seale, toward which 

the optical. le"8r was directed, Wlis about '00 oentimete:rs a.way from the 

tank, and &t.n oval. vindow in the oa.p of the tank permitted the light beu 

to penetrate into the tank. 



As ·1as :mentioned, the oleotriool i."Dpulaes originating at the olcck 

"'nd pendulum are oach r corded by individual traces on t e rcco:rd of the 

chronogr.aph . Because two pens !'filed with different colorad inks t1ere 

used, it vas neecss!\l'y to adjust the dicta.nee between the pons auoh that 

they would Ui.t:erweave as th.$ record p:roere:ssed. 

In order to dstorm1.ne the period as recorded, it we neoesaa.ry to 

remove the reoord trOlll the drum of the chronograph, oount the total number 

at vibrations ... 'Whole and parts .. and obtain th~ ratio between the elap:;sed 

time and the trumber or vibrations of the 1)9ndulum. 

'The total elapsed time tor eaah de·ternd.natittn was about n.:tm;1 hundred 

eeonds, and the :rp.tmbel' oP vi.bra.ti()ns of the pe:ndulllill was a.bout f'o\11' hundred 

and fifty. There.fore, the pel"iod could be determined to five significant 

figures considering the parts of the first and last vibrations as vell. as 

the total number in between. A sam,ple J'$cord can be found in Figure s. 

(a) Glock ~te 

'rbe Seth Thol!las elock used tor this projeet was compared f'requently 

with the ti.tile signal broadcast eont.tnua.lly by the National Bureau or Stan .. 

da.r4s owr Station W.W.V,.. A graph ot the daily rates of the olook during 

the e'xpGr:tment is show :in F~ 9. Aft&r making a.n.y ue¢eesnr;v adju$t-

ments on the olook• care wap taken that enough time had elapsed before data. 

was aga:!n ta.ken in ortier to allow the oJ.oek to take up its now rate . 
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Pelldul.uni ti-ace ---

C look tJ.oace 

Fig. S Sample Portion of Record 
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It was possible to correct for the owra.11 rate of the clock. How-

ever, aligh~ diurnal variations or the rate, due to effects of changing 

temperature and humidity upon the clock, coUld not be eliminated.. Even 

so, correcting the elapsod time of the determinations tor the clock rate 

did tend to group the final values of t,e periods closer together. But 

upon examining Figure 10 it is apparent that th r is a greater spread of 

values of th periods in morning than b1 the a.ft rnoon. A statistical F 

test vas made which indicated that the difference in the variance~ is just 

significant at the ive percent level.* 

An explanation of this di£farenoe could be that the steady state con-

ditions for the equ!..1;'1Jent had been reached by afternoon. Ao va.s mentioned 

before, lt was not possible to account for or control such faotora as 

temperature, humidity, or the A.C. line frequency \lhich might affect the 

clock or the chronograph. 

(b) Horizontal Adjustments of the Kni£a Edge 

If the kn.tfo edge is not absolutely horizontal then the effective 

length, L' , of the pendulum vill be 

L' :::: L cos ~ 

where 9 is tho angle the knil'e odge makes 'ith the horizontal.. 

For this project the knife edge was leveled with a Gurley bubble 

* SignU"ica.noe at the five percent level means that if there vere no Ui.l 
difference . res nt t o r,., .bility of obtain g an observod difference 
as large or larger than the one observed is loss than five percent. 
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1 vol W.cso sensiti'rlty 1n minutes of a.re for the first t oe divisions 

to either aid of the center are giv n in Figure 11. 

Div. 

l 

2 

Sido l 

O. l' 

o.e· 
1.6' 

Fig. 11 

Side 2 

O.l' 

o.6• 
l .3' 

It is read ly seen that even 1f the knife edge were s much as 3' 

off •level, the ooslno is stil l equc.l to 1.00000, an , thererore, the 

eff'eotlve length of the pendulum to ftve signif ioant plaoea is still 

equal. to the real length. 

