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A Temperature Control System for the 
Canadian Pendulum Apparatus 

Il l~RBERT !), \f i\LLTi\N'T, ;\lEMBER, IEEE, j U1\N GEU ER, ,\ :-;D J. R. GR:-\ ):"T 

Abstract- A temperature control system has been developed for 
use with the Canadian Pendulum Apparatus for relative gravity 
measurements. T his system, which maintains the pendulums at a 
constant temperature of 40.00°C, consists of three major com­
ponents: a vacuum enclosu re in which to house the pendulums; an 
electronic thermometer to measu re their temperature; a nd an elec­
tronic thermostat to ma intain a constant tempera ture. Extensive 
testing of the system ind icates that the temperature of the pendu­
lums may be measured with a n accuracy of ±0.01 °C a nd that the 
electronic thermostat has a s tability of a bout 0.002°C when the 
vacuum chamber is kept continuou sly closed. Und er normal oper­
ating cond itions, when the pendulum ca se is opened regularly to 
change pendulum s, the observed temperatu re fl uctua tio ns amount 
to a ma ximum of ± 0.025°C. As small corrections may be applied 
to the pendulum pe r iods to compensa te for these temperature 
fluctua tions, the error in gravity due to temperature eff ects never 
exceeds 1/ 6 mGal. 

i NTl,Ol) l '("f' I 0:--1 

T TT I~ Canadian Pendulum Apparalus for rela tive 
gravity measurernents utilizes a set o f six bronze 
penrlulums that were constructe<l arouncl the turn 

of the century. Since only differences in gravity between 
two or more locations are ref]ui red for relative measure­
rnents, it is tacitly assumed that the lengths of the penclu­
lums are invariable. Unfortunately, as brnnze has a 
coefficient of linear expansion amounting to 17 ppm/°C, 
a change in pendulum temperature of only 0.06°C intro­
duces an error in gravity of about 1.0 rnGal. On the other 
hand, it is to be expectcd that the age of these pendulums 
may contribute significantly to their dimensional stabi lily. 
As it was felt that the advantages of using the old pendu­
lums outweigh the clisadvantage of pro,·icling a consta nt 
temperalure environment, these pendulums were returned 
to service, after about eight yea rs of retirement, by 
Thornpso11r 21 in 1956. 

Gravity 111easurcme11ts were conductcd u~i11g this equip­
ment until 1960 when a large-scalc development program 
was begun to improve its o,·erall accuracy. One of the ob­
jecliYes of this program was to develop a system lo main­
tain the pendulums al a constant temperattu-e of approxi­
rnalely 40° C and to measure the penrlulum temperature 
wilh an accuracy of 0.01 ° C. 

:'.\fan11srript rcr<'i\'c<l :\pril 4, 1967; rcviscrl August 18, 1967. 
11. D. \ ' alliant anrl J. Ï.ç11rr arc with the Dcpartmcnt of Ei1ergv, 

\1 inç, anrl Rçsomrrs, Dominion ( )liscrvatory, Ottaw;i, Ontari;,, 
Canada . 

f R Crant wa, witl1 the I kpar t1ne11t c,f \ l ines '""I ï'ccl•!l ic-· 1 
Surveys, Domi11io11 Ohscrvatory, Ottawa. Ontario. C'anad:1. l fc is 
no\\ \\itli the l 'ni,crsity o f \\ 'atrrloo, \Vatcrloo. Ontario, Canada. 
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T1-: :--rri-:11ATt'JŒ Cu:s:TROL SYSTEM 

Th e Pendulwn Case 

In order to minimize the influence of ambient tempera­
lure, an insulated container was designe<l to house the 
pe11dulums white they operate. Fig. 1 is a simplified cross 
section of the pendulum case. The outermost shell is a 
vacuulll chamber consisting of an aluminum base sur­
mountecl by a glass bell jar whose inner surface is gold­
plated to reduce heat loss by radiation. The oven is located 
clirectly inside the vacuum charnber, is constructed from 
thin-shcet aluminum, and has a highly polished outer sur­
face lo furth er reduce heat loss. A heating element is at­
tached to the oven's inner surface with silicone rubber and 
is arranged lo supply an even distribution of heat over the 
surface of the oven. The radiation shield , which prevents 
radiant energy from being transferred di rectly from the 
oven to the pendulums, is located inside the oven and com­
pletely surrounds the pendulums. An additional fonction 
of this part i to shield the pendulums from any thermal 
gradients and short-term ternperature fluctuations that 
may occur in the oven. This is accomplished by construct­
ing the radiation shield from heavy ¾-inch ( 19-mm) 
alu111i11u111 plate so that it has a large heat capacity. The 
oven on the other hand reacts quickly to changes in envi­
ronmental conditions because of ils light construction. 

