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• T H E S E N 0 T E S deal with a type of tem
perature control unit often u ed to control 
the temperat ure of a quartz bar or plate, for 
use as a frequency standard or frequency 
monitor. The general principles discussed are 
applicable to other types of units if account 
is taken of differences in the thermal proper-
ties of 1.be materials or medium involved. 

Referring to Figure 1, the 'conditions of the problem can be visu
alized as three objects, a heater H, a controlled space within a metal 
box B, and a thermostat T, all enclosed in some form of thermally 
insulating box. These three objects ea h have heat capacities; t:hey 
are interconnected by thermal impedances, along which drops in tem
perature occur, dependent on the rate of heat flow and on the values 
of the thermal impedances.1 Each of the three objects is also connected 
to the ambient, surrounding the entire unit, by a thermal impedance. 

To reduce the fluctuations in average heat flow, the magnitude of 
which depends on the sensitivity of the thermostat and therm.al im
pedance between. the thermostat and heater, it is evident that the 
thermostat should be as sensitive as po ible and the thermal im
pedance between heater and thermostat should be low. 

lQ. M. Hovgaard, "Application of Quartz Plates to 
Radio Transmitters," Proc. I. R. E., Vol. 20, No. 5, 
May, 1932, p. 767. 

FIGURE 1. Schematic representation of tem· 
perature control system composed of a 
heater, H, a metal box, B, and a thermostat, 

T, in an insulating container. 
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To reduce the fluctuations in tem
perature in the controlled space, the 
im pedance between the controlled space 
and the thermostat hould appear as a 
low-pass thermal filter, to remove the 
variations caused by the operating 
temperature differential of the thermo
stat. In an el mentary form, the metal 
wall of the ho· serve 1:his purpose. The 
filtering action can be increased to al
mo t any desired degree through the 
use of multi-layer walls and through 
grading or tapering the distribution of 
materia]s forming "the wall.2 

The remaining "therm.al impedance 
should be as high as possible. That of the 
heater to the ambient determines the 
power loss, and th cost of operation, of 
the unit; the initial cost of the insulating 

ontain r an therefore b fairly high . 
he heat capaciti f the heater and 

thermo tat should be low, o -that small 
increm nts in h at energy supplied re

ult in im_m_ediate change in tempera
ture at the thermostat. 

Because of practical considerations, 
such as the u e of tandard forms of re-

2w. A. Marrison, "Thermostat Design for Frequency Stand
ards," Proc. I. R. E., Vol. 16, o. 7, July, 1928, p. 976. Thie 
article contains u•eful data on thermal properties of com.
moo substances likely to be nsed in constructing units of 
this description. 
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sistors for the heater, mountings for the 
thermostat,. and materials for the unit, 
the thermal impedances which should 
be negligibly small can only be brough1: 
to effective minimum values. It is the 
purpose of the following discuss· on to 
indica1:e how the performance can be 
improved by effective! equalizing tem
perature dro ps and by effe "ti ely regu
lating the magnitude of impedances 
by electri al ra1:her than mechanical 
means.3 

In order for the thermostat to op r
ate, the amount of hea1: energy re
leased in the unit, per thermostat cycle, 
le "the energy l ost during t he input 
period m ust be, at least: 

t:.H = (Wi - Wo)pq = M t:. T (I) 
wh r :  
Wi - Rat of hea1: en rgy input 

- Heater watts 
Wo - Rate of heat en rgy output 

Loss watt 

p - Thermostat period, seconds 

q - Fraction of the period that 
is supplied 

pq - tto " time, seconds 

h a1: 

M - Mas a sociated with thermo ta1: 
s - Sp cifi heat of M 

and 
t:J..T = Temperature differential required 

to operate thermostat. 
The heat energy released per thermo

stat cycle is: 
Hin = W i_Pq au seconds (2) 

Th� heat energy lo t p r thermo tat 
cycle mus1: be the same, or else the tem
perature of the unit wou ld change: 

Hout = Wipq watt seconds (3) 

3 V. J. Andrew, "The Design o( emperature Control Ap
paratus for Piezo Oscillator;,," Review of cienLi6c Ine·tru
ment s. ol. 3, No. 7, July, 1932, p. 341. 