( o) Adjustment of Glass Planes 

The me suro ent of t1 e distances between the corresponding edges for 

tho two sets of' glass planes ind. ted that they were not parallel. Theo-

rotically 1 th s would alter th effect i.ve le1Jgth of the pendulum 1n the 

same manner as the adjustment or th knife edg • However, several deter-

nrl.nationa of the periods were ma.de -with tho pendulum rovorsed on the knife 

odge, i .e. rot ted about a. vortl 1 axis through 180° from ita normal 
• 

position. The fact that the periods determined in this manner · ere well 

:'thin tho limits of th original data elir.linated the necessit y for cor-

rooting for the non-parallelism of thG planes . 
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(d) Tetlperaturc 

Tho temperature of tne penduum was e.asumed to be the same as the 

temperature of tlie room. Because this temperature at the time of the 

runs ne?e~ varied more than two degrees from 25° c., no attempt was tnad.e 

to co:rreet for the expansion of' tho pendulum. As given by the National 

Bureau of Standards, the coef'fici~nt of linear expansion for the pendulum 

bar \las 1.0 x l0-6 per 0 0 . wbioh ·toUld have meant a total ma.xi.muJn expa.n .. 

sion of 5.2 x io-4 cm. Because the campa.rators could only be read to a 

thou~andtb, and oat:i:mated to a ten-thousandth, of a centimeter, ·the eor--

reotion for this expansion t.tas negligible . 

(e) Damping 

In an e:xperilllent of this type, the two aouroe.s of damping are (1) the 

residual air, and (2) the 1)-iction a.t the ltnite edge . The effect of fric-

tion cannot be predicted, whereas the damping caused ~/ the residual air 

will cause the amplitude of the penduluin to decrease exponentially . 

Figure 12 is ~ curve ubich demonstrates the damping of this pendulum 

for a forty-eight hour run . 

The period of a da-1'1lpec vibraticm (S, p . S-25), there the damping effect 

is assumed proportional to the velooi ty, is 

21r T=----·- (lS) 
J .Jt_ .. tr I 1 ' 



where 

J6 

b= J......10~ (~) nT C1n 
n == tota.l number of swings 
a0 = initial amplitude 
°'n = f Lnal a.mplitnde 

If :tYPi~al values from the data ot this projeot are insertedt the magnitude 

of this correction becomes l0~11, which in our case ts a negligible alllount . 

It will also be noticed from Figure l3 that there was no over-all 

trend in the data between the amplitude of vibration and ite period •. 

( r) Motion of the Support 

Theor~tically, the support or a pondulUtl executes forced vibrations 

caused by the motion of the pendulum as it avings through its appointed 

arc . This motion will a.ltor the period of' the pendulum a.11d can be o:or-

reated tor, 1f necessary. 

With t .1is 1n mind, a. simple test uas made to dotermine if the sup--

porting plate for the pendulum was 1n motion . A dish containing a pool of 

mer001'7 llas .placed on the suppo~!.ng plate, and Ylhile the pendulum was in 
.. .t .~ ; ' 

motion it was observed that there were no apparent. surf~oo disturbances, 

which indicated that the support was oom.pa.ratively at rest . 
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( g) Other Paqtors 

Scatter diagrams, Figures l4 through 17, of the data \tar& made tlith 

the tho~ght that they might assist in unco~ertng additional interact1ona 

between combinations of "g", pressure, amplitude and period. E:xa:mination 

of these diagrams did not roveal the eld,atenee of any .sueh interactions 

insofar as they could be detected with tho equipment employed • 

.A. plot ot the day ... by-day' va.ria.ti<:in of ttg", Figttt"e 18, was examined 

a.nd it appeared at ftret that there might have been a gradual increasing 

trend 1n the values of ng1• as determined, and an analysis. of varia.nce was 

made to test the 111Pothosis that ths slope of this "trend" was zero. Thie 

hypothesis, however, proved to b& most tenable, the: e'lridence of trend being 

very insignificant. 
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DATA AUD F.ESULTS 

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

in this determination. 

