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Venierrfc, aw in proportional conkol, to connect the position of the 
controls with the extent oi the departure of the t e m p o ; . from 
the set value. This can be done fairly readily with air-operated com 
trotters {m le in fra) in which the air-how is" throttled by a vaiyiug 
amount, resulting in variation pf pressing in the head of a diaphragm 
valve regulating the flow of fuel gas, or other heating medium. The 
same principle of proportional control can, however, be used in 
medianio ally-operated controllers,; which move the valve by an ex­
panding solid or fluid medium, as well as in electric ally-operated 
controllers, so that the term proportional is more apt.

jn  the proportional typo of eon trot a given, temperature of the 
medium, sum minting the sensitive element causes the heating medium 
control-valve to assume: a  definite position correspptiding to that 
temperature. This is the main, disadvantage of this type, because 
if the mechanism is adjusted to maintain the correct temperature, 
for instance at the outlet of a heat-exchanger, any permanent varia 
tion in, say, the how of liquid being heated would demand a permanent 
alteration, in the position of the valve controlling, say, the steam for 
heating, in order to maintain ihe cori’oci:- value of temperature.

The position of the valve is tied to the temperature, and cannot 
assume a permanent new value unless the temperature itself assumes 
a new value. The extent of the departure of the temperature from 
the desired value depends, of course, oh the adjustment of the 
mechanism, in other words on the sensitivity of the controller, but 
this cannot be increased indefinitely because aL a, limiting value a 
ho if-sustained oscillation occurs, lab ility  can be secured to some 
extent by Suitable compensation, and by means of double compensa­
tion the temperature can he automatically brought back to normal. 
When the magnitude of the disturbances is small and little variations 
in working conditions occur, the jjroportional-control method works 
very well ; but where great disturbances occur frequently, or whore 
exact control is desired, satisfactory results are riot always obtained, 
even when .sensitivity is increased almost to the limiting value of 
sc J i F-wu s ta i n ec I ose i i I ation,

Proportional Reset Control.- -This farm of control is usually ot' 
the wide band type, in which the valve position is reset automatically 
to compensate for the deviation of tho eont-rol-point with the 
change of load characteristic of simple proportional control. The 
re&ct rate is usually slow. This form of control is relatively expensive 
and complicated, ft avoids tho continuous and violent hunting of 
On-and-off control tn a process slow in response to control, and the 
Wandering characteristic of wide-baml instruments without reset. 
It is a proportional control capable of high accuracy under varying 
loads,

(3) The "  Floating "-Control Method.—The name “ integrating ‘ 
control is sometimes given to this classification. In this system the
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controls arc not placed in a position directly related to the tempera­
ture, but are slowly moved, sometimes continuously, in one direction 
or the other, the rate of m o t i o n  and its direction depending oil the 
direction and extent of the deviation of the temperature from the 
desired value. The valve is thus kept slowly oscillating* If hunting 
is to toe avoided, the rate oi motion of the control valve must he 
very slow, which is the main disadvantage of the " floating '' m e t h o d .  

In another type with i; high Miff-low ’’ contacts there is a definite 
inert space, or dead zone, between the two contacts, which further 
limits valve motion.

The benefits of both the 'T proportional ” and ” floating 5 methods 
oJ control cun he secured by using the proportional method as the 
basis oi control, with the floating method to give a slow motion of 
the controls- The mechanism imposing the floating action on the 
proportional controllers is known, aw a fe stabilizer/*

The floating control in i Luc If is not in common use, but as a com­
ponent of more complex types, as that just indicated, it is quite 
important.

Other names fur this duplex typo are :— “ throttling-pliLs-floating/* 
throttling-plus-reset,” "proportional resold' etc.

A form of control closely allied to the simple two-position class 
is what has once been termed the -i two-position with rate " cont rol, 
or what is more commonly called the constant speed floating "  
control. As the term implies, it differs from 1 he two-position type 
in that it. gives to the action of the controlling mechanism a definite 
rate when the temperature is on one side or the other of the control 
setting.
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INDUSTRIAL TYPES OF REGULATORS BASED ON THE 
EXPANSION OF A LIQUID*

R uoulators Of the liquid -expans ion class have found extensive 
appUe&t-jGn for the heal control of industrial furnaces and boilers 
and lor domestic purposes. Instruments of this group can be divided 
into two types ;

(1) iSoIf-opmaleth
(-) Air-, steam- or water operated.

Mk' latter am by tar the most coin in only used industrially-,
Principle pf Operation of Sell-operated Controllers.--The'"sensitive 

bulb ill the instruments of th is find) chtss is connected directly or 
by capillary tubing to a pressure-I'capdnsive element adapted to 
Opeiatp a valve ov electrical contacts. Adjustment of the control 
temperature is usually made by regulating the pressure of a spring 
or arrangement- of lever and weight which opposes the actuating 
pressure. T h e  force available to dose a valve is small, so th at them 
is a risk of incomplete ,f ahutHoff/' which may result in a slow m e  of 
temperature, w ith consequent damage to the instrument itself.