Heat Joss through conduction is minimized by support­
ing the oven on three ¾-inch- (9.5 111111) diameter glass 
spheres. T hese spheres a re held in position by three conoi­
dal depressions locatecl in the oven base plate and by a 
"slot-cone-plane" arrangement in the base of the vacuum 
cha111ber. The radiation shiel<l is separated from the oven 
in a simi lar 111an11er. Evacuating the entire assernbly to 
below 10 microns of Ilg virtually eliminates heat loss 
through conduction anrl convection. This arrangement is 
-;o e1fcctive that on ly 6.5 watts of electrical power are re­
quirecl to lllain tain a lelllperalure of 40° C, despite the 
large size of the pe11dulum case which measures approxi­
lllalcly 18 inches (457 111m ) in diameler by 24 inches (610 
111111) in height. 

The operation of the pendulum case may be simply 
q;itecl a~ f<Jllo11·s. The JH.'IHlu lum s are located inside the 
r;l(liali"n ~hield. whirh fu11clions as a black-body enclo­
sure having a uniform \\·all temperature. Under these cir­
cu111sla11ces radiant energy flo\\·s bel ,1·een the penclulum~ 
and heal shield until any temperature differential is elimi­
natcd. The le111peralure of the pendulums, \\'hich cannot 
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be measured directly, may be obtained after equilibrium is 
established by measuring the radiation shield temperature. 

The Electronic Ther111ometer 

Eight thermistors of the glass bead variety, mounted on 
both the oven and radiation shield as shown in Fig. 1, are 
employed to monitor the temperature of these components. 
A fi.xed resistor, having a resistance that i nearly equal to 
the thermistor resistances, is located inside the pendulum 
case a well and is used to calibrate and test the operation 
of the thermometer. A pair of leacls, short-circuitecl insidc 
the pendulum case, is also proYicled for zero reference. 
The eight thermistors, the standard resistor, and the 
short-circuited pair may be individually selected from the 
operator's console. 

The thermistor resistances are measured with a Scher­
ing BridgeC1 l circuit using a substitution technique. The 
difference in resistance between the short circuit and each 
of the eight thermistors, as well as the fixed resistor, is 
obtained. An ac bridge technique was selected to measurc 
the thermistor resistances in orcler to eliminate the effect 
of contact potentials generated within the thermistors and 
their leads. This methocl also simplifies the problem of 
amplifying the bridge output to a suitable level for null 
detection. The nul! detector con ists of a conventional 
t\\"o-stage transformer-coupled plate-tuned amplifier pro­
virling a voltage gain of about 80 dB. The amplifier output 
is visually displayecl using a commercial ac vacuum-tube 
voltmeter. 

The accuracy and stability of the bridge circuit may be 
obtained from measurements of the fixecl resistor. A sam­
ple of the measurerl values of the fixed resistance is in­
clurled in Table T. The standard cleYiation of these mea­
surements i~ Jess than 0.1 ohm and the mcan cliffers from 
the true resistance (998.76 ± 0.05 ohm) by about 0.5 ohm. 
c:;ince the thermistor temperature coefficient is approxi­
mately 50 ohm/°C, these values are equi,·alent to errors 
in temperaturc of ab"ut 0.002 anrl 0.01°C, respectively. 

Fig. 1. Schcmatic diagram of pendulum case showing approximate 
location of thermistors. To minimize hcat Joss, the major com­
ponents are separated by glass spheres arranged in a kinematic 
mounting system. 