Table l presents tho data used to detcmlne the length of th pendu· 

lum. The equation of the method used is 

Length ot Pendulum:;: ~01.9385 + (~ - 1>Pend .. (R2 - Ri)s~ cm. 

As e..n eJmlllple- to determine the length of' the pendulum for position A 

using data. from Februa.ry 16. 

Length of Pendulum at A ~ 101.9.385 + (l .4$60) - (1.0496) e 101•.3749 om. 

By this method, the following lengths for the pendulum at its f'our 

positions were obtained 

A (Clll) 

101.3730 
101.3732 
101..3749 

B (om) 

101.3'720 
101.3667 
101 • .3727 
101 • .3768 

o (cm) 

101 • .3674 
101..3661 

D (cm) 

101.3672 
101.3669 

By ave~aging the values for A and D, and B and C, the distance between 

the center lin s of corresponding planes at opposite ends of the pendulum 

we:re obtained as 101-3704 am and 101.370.3 am. Ea.ch of these w.lues is 

based on at least r f'ty individual determinat on a.i1d, therefore, we can 

aocopt the length of' the pendulum as 101.37 cm. 

The values of h1 and hz were obtained as 64.9 cm and 36.5 cm respeo ... 

t1vcly by 00.lancing the pendulum bar on a knii'e edge and measuring these 

distances with a meter stick. Greater aocuraey was not warr anted a.s the 

difference between these distances appears only in the denominator of t he 



correction term. 

The data used far the deter.mine.tion of the periods or the pendulum 

ls given as obtained in Tabl• 2. :tt constitutes the last seventy-six 

:runs, i.il. thirty-eight for ea.oh of the two positions of the pendulum, ot 

several hundred runs. These la.et runs were used for they were ma.de after 

the glaEia plane.a had been reset on the pendulum. They were originally 

found to be far i'.rom parallel with each other, which, of eourse, was not 

desirable, and therefore they vere reset . 

The fTequencies of the quantity, .Ai: , and of the periods, t 1 and 
g 

t2, are plotted in Fi~es 19 and 20. Each one of these appears sufficiently 

close to a normal distribution to indicate the absence of important assign-

able causes for vario:Uon. 



Standard Length Pend. Position A Pend. Position B Pend. Position C Pend. Position D 
Date R1 cm. R2 cm. R1 cm. R2 cm. R1 cm. R2 cm. R1 cm. R2 cm. R1 cm. R2 cm. 

2-13 2. 8496 3.9010 2.7345 4.2202 2.7278 4.2120 1.5792 3.0592 1.4720 2.9520 
91 05 40 00 73 23 91 92 20 18 
94 05 47 03 75 23 90 90 20 20 
94 05 48 00 78 23 91 93 2.3 18 
96 05 49 01 78 23 88 92 22 18 
95 03 48 02 78 21 90 90 25 18 
98 00 50 01 82 22 95 92 22 18 
95 05 45 01 78 21 95 9.3 20 18 
98 06 49 00 79 22 92 89 21 20 
2.2 Q2 Tl. ~l ~ 21 ~5 18 

2.8495 .3.9005 2.7.34/J 4.2201 2.7277 4.2122 1.5792 J.0591 1.4722 2.9519 

2.7330 4.2191 2.6967 4.1755 
35 85 65 60 
30 88 70 58 t 30 90 68 60 
.32 90 69 62 
30 90 70 60 
.32 90 67 62 
.32 90 68 60 
32 90 69 62 
~ 20 62 Ql 

2.73.32 4.2189 2.6968 4.1760 

0.8270 2.3127 
7.3 30 
73 26 First page of 
74 25 Table 1 
75 25 
75 25 
72 22 
75 30 
75 25 
12 62 

0.8274 2.3126 



Standard Length Pend. Position A Pend. Position B Pend. Position C Pend. Position D 
Date R1 em. R2 cm. R1 cm. R2 cm. Rl cm. R2 cm. Rl cm. R2 em. R1 cm. R2 cm. 