F1G RE 2. Perfoi:n-iance of t.hermo tat under 
conditions of no .. overshooting" (t::i.H = con
st:ant:) and constant heat.er power (W, = con-

st:ant) fol· varying arnbi nt ternperat:ure. 

CopyrighL, 1944, General Radio Company, 
Cwnbridge, Mass., U. S. A. 
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The energy lost during the ''ON" 
time, or the fraction q of the total 
period, p, i : 

• 

qHout = W iJ>q2 watt seconds (4) 
The net heat energy input, per ther

mostat cy le, is then 
C!.Fl = Wipq - W iJ>q2 watt sec. 

= Wipq(l - q) w att sec. 
= (Wi - Wo)pq 

Fr m the la t two equation 
Wo 

q-
wi 

The loss from the unit c an be 
pressed in terms of its conductivity: 

(5) 
(6) 
(1) 

(7) 

ex-

Wo = J(T - Ta) w atts (8) 
where: 

J = conductivity of the unit to the 
ambient in w atts per degree C. 

T = 'temperature of unit, °C. 
Ta = ambient temper ature, °C. 

For a unit approxim ately 9 inches 
cube, with balsa wood walls 1 inch 
thi k, J = 0.37 appro im.ately. 

The conducti ity can be obtained 
approximately by c alculation from J = 

KA/d, 'here K = conductivity of the 
wall material, A · th a erage of inner 
and outer areas, and d j the thi knes 
of the walls. Usually it is more satis
f actory to determine W0 by observing 
the operation of the thermostat under 
kn.own heater power (Equation 7). 

Since the thermostat operates between 
t.he s ame ''ON'' and ''OFF'' -tempera
tures, fl T (Equation 1) is constant, and 
consequently C!.H is constant. his im
plies that there is no ''overshooting,'' 
that is, that C!.H is no greater than that 
necessary to operate the thermostat. 
We can now predict the operation of 
the -thermostat provided that we de
termine the heat energy increment, C!.H, 
and the r ate of heat loss of the unit, 

Wo. 
Our obvious interest would be to de

termine the performance for constant 
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power input and v arying ambient tem
peratures. It will be very useful to de
termine the performance for constant 
ambient temperature and v arying power 
input for two reasons; first, ob erva
tion.s are more e asily carried out and, 

econd, ''overshooting" is readily di -
closed. As will be brought out later, the 
performance of a unit m ay he limited 
as much by ''overshooting'' as by large 
changes in ambient temperature. 

Case I - Constant Power Input; 
Varying Ambient 

Since C!.H is constant and Wi is con
stant, we have 
C!.H/Wi=pq(l-q) =to, a con tant. (9) 

The operation of the thermostat is 
shown in Figure 2, where the signifi
cance of the constant to is evident. 

Frolll (9), we can write 
''O "time = pq = to(l - q) 

"OFF" time = p(l - q) = to/q (10) 
and PERIOD = p = to/ q(l - q) 

From (9), it is een th at, for an in
creased input power, to i de re a ed, 
and that the thermo tat operation i 

peeded up. 

Case II-Constant Ambient; 
Varying Power Input 

ln principle, this c ase is covered by 
finding a v alue of to fo · each v alue of 
input power, Wi, from Equation 9. For 
e ach v alue of to, a set of curves like 
those of Figure 2 is obtained, but e ach 
set is to a different scale. On each se-t of 
curves a single operating point is found 
corresponding to the givell.fixed ambient 
tem.perature, that is, to the v alue of 
W0• The final over-all chara teristic 
would then be the curves connecting 
these operating points. 