Thus, it can be seen that change - in radiation hield and 
oven temperatures of 0.01 °C can be ea ily cletected and 
measured. The accuracy of the thermometer also depends 
on the stability of the thermi sto rs and the accuracy of 
their calibration. The thermi tors have been calibrated 
over a small range between 39.8 and 40.2°C by the Na­
tional Re earch Council of Canada with a certified accura­
cy of + 0.01 °C. Two of the thermistors ( nos. 27 and 28) 
were initially calibrated in 1956, while the rest were placed 
into service in 1960. Calibrations performecl in 1956, 1960, 
and 1964 have disclosed no obsen·able change in the ther­
mistor re istances at 40.0°C. 

The Eleclronic Thermostat 

This circuit consists of an amplifier, with an open-loop 
.~a in A, operating in conjunction with a bridge-type feed­
back network as shown in Fig. 2. The temperature-sen ing 
thermi stor ( R r), locatecl as shown in Fig. 1, forn1s one 
ann of the bridge. A nother a rm con ists o [ a fi.x ed resistor 
(Rs) whose resistance is chosen to nearly equal the ther­
mistor rec;istance at the clesired kmperature. If R. is vari 
able, the et point may be adjusted as required. The feed­
back ratio~ is ginn by 

Rr - R 
{3 = 

J.n(Rr+R) 

where Il= tran~former turns r;1tio. 
\Vhen the controllecl obj ecl is loo hot. Rr is smaller than 

R., so that fecdl,ack is rlc!_!e11<·rati\ e and the circuit is quies­
cent. ,\ s the objcct ccmk a point is rcachcd where the prod­
uct . /~ equ;tb unity ancl the circuit oscillates to provide a 
usable output. 1 i the valu!' of./ is lar_g-e. Nr approximately 
equals R., at the set point. Clearly. if the output flf the cir­
cuit is used to contrnl a switching- de\·ice such a~ a reby or 
SCR, an o:s;- c1FF type of thcnnostatic action is ohtained. ,\ 
small amount of hy,;teresi~ \1 hase magnit ude clepends 011 

the value of A is ob en·ed. anrl it limits the senc;iti,·ity of 
the circuit to about 0.01 °C. 



A TEMPERATURE COXTPOL SYSTL\l ï 

TABLE I 

ANALYSIS OF 21 SHIELD AND PENDULUM TEMPERATURE MEASUREJ\IENTS 

Date Time T (5) T (6) T (ï) T (8) 

19 / 3/ 65 0900 40.067 40.068 40.062 40.060 
1100 40.061 40.063 40.057 40.058 
1230 40.061 40.06-l 40.059 40 .055 
1800 40.059 -!0.06-l 40.059 40.059 

20/3 / 65 1145 40.06 1 -!0.064 40.057 40.057 
1900 40.062 40 .063 40.059 40.058 
2130 40.061 40.062 40 .057 40.058 

21/ 3/ 65 1740 40.060 40.060 40 .058 40.057 
1900 40.06-l -!0.066 40.062 40.060 

22 / 3/ 65 0900 40 .062 40.064 -!0 .061 40.058 
1000 40.06-l 40.065 40.060 40.060 
1100 40.062 40 .064 40.061 40.061 
1205 40.064 40.06.J. 40.061 40.060 
1320 40.063 40.060 40.060 40 .060 
1545 40.063 40.066 40.061 40 .062 
1630 40.061 40.062 40.060 40.059 

23/ 3/ 65 0850 40.064 -10.067 40.063 40.062 
0955 40.066 40.069 40.064 40.065 
1115 40.065 40.064 40.064 40.06.5 
1330 40.063 40.067 40.062 40.065 
1445 40.067 40.064 40.064 -!0.063 

Mean 40.063 40.064 40 .061 40.060 
S.D. 0 .002 0.002 0.002 0 .003 

/3 = RT -Rs 
2n (Rr+Rsl 

Fig. 2. Black diagram of electronic thermostat. 

As the amplifier output increases gradually from zero 
to maximum it may be further amplified and rectified to 
power the heaters directly. Proportional temperature con­
trol is, therefore, obtained in a narrow band whose width 
is determined by the hysteresis. In the proportional mode 
of operation, which is employed in the Canadian Pendu­
lum Apparatus, the heating current falls from a maximum 
of 2.5 amperes to a steady value of about 1.1 amperes after 
thermal equilibrium has been established. 