2-16 1.1110 2.1608 1.422.'7 2.9091 1.3780 2.8660 1.1895 2.6666 1.0917 2.5682 
10 05 24 89 81 60 91 68 19 75 
08 05 27 88 80 60 95 70 20 82 
08 05 30 85 83 62 98 67 19 80 
10 05 29 88 82 61 98 63 21 81 
10 04 25 86 8· 60 93 6J 19 78 , 
08 05 29 87 SJ 58 93 67 20 80 
10 05 28 88 81 60 96 66 19 80 
08 OJ 23 85 83 60 97 68 19 78 
Q2 o, ~o 85 'l'l 60 21. '2:2 18 82 

1.1109 2.1605 1.4227 2.9087 1.3781 2.8660 1:1895 2.6667 1.0919 2.5679 

~ 

TABIE 1 

Data for Determination of the Length of the Pendulum 
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Temp. Amplitude Elapsed Time \sec) Periods 1.sec) _!i!f_ Ilg" 
Run No. 1 Time Press. 2 °C Before After No.vib. Uncorr. Corr. Up Down g cm/sec2 

2-23-1 9:50 a.m. 15 24 1°9' 1°6' 425.30 855.14 855.22 2.0109 
2 10:20 a.m. 10 24 1°9' 1°6' .. 449.38 899.71 899.79 2.0023 0.0403217 979.086 

2-24-1 3:00 p.m. 15 24 1°6' 1°5. 447.67 900.07 900.15 2.0107 
2 3:25 p.m. 30 24 0°59 1 0°57' 449.51 ·900.15 900.23 2.0027 0.0402837 980.009 
3 3:40 p.m. 20 25 0°40 1 0°39 1 449.52 900.23 900.31 2.0028 
4 4:30 p.m. 20 25 1°17' io16 1 447.56 900.00 900.08 2.0111 0.0403145 979.260 

2-26-1 10:05 a.m. 30 23 1021 1°1' 449.52 900.00 900.08 2.0023 
2 10:40 a.m. 20 24 0°59' 0°56' 447.52 899.79 899.87 2.0108 0.0403127 979.304 

2-27-1 2:25 p.m. 10 23.5 1°10' 1091 447.59 899.94 900.02 2.0108 
2 3:20 p.m. 10 25 0°58' 0°57' 449.30 899.74 • 899.82 2.0027 0.0402927 979.790 
3 3:35 p.m. 5 25 0°57' 0°56' 449.48 899.98 900.06 2.0024 
4 4: 20 p.m. 8 24.5 0°52' 0°51' 447.85 900.37 900.45 2.0106 0.0402897 979.863 

2-28-1 1:00 p.m. 10 23.5 1°8' 1071 447.67 900.06 900.14 2.0107 
2 1:30 p.m. 8 23.5 1°6' 1°3' 449.66 900.49 900.57 2.0028 0.0402787 980.131 
3 2:10 p.m. 10 24 1°6' 1°3' 449.63 900.38 900.46 2.0027 
4 2:40 p.m. 10 24 0°55' 0°54' 447.78 900.21 900.29 2.0106 0.0402747 980.228 
5 J:OO p.m. 9 23 0°54' 0°53' 447.89 900.44 900.52 2.0106 
6 3:30 p.m. 10 23 1°0• 0°59' 449.41 89<).82 899.90 2.0021~ 0.0402897 979.863 
7 3:50 p.m. 3 23 0°59 1 00581 449.33 899.81 899.89 2.0027 
8 4:20 p.m. 5 24 0°52' 0°52' 447.63 899.91 899.99 2.0106 0.0402747 980.228 