Practic ally� it is not necessary to plot 
the curves corresponding to e ach v alue 
of to. Instead, the operating points can 
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be found as in the fir t a e, xcept that 
there are different value of to for each 
point. For the fixed ambient tempera
ture,. Wo i con taut. Therefore, since 
the energy increment �H i constant, 
the heat energy lost during the ��oFF" 
·time is constant, or 

W0p(l - q) = constant (11) 

the ��oFF" time = p(l - q) 
= constant (12) 

and D..H = (Wi W0)pq = constant 
from which it i e ident that, a wi is 
in.creased, the .. 0 " time, pq, must 
decrease. 

It is important to note quation 12; 
if, as the input power is increased, the 
�tOFF" time increases, it is positive evi
dence of ��overshooting." 

Results for thi econd case are shown 
in Figure 3 on the basis that �H = 95 
watt second and W0 = 13 watts. As 
the power input i increa ed, note ·that 
·the period decreases and that the �tOFF" 
time remain constant. 

In Figure 4 are shown. the per form
ance curves of a gi n temperature con
trol unit. This unit was constructed with 
the thermo tat mounted on the outer 
face of t.he box, B, vi th the heaters dis
posed around all ix fa e of the box, 
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hut not in direct thermal contact ·th 
the walls of the box. 4 This constru tion 
insures that the average contro1led 
space temperature will not depart ap
preciably from the thermo tat operat
ing temperature. The variation in. con
trolled space temperature, as shown in 
Figure 4, are not large, and for man 
purposes would not be troublesome. The 
remainder of this discussion is de oted 
to reducing these small variations to the 
greatest possible degree, without mat -
rially altering the mechanical de ign of 
the unit. 

It is evident t:hat t:he curves are not 
of the form expected from Figure 3. The 
period decreases at first, as the heater 
power is in.creased, then passes through 
a minimum and finally increa es again. 
The HOFF" time increases, with in.
creasing power, following the en.erg 
increment curve; the energy in rement 
is not constant. The average controlled 
space temperature rises as the heater 
power is increased. 

This performance is largely du to a 
high thermal impedance between th 
heaters and t:he t.he TIIO tat. The av r
age controlled space tempera-ture, being 
a fun tion of power input, will change 
with any factor causing a change in 
power input; t.hat is, either ambient 
temperature changes or line voltage changes. 
It will also he noticed that, bee au e of 
the delay in temperature rise at the 
thermostat (causing the energy in re
ment to he too large), the ''OFF" time 

u t increase to allow this extra heat 
energy to e cape. The '' " and t.'OFF" 
times are consequently very long. 

4 J. K. Clapp, "Ten1perat:ure Control for Freqnenc Land
ards," Proc. I. R. E., Vol. 18, o. 12, De ember, 1930, 
pp. 2003. 

FIG RE 3. Performance of thermostat under 
conditions of no «overshooting" (t:<..H = con
stant) and con tant alllhient temperatur for 
varying heater power, W,.. t!.H as umed as 95 

watt seconds; Wo assUllled as 13 watts. 
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Thi unit was modified b di mounl
ing the t hermo tat from the metal ho. 
(enclosing the controlled pace) and 
upporting it in u h a po ition thal the 

c ntrolled tempera·ture as about 63.5° 
(instead of 60.0°C., the thermo tat te1n

perature). A thermostat heater, of ·the 
lowest practicabl thermal capac ity, 
was t hen wound directly o er the th r .. 

mo tat bulb. The thermo tat heater 
power wa then adju ted o that t he 
average controlled space temperatur 
was clo e to 60.0° . The ·thermostat 
heater was connected in parallel with 
the main heaters. 

This arrangement overcoines the high 
thermal impedance, between the main. 
heater and thermostat, by using a pro
portional amount of p wer clo e to the 
thermostat. (The ignifi an e of the dif
ferences in controlled pace temperatur 
will he discus ed later.) 