The circuit may be discussed in further detail with the 
aicl of the complete schematic shown in Fig. 3. The main 
amplifier ( V 3 .. a and V 4 .. a) is a two-stage RC-coupled circuit 
providing a voltage gain of 86 dB. The second stage is 
tuned to a frequency of 500 Hz. The feedback circuit, as 
before, consists of T-1, R s, and Rr. The output is trans­
ferred to a transistor power amplifier ( Q l and Q2) by a 
buffer amplifier ( V 4 .. b) . As the heaters form the Joad re­
sistor for Q2, the power supplied to the pendulurn case is 

Mean 
T (2ï ) T (28 ) Standard Shield S.D. 

Temperature 

40.054 .Jc0.050 999. 310 40.06.Jc 0.00.Jc 
-!0.047 .Jc0.0+7 999 .-HO 40.060 0.003 
-!0.047 40 .0-ti 999 .470 .Jcü.060 0.00-! 
40.047 .Jcü.051 999 .307 40.060 0.003 
40.051 40.050 999 .377 40.060 0.003 
40.046 40.049 999.280 40.061 0.002 
40.050 40.048 999.357 40.059 0.002 
40.048 40.048 999.360 40.059 0.001 
40.074 40.050 999.303 40.063 0.002 
40.054 40.052 999.230 40.061 0.002 
40.051 40.051 999 .287 40.062 0.003 
40.052 40.053 999.327 40.062 0.001 
40.054 40.051 999.297 40.062 0.002 
40.049 40.052 999.323 40.061 0.001 
-!0.050 40.050 999.273 40.063 0.002 
40.052 40.049 999.247 40.060 0.001 
40.055 40.053 999.280 40.064 0.002 
40.057 40 .055 999.303 40.066 0.002 
40.055 40.053 999.297 40.065 0.001 
40.052 40.051 999.367 40.064 0.002 
40.050 40.050 999.423 40.064 0.002 

40.052 40.050 999.325 40.062 0.002 
0.006 0.002 0.060 0.002 0.001 

controllecl by this stage. A mechanical thermostat ( T H-1) 
is included in the heater circuit to guard against accidentai 
overheating. As the main heater resistance is quite IO\\. 

( S ohms), a ½ ampere fuse is connected across the oven 
thermostat to prevent variations in the contact resistance of 
the thermostat from affecting the set point. If TH-1 opens, 
the fuse burns out, placing the signal lamp in series with the 
heater. A set of auxiliary heaters, attached to the radiation 
shield and controlled by a second mechanical thermostat 
TH-2 is included for rapid warm-up. The auxiliary heaters 
raise the temperature of the radiation shield to about 39.5° C 
but do not operate after thermal equilibrium has been estab­
lished. 

The tube-type ( 12FR8) that was chosen for its compat­
ibility with the rest of the transistorized circuitryr3J , [4 l 

in the pendulum apparatus, has rapidly become obsolete. 
However, the stages using these tubes may be easily re­
placed with commercially available solid-state operational 
amplifiers. A circuit to simulate the contrai network using 
a solicl-state operational amplifier has been constructecl ra i 

and has been founcl to have a sensitivity similar to the 
tube version. Although the stability of this circuit was not 
tested, no difficulty is anticipatecl since the gain of the op­
erational amplifier is primarily deterrninecl by externally 
applied resistors. As the present circuit is quite aclequate. 
it is not intencled to replace it with the solicl-state Yersion 
until the present stock of vacuum tubes has been cl cpleted. 

SYSTEl\I PERFORMA:-SCE 

Severa! tests were conductecl before the circuit " ·a~ put 
into service to check its performance. To carry out t he~e 
tests a "clummy" pendulum, which is identical to the real 
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Fig. 3. Complete schcmatic of clcctron ic thermostat. 

pendulums in ail re pects except for two thermistors 
embedded inside the dummy (Fig. 1), was inserted into 
the pendulum case. One of the fir sl le ts was to monitor 
the temperature of the oven, radiation shield, and durnmy 
pendulum for a period of four days. • J o allempt was 
made to contrai the ambient temperature, which had a 
mean value of 22.5° C and a standard deviation of l.0°C. 
The result of this test is shown in Table II where it may 
be noted that the temperature of the oven extremities var­
ies considerably more than the central portion although its 
mean temperature remains nearly constant. The tempera­
turc of the radiation shielcl (Table I) is much more stable. 
having a mean value of 40.062°C and a standard devia­
tion of 0.002°C. The difference in the temperatures at the 
top and bottom of the dummy penclulum is about 0.002°C 
and the mean temperatures of the radiation shield and 
dummy penclulum differ by about 0.01 °C. 