3-1-1 9:00 a.m. 11 25 1°7' 1°5' 449.48 900.02 899.99 2.0023 
2 9:30 a.m. 10 24 1°5' 1°4' L.,47. 66 900.15 900.12 2.0107 0.0403037 979.523 
3 10:05 a.m. 8 25 1041 1°3' 447.37 899.39 899.36 2.0103 
4 10:50 a.m. 8 25 1°15' 10141 449.37 899.72 899.69 2.0021 0.040zr78 980.15.3 

3-4-1 9:45 a.m. 9 25 1°7' 1°6' 447.81 900.50 900.47 2.0108 
2 10:15 a.m. 11 25 1°11' 1°9' 449.42 90C.08 900.05 ? .0021+ 0.0403077 979.426 
3 10:30 a.m. 25 25 1°9' io71 449.67 900.42 900.39 2.0023 
4 11:40 a.m. 25 25 0°54' 425.07 854.67 854.69 2.0107 0.0403037 979.523 

3-5-1 2:55 p.m. 10 21._5 1°18' 1°17 1 447.22 899 • .31 899.28 2.0108 
3-9-1 3:05 :i:.m. 10 23.5 0°541 0°53. 425.30 855.19 85~.21 2.0108 0.0402927 979.790 

2 3 :30 f' .ID. 9 25 1071 1°5' 449.37 900.00 890. 97 2.0027 
3 3:45 p.m. 5 25 0°59' 0°58' 426.96 855.15 855.13 2.0028 0.0402877 979.912 

J-10-1 7:.35 p.m. 11 24 0°5s• 0°57' 41 .. 7 .39 899.67 899.64 2.0109 
2 8:00 p.m. 11 24 1°8' 1°6 1 L.,49 .15 899. 53 899.50 2.0027 0.0403017 979.572 
3 8:30 r .m. 8 25 1°5' 1°4' 449.26 899.80 899.77 2.0028 
4 8:50 p .ro. 10 25 0°53. 0°52• 447. 52 899.78 899.75 2.0105 0.0402607 980.569 

3-11-1 8:50 ~.m. 8 25 00301? 0°29'? 447.78 900.33 900.30 2.0106 
2 9:18 a.m. 8 26 0°58' 0°57' 447.86 900.61 900.58 2.0109 0.0402747 980.228 
3 9:45 a.m. 10 24.5 1<'7' 1°6' 449.30 899.86 899.83 2.0027 
4 10:00 a.m. 5 25 1°6' 1°5' 449.33 899.97 89'·.94 2.0028 0.0402%6 979.696 
5 10:35 a.m. 9 26 1°1' 1°0• 447.74 900.29 900.26 2.0107 
6 11:20 a.m. 5 26.5 1°34' 449.67 900.46 900.43 2.0024 0.0402987 979.645 
7 3:40 p.m. 5 26 1°25' 1°24' 449.37 899.92 899.89 2.0020 
8 4:10 p.m. 10 26 1°8' 1°7' 447.70 900.29 900.26 2.109 0.0403066 979.452 

First Page of Table 2 
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Temp. Amplitude Elapsed Time (sec) Periods (sec) ..JJL - ' ".It" ~ 
Run No. 1 Time Press. 2 °C Before After No.vib. Uncorr. Corr. Up Down g cm/sec 

3-14-1 10:40 a.m. 5 26 1°0' 0°59' 447.85 900.36 900.41 2.0105 
2 11:20 a.m. 8 26 1°15' 1°12' 449.59 900.35 900.40 2.0027 0.0402657 980.447 
3 1:30 p.m. 5 25 1°14' 1°12' 4:49.04 899.19 899.24 2.0026 
4 2:15 p.m. 10 25 1°3' 1°2' 447.60 900.00 900.05 2.0108 0.0402976 979.671 
5 2:45 p.m. 3 26 1°2' 1°0' 447.60 899.92 899.97 2.0107 
6 3:30 p.m. 8 25.5 1°0' 1°0' 449.37 899.85 899.89 2.0026 0.0402886 979.890 