The perfor:man e of thi arrangement 
is hown in Figure 5. Imm diat ly ' 
notice that the energ in rem n.t and 
••oFFH time cur es are n.earl hori
zontal, rising slight! onl at the high
est input power . The period of the 
cycle decrea es continuou 1 as ·the in
put power is increa ed. 11 times ha e 
been greatly reduced. The average con
trolled space temperature i con tant, 
within the limits of accuracy f mea ure
ment. omparison of Figure 5 wi t h 
Figure 3 shows how closely the per
formance follows the theory. 

••overshooting" ha been practicall 
lim.inated at all but the highest input 

powers. It must he borne in mind that, 
for any given construction, if exces i e 
input power is u ed, .. over hoot:ing,, 
can alw a s be made to o cur. 

FIGURE 5. Performance cur ve of a gi en tem
perature control unit, modified by reducing the 
thermal impedance between thermo tat and 
heaters, at constant ambient temperature, for 
varying heater power, Wi. Compare with Fig-

ures 3 and 

350 

300 

250 

"' 
<.> .... "' 

200 1-
(1) � Cl ' i5 x: 
frl <1 
"'4000 

150 

w 
:::l!i 3000 
>=" 

100 

2000 

50 
IOOO 

§ 
.3 
.� 
.I .-.:... .... 
.s 

' 

... .... ,, 
... ..-

AUGUST, 1944 

/ 
\. / PERI 00 p . 

'- .-/ r--

r--. r--

\ AV. I OX l EMP. 

\ I 

\ �N 1 IME • pq 

\ I 
""-v 
I "' , DEL 1f Tll � E 

-· 

ll.0, v � 
..-

v 
)( / � �F IME• tp(l-q) 

- � k:' 
.... 

/ ..... ....... 
v ,,V �r---....... , 
.......- ---i-----,, --

er W!J> 
��� :� 0 0 � 0 a> ,... .., 

0 I ! I I I I OO .I .z .3 .4 .5 .6 .7 .8 J} LO 
q--

F1G RE 4. Per£ rman ur e- f a gi n t m
p rat ur ontrol unit, at con tan.t ambient 
t mp rature, for ar ing h atet· power, Jr,. 

.... 
o_ .I 
:::;; 60.0 
� .9 
� .8 CD 
� 

50 

w 
:Ii 
t= 

20 200 

10 100 

0 0 

Compar witb Figure 3. 

I 
11 

PEF IOOP/ I 
I' 

/ I 
/ v /oo TIME pq 

-i..--- v �H 
-- !/ 

� ·�F IME ,.,,,._, 

-� ¥ g f � HEAl;: 
I I VOLlS R 

0 .I .2 .3 II .!5 .6 .7 .8 .9 1.0 
q-

www.americanradiohistory.com

www.americanradiohistory.com


H 

G E NERAL RADIO EXPERIME N T E R  6 

FIGURE 6. Schematic repre entation of heat How 
from a heater, H, and qual temperature shells 

surrounding the beater. 

Having establi hed a means of pre
venting '�overshooting, "we next consider 
the gradient conditions in the unit. 
Turning to Figure 6, a series of con-

tant temperature urfaces, at every 
point perpendicular to the lines of heat 
flow, can be considered as surrounding 
the heater. (I an actual unit, su h sur
faces would be very omplex, in.ce there 
are generall e eral heater units.) The 
thermostat is on one such urface, orre
sponding to the operating temperature 
of the thermo tat. If the metal box, B, 
is inside of, outside of, or on the thermo
stat surface, the gradient conditions can 
he represented by Figures 7, 8, and 9 
re pectively. 