The thermostatic coefficient ( ratio of change in pendu­
lum temperature to change in ambient temperature) was 
abo determined. In this test the temperature of the 
dummy pendulum was measured while the room tempera­
turc \\'as maintained constant. The room temperature was 
then allercd a fixed amount and the pendulum tempera­
turc was again measured after thermal equilibrium had 
been establi . hed. These measurement were made with 
thrce different pressures inside the vacuum case. Fig. 4 

shows that the thermostatic coefficient Tc tends to asymp­
totically approach a Yalue of 22 X 10-' as the pres ure is 
reduced. The normal operating pre ure range, which i 
from 3 to 6 microns of Hg, assures that the thermostatic 
coefficient does not exceecl 25 X 10-•. 

Finally, the performance of the temperature contrai 
system uncler aclual operating conditions should be di -
cu ed since the normal procedure is to open the pendu­
lum case afler each day's operation in order to change 
pendulums. The operating lernperature depencls upon the 
length of lime the case ha been closed continuously, the 
cluration of the preYious opening, and the terminal pres­
sure. The terminal pressure, which clepends on the clcanli­
ness of the '}"Stem, purnping speecl, and pumping time, 
,·aries bet\\'een 3 am] 6 microns of Hg. The fluctuation in 
the radiation shielcl temperature is omewhat higher uncler 
the e conditions than when the ca. e is closed continuously. 
In order to indicate its magnitude as well as how the 
long-term stability of the circuit, all temperature measure­
rnents that \Yere made under normal operating condition~ 
bet,,·een Marchand Decernber, 1966, are plotted in Fig_ 5. 
No measurernents for which the warm-up time wa le 
than 35 hours are included. In field operations, 48 l10urs 
are normally allowecl to establish equilibrium conditions. 
The e mea urement \\"ere found to be distributed about a 
mean ya]ue of 39.986°C. \\'ith a standard deviation oi 
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TABLE II 
ANALYSIS OF 21 ÜVEN TEMPERATURE MEASUREMENTS 

Time T (1) 

0900 40 .029 
1100 40 .015 
1200 40.002 
1800 40.024 
1130 40.005 
1910 40 .024 
2115 40 .010 
1250 -19 .012 
1900 40.029 
0905 40.028 
0950 40.017 
1125 40.0 15 
1200 -10.013 
1350 40.008 
1535 40.010 
1640 40.003 
0845 40.028 
1000 -10.014 
1105 40.008 
1340 39 .995 
1440 40 .000 

J\!ean 40.014 
S.D. 0.010 

THERM OSTAT IC CO EFF IC IENT 

0 .007 

0.006 

0.005 

0. 0 0 4 

0.003 

0.002 

0 

x--------

5 

T (2) T (3) 

39 .990 40.025 
39.984 40.034 
39.982 40.033 
39.987 40.025 
39.975 40.027 
39.982 40 .029 
39.976 40 .030 
39.975 40.026 
39.983 40.028 
39.980 40.029 
39.976 40.029 
39.977 40.029 
39.974 40.029 
39.976 40.03 1 
39. 977 40.031 
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Fig. 4. The variation in thermostatic coefficient with pressure. 
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0.012° C. . .\s the laboratnn· temperature ,,as maintained at 
2--L0 ± (J.3 C ior ail these llll'a~uremenb, the increa,ed scat­
ter reflech thl' i11Aue11ce "f npl'ning and clnsing the pendu­
lum case as "ell as long term \'a riations in the set point. 

StJ)[!,IARY 

A system to control and measure the temperature of the 
Canadian bronze pendulums with a precision oi 0.01 °C 
has been described. Although the circuit is capable of pro­
viding a temperature stability of 0.002°C, larger tempera­
ture fluctuation , arnounting to a maximum of ± 0.025°C, 
are observed when the case is opened on a regular basis to 
change pendulums. As the pendulum temperature is mea-

ured for each set of graYity measurements, a small cor­
rection to the pendulum pcriods may be calculatecl. Thu 
errors in graYity mea urement , due to temperature 
elîech. should not exceed ± 1

6 mGal. 
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