3-16-1 8:55 a.m. 8 25 1°4' 1°1' 898.67 1799.69 1799.79 2.0027 
2 9:45 a.m. 7 25 0°59' 0°58' 895.30 1800.14 1800.24 2.0108 0.0402927 979.790 
3 10:25 a.m. 10 25 0°58' 0°57' 895.34 1799.96 1800.06 2.0105 
4 11:15 a.m. 5 25 0°58' 0°57' 899.22 1800.64 1800.74 2.0026 0.0402707 980.326 

3-18-1 10:00 a.m. 10 25 1°15' 1°12' 449.52 900.23 900.28 2.0028 
2 11:05 a.m. 10 25 0°54' 0°53' 447.59 899.97 900.02 2.0108 0.0402877 979.912 
3 2:00 p.m. 5 25 1°2' 1°1' 447.63 900.13 900.18 2.0110 
4 2:25 p.m. 10 25 1°4' 1°2' 426.93 854.98 855.02 2.0027 0.0403106 979.355 
5 2:45 p.m. 2 25 1°2' 1°1' 449.04 899.25 899.30 2.0027 
6 3:10 p.m. 10 25 0°54' 0°53' 425.41 855.36 855.41 2.0108 0.0402927 979.790 
7 3:30 p.m. 3 25 0°53' 0°52' 425.03 854.59 854.64 2.0108 
8 4:10 p.m. 10 25 0°58• 0°57' 449.74 900.59 900.64 2.0026 0.0402976 979.671 

3-19-1 9:30 a.m. 10 25.5 0°55' 0°54' 447.63 900.15 900.20 2.0110 
2 10:05 a.m. 9 26 0°56' 0°55' 426.96 854.95 854.99 2.0025 0.0403206 979.112 
3 10:25 a.m. 8 26 0°55' 0°54' 449.29 899.78 899.83 2.0028 
4 11:00 a.m. 8 26 0°56' 0°55' 447.66 900.30 900.35 2.0112 0.0403235 979.042 
5 11:15 a.m. 5 25 0°55' 0°54' 447.77 900.32 900.37 2.0108 
6 1:30 p.m. 10 25.5 1°6' 1°5' 449.33 899.78 899.83 2.0026 0.0402976 979.671 
7 1:45 p.m. 8 25 1°5' 1°3' 449.63 900.36 900.41 2.0026 
8 2:00 p.m. 5 25 1°3' 1°2' 449.41 899.85 899.90 2.0024 0.0402798 980.104 (a) 
9 2:15 p.m. 3 25 1°2' lol' 449.37 899.81 899.86 2.0025 
10 2:30 p.m. 5 24.5 1°1' 1°0• 449.03 899.25 899.30 2.0028 0.0403166 979.210 (b) 
11 3:00 p.m. 10 24 0°58' 0°57' 447.59 899.87 899.92 2.0106 
12 3:15 p.m. 2 25 0°57' 0°56' 447.78 900.37 900.42 2.0109 0.0402937 979. 766 (c) 
13 3:30 p.m. 2 25 0°56' 0°55' 447.56 899 .87 899.92 2.0107 
14 3:45 p.m. 2 25 0°55' 0°54' 447.41 899.59 899.64 2.0108 0.0402877 979.912 (d) 

1 First tvo figures signify month and day of run 
(a) Computed from 3-19-7 and 3-19-11 
(b) Computed from 3-19-8 and 3-19-12 

2 Pressure as expressed by microns of Hg. 
( c) Computed from 3-19-9 and 3-19-13 
(d) Computed from 3-19-10 and 3-19-14 

TAB IE 2 

Data for determination of "g" 



:i: 
u z 
er 
w 
n. 
0 
N 
)( 

0 
N 

l .:1! l ~ r-~I. ,1-~---:-r i [,. :1 TI -,-+ --! ___. • -- ! ; --- t -1 : +. I . I: t- ': • • • • --1 I !- • 