In Figure 7a, the ho is assumed to be 
on a con tant temperature heJl lying 

inside of the thermostat shell as at B, 
Figure 6. t a  given ambient tempera
ture, Tai. a certain amount of heat flows 
through the thermostat shell. The product 
of t · s heat flow and the impedance be
tween the shell and ambient is the temper
ature drop from the shell to the ambient, 
T- Ta1- Now if the ambient changes to a 
higher value Ta2, the heat. flow must. be 
reduced, since the impedance does not 
change. The average heater temperature 
must therefore be reduced, with an ac
companying proportional reduction in 
temperature of the box, B. In this case, 
as the ambient temperature rises, the 
controlled space temperature falls. 

Similar considerations apply to Fig
ure 7b, except that, a the ambient ri es, 
the controlled spa e temperature a] o 

rises. 
If the box, B, is brought to the tem

perature of the thermostat shell as at B1, 
Figure 6, or vice ver a, there should be 
no change in controlled space tempera
ture with change in ambient (Figure 
7c). This can b accomplished by mo -
ing the object in the a sembly relative 
to each other, or by effectively mo ing 
them through the u e of a thermostat 
heater. 

Final adjustment of the thermostat 
heater power is then made on the basi 
of reducing the changes in controlled 
s p a c e  t e m p e r a t u r e, w i t h  a mbi e n t  
change , to zero. If the thermostal 

FIGURE 7 (a, b, c). Schematic representation of gradient conditions, with change of ambient 
temperature, for various relative positions of beater, H, controlled pace, B, and thermostat, T. 

H H 

b c 
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heater power is too small, conditions 
correspond to Figure 7a; if too large, to 
Figure 7b; and if correct, to Figure 7c. 
Measurement of the controlled-space 
temperature for two or more ambient 
temperatures and for different thermo
stat heater powers will disclose the 
power for which dT / dTa = 0. The small 
readjustment required to bring this 
about does not appreciably alter the per
formance shown in Figure 5. 

Tests on the unit described in connec
tion with Figure 5 ga e the foHowing 
results: 

AUGUST, 1944 

Thermos·tat Heater 
Power - Watts 

0.090 
0.064 
0.045 

dT/dTu 
+0.018 
+0.0022 
-0.016 

Elimination of '� ov rshooting" and 
proper adjustment o{ the thennostat 
heater power reduced the changes in 
controlled space temperature by nearly 
100 to 1. With the hermostat heater 
power at 0.064 watts, changes in ambi
ent are reduced by 0.0022 or to I/ 450th 
within the controlled space. 

-J. K. CLAPP 

STANDARD FREQUENCY BROADCASTS 

e A N E W S C H E D U L E for broad
casts of standard frequencies and stand
ard time intervals was announced by 
the ational Bureau of Standards on 
May 22, 1944. 

''This service comprises the broad
casting of standard frequen ies and 
standard time intervals from the Bu
reau's radio station WWV near Wash
ington, D. C. It is continuous at all 
times day and night, from IO-kilowatt 
radio transmitters except on 2500 kilo
cycles per second where 1 kilowatt is 
used. The services incJude: (1) standard 
radio frequencies, (2) standard time �n
tervaJs accurately synchronized with 
bas·c time signals, (3) standard audio 
frequencies, (4) tandard musical pitch, 
440 cycles per second, corresponding to 
A above middle C. 

HThe standard frequency broad ast 
ervice makes widely availab]e the na

tional standard of frequency, which is of 
value in scientific and other measure
men"ts requiring an accurate frequency. 
Any desired frequency may he measured 
in terms of any one of the standard fre-

' quencies, either audio or radio. This 
may he done by "the aid of harmonics 

and beats, with one or more auxiliar · 

oscillators. 
''At least three radio carrier frequen

cies are on the air at all times, to insure 
reliable coverage of the United States 
and other parts of the world. The radio 
frequencies are: 

2.5 megacycles ( = 2500 kilocycles 
- 2,500,000 cycles) per econd, 
broadcast from 7:00 P.M. to 9:00 
A.M., EWT (2300 to 1300 GMT). 

5 megacycles ( = 5000 kilocycles 
- 5,000,000 cycles) per second, 
broadcast continuously day and 
night. 