: : ~-;~~I ~------.+~~~~ ........ -.......+------>--··-r--,~ ··17r -~~ .. '11.;....L+r-t 
~t-1 + ·;I --1- - - 1 · · 

1 
- -- - • r 

I----+. ' ........ · '....-+' 11' ~ ............... _.,..,.,..w..+--+--+++--l--'+-__ '+'""-._......+'-'"--_l----+ _ __.._-1-1 9 ' I .. I I 

-· r I 
. DrLSt~B~' .I ~o~s- --1 

,__,...,.__.,_.._~ f--. t .l - - . ·- i 
' I ' ~ I · I ! . I 

+-----.,f----t--+--+---+--+..-.+--+---.......,_--+----+--,..-+-....... -+--+--1-·- · ~-+ ·-rt ~ -_,_ ---1 
--l~--1-"-+--l-:~· -; '.-+-' - : : • 't -: + . t 

.Ir ., 

. " 
' ,. 

' 1 
,] 1: I ,, ii --<< ., ,, 

I ' ~ • 
t•·I .1 

I 
,, l:t. .: 

-r-
: " 

,_ 
j 

2 
J 
~ 
CJ 



I 
(,j 
z 
a:: w 
n. 
0 
N 
x 
0 

"' 

I i· . , , . 
-·~f:: •.. ~ ~-- f -~- ~-~· r _ ;_ -.. :t~: __ .,.__ ~j ~ ,-+ .... . l ' I . I I . I ' l .. ' . ' I 1 ' .' . ' I . I· . ' .. I' ' ' ' . . . ' . . .. ' . . . 

t l----_;7 ~4-. ! • +1 4 . J l i I+ 
+• I! 1: •! • • I• tl I t' • tj -'! I 

=~~ .. ~ + _! _ . _ _:_ ___ .._.__ _J~ ~ ~: ~ ~ ~ .. ~ ' - iL ~ ~-
~ I ... I t: ·: .!';; 
--~r ·' I I '·i ' 

" I -- +- - --

I L 
I I 

-· 
. -

! I I . I 
~ ~- ,..._,._ - .. ..-..-1-1-- .... ,_J_.l 

:. ' 

~ I I 
!... _ __,' ......... __,1.......,., _............,~ 

I 

-·-' 

I 
I ,. 

. I 
~-.L . 

-- L ·-
' 

l 
! - i 

~1-

.. 
I 
' 



EVALUA IOL 0 D .. TA 

If co i er the uat!on 

used to calculate the value of " ", we find that the quantity g 
is a lin ar function of t 1.i and ~2 • Thcref re, 1 is conv ni t to 

determine the variance of these quantities and from this dator.mlne the 

conf'ideno limits on the firull vnlue or "g" • 

This vas done giving the f ollov1n 95 percent confidence limits for 

the true value or " " as obtained from data of this project: 

ug11 = o/79.7625 ± o.1276 eec 

idor 99 percent confidence 1 its are: 

"g" = 979.7619 ± 0.1690 ~ sec 

On th other ban , the International Gravity Formula, as adopted by 

the International Association o Geod sy in 1930 (6; pg. 4) reads 

'( = 979.01+9 (1 + . 0052 S4 s 2 ¢ .. 0.0000059 siif ~¢ ) 

vhor Oo is th theoreti l nlue of v:lty c.t sea level for latitude ¢ • 

Th corr ction for t e ele tion or e s~ tion is given by the 

formula 

Elevation Correction e •O.OOOJ0855h - 0.00000022h cos 2 </> + 

0.000072 { l~L)2 



1n1ere b is the elovution of the station in meters. 

Solv:ing for tho theoretl 1 vnlue of gravi,ty a.a determined by these 

two e1:1uations, one obta1ns 

On the bnsie of the close agree .ent between t e predicted and expert• 

ncntal values tho final value or aeoeleration due to gravity for the locale 

of Blacksburg, VU'ginia., should be placed a.t 

"g" =: 979. 76 t 0 .128 ~ 
seo 
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