10 megacycles ( = 10,000 kilocycles 
= 10,000,000 ycles) per second, 
broad ast continuously day and 
night. 

15 megacycles ( = 15,000 kilocycles 
= 15,000,000 cycles) per second, 
broadcast from 7 :00 A.M. to 7 :00 
P.M., EWT (1100 to 2300 GMT). 

�'Two standard audio frequencies, 440 
cycles per second and 4000 cycles per 
second, are broadcast on the radio 
carrier frequ.en ies. Both are broadcast 
continuously on 10 and 15 megacycles. 
Both are on the 5 megacycles in the 
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daytim.e, but only the 440 is on the 
5 m gacy le from 7:00 P.M. to 7:00 

A.M., EWT. Only the 440 i on. the 2.5 
megacy les. 

••The 440 cycles per econd is the 
tandard musical pitch, A above middle 

C; the 4000 cycles per econ.d is a useful 
standard audio frequenc for laboratory 
mea urements. 

••rn addition ther is on all carrier fre
quencies a pulse of 0.005-second dura
tion which occuT at interval of pre
cisely one secon<l. The pulse consi ts of 
5 y les, each of 0.001- econd duration, 
and i heard a a faint tick when Ii ten
ing to ·the broadca t; it pro ides a useful 

tandard of time inter al, or purpo e 
of ph i al m a urements, and may b 
u ed a an a curate time ignal. On the 
59th second of every minute the pu e 
i omitted. 

••The audio frequencies are inter
rupt d pr ci ely on the hour and each 
five minutes thereafter; after an inter al 
of precisely one minute they are re
sumed. This one-minute interval is pro
vided in order to give ·the tation an
noun ement and to afford an interval 
for the checking of radio-frequency 
measurements free from the pre ence of 
the audio frequencie . The announce
m nt is the station all letter (WWV) 
in telegi·a hie code (dot and dashe ), 

except at the hour and half hour when 
a detail�d announcement is given by 
voice. 

••The accuracy of all the frequencies, 
radio and a dio, as transmitted, is bet
ter than a part in 10,000,000. Transmis
sion effects in the :medium (Doppler 
effect, etc.) may result at tim.es in slight 
fluctuations in the audio frequencies as 

. received; the average frequency re
ceived is, however, as accurate as that 
transmitted. The tim.e interval marked 
by the pul e every second is accurate to 
0.00001 e ond. The I-minute, 4-minute, 

and 5-minute interval , synchronized 
with the econds pul es and :marked by 
the beginning or ending of the period 
' h n the audio frequen ies are off, are 
a urat to a part in 10,000,000. 

••The beginning of the periods when 
the audi frequencie are off are o syn-

hronized with the basic time service of 
th U. S. Naval Observatory that they 
mark accurately the hour and the suc
cessive 5-:minute pe1·iods. 

••of ·the radio frequencies on the air 
at a given time, ·the lowe t provides 
servi e to hort distance , and the high
est ·to great distances. Reliable reception 
is in general possible at all ime 
throughout he United States and he 
North tlantic Ocean, and fair rec p
tion throughou the world.,, 

THE General Radio EXPERIMENTER is mailed without charge each month 
to engineers., scientists, technicians, and others interested in cornrnuni

cation-frequency measurement and control problems. When sending 
requests for subscriptions and address-change notices, please supply the 
following information: naine, coinpany name, cornpa'ly address, type of 
business company is engaged in, and title of position of individual. 

GENERAL RADIO COMPANY 
275 M ASS. A VE. CAMBRI D GE 39, MASSACH U SETTS 

\� 
BRANCH ENGINEERING OFFICES 

90 W EST STREET, NEW YORK CITY 6 
920 SOUTH MICHIG AN AVENUE, CHICAGO 5, ILLINOIS 

1000 NORTH SEW ARD STREET, LOS ANGELES 38, CALIFOR NIA 

www.americanradiohistory.com

www.americanradiohistory.com