Jt  is almost invariably necessary to have a large sensitive bulb 
wlien flic pressn re - re-spopsi v£ clement is a bellows operating a valve, 
and this give* rise- to dilUeulty in installation, apart from a diwarl- 
vanfageous time-lag in heat transfer to the sensitive bulb and contents.

The sensitive element may contain liquid of the volatile type, 
mj o f a non volatile type like mercury, or even a gas-filled element 
may be used. Whan the volatile-liquid type is used, the flexible lube 
connecting the bulb to the valve-actuating bellows should extend 
down on the inside of the regulator l.mlb so that its end shall always 
be immersed below the surface Of the thermo-sensitive liquid, thereby 
constituting a "  trapped-vapour !! construction preventing any of 
the vapour f o r m e d  in the bulb from passing over to the bellows, arid 
ensuring th a t the power shall be transmitted entirely by liquid 
pressure. if I his were not so, and any vapour were allowed to pass 
over into the bellows, this vapour would condense in. the cooled 
bellows and mo pressure could be built up until snflldfent liquid had 
distilled over into the bellows to lili them. Oil the reverse operation, 
it would be necessary for all the liquid in the bellows to be redistilled 
hack into the bulb.
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111 cases whero it jirieosnyGnient to place a sensitive bulb in the 
tank of a machine, it may be possible to incorporate tlie sensitive 
element in the pipe-lines. A suitable pipe, through which the liquid 
to be Controlled circulates, is made double-walled for a certain length. 
The inner tube may he plain or corrugated. The space hot ween 
the two walls is filled with a volatile liquid and hermetically sealed, 
except for a connection by means of a dapillary tube to the control 
valve. With this form pf instrument the ratio of exposed surface 
to volume of die sensitive medium can be made very great. For 
pasteurizers for milk, eider and fruit-juices, which arc heated whilst 
in circulation, this form is partioTilafly convenient.

The danger of breakage and the mixing of the volatile liquid 
with the contents of the pipe is present, but with careful construction

T S  M M O  S T A T S

V

J?tO. £7,— PJlul valves for eur-oprriUorl twiti'alkr : [A) Ho?fclVC■ ivAmg. (ii) DiivcL-actiiig.

this danger should not be greater than with the use oi a bulb in the 
usual way.

Principle of Operation of Air-, Steam- or Water-operated Con­
trollers.— ' 'heso make use of a pilot valve, controlled by the expansion 
of a volatile or non-volatile liquid contained in a hulb inserted in 
the healed spaefc, The pilot valve Mien regulates flic pressure of air 
upon the diaphragm or bellows of the main control valve. Where 
large valves or slides have to he operated, the pilot valve controls 
t lie direction of air, water or oil flow to a power cylinder capable 
of developing up to about 5,000 ft,-lb. per stroke.

The pilot valve takes one of the two forms shown in Fig. 27, 
Tn the form (A), expansion of the sensitive element, on rise of tem ­
perature. causes a flapper to close nr partially (du.se a nozzle from 
which air is issuing. This raises the pressure in the pressure element, 
causing if to expand and close the pilot valve, whereby the air-leak



61

L J Q tr r iJ -E X l'A N S T O iS l E E Q U L A T O M S  : H f D U S T K T A t  T V ri'E iS DO

i*4 opened and the air cul; off from the diaphragm valve. This latter 
''ralve is so arranged tJiat reduction of pressure causes it to  close 
and cut off the heating medium. When the dapper uncovers the no^le, 
with fall in the controlled temperature, the air-leak is closed and air 
pressure applied to the valve. In the form (B)+ movement of the 
expansion (dement controls the pilot valve directly, Rise in tem­
perature causes air pressure to he applied to the main valve to 
close it.

There are a number of variations of the foregoing principle. The 
opposite cileet in either (A) or (B) is obtained by changing the position 
°1 the pilot valve mo that rising temperature affects the main valve 
in the reverse manner. The main valve# used in conjunction with 
these regulators may either be direct- or reverse-acting, and are 
referred to  in the Appendix,

JfiftW

SENS JlrVE 
ELEMENT9WRLK TH3CATtr Ilfl»v 3V*f!r

3 1 _A/\0 J!-/Jl£LfJf .

*10. 2̂ ,’—Tlii; I’rnwi? mjfijhiiip-,

Self-operaied Types.

Otio of ibis type of regulator manufactured by* the Powers 
Regulator ( ’c m ip a n y  c o n s is ts  (li’ig. 28 ) of two compartment*, .4 and 
fl, divided b y  a flexible e o rmgatod-b ronze  diaphragm B. One 
compartment contains the volatile iirpiid, the expansion of which 
fo rce s  th e  tn e l i i l  d k ip h ra g m  b a ck  and expels air out o f  the re a r 
compartment through a flexible connecting tube and in to  a bellows 
.h operating the eon h oi v a lv e  of the heating medium. W h e n  
ihe temperature falls, and rhi> pressure  decreases, the gas valve 
is opened again by means o f a lever and weight. The p ressu re  in 
i he b e llo w s  is directly proportional to the temperature of the com­
partm ents; consequently the position of the adjusting weight on 
the lever will determine the temperature at which (he valv< 
elf^e, Hi Hi rhe o] >erat-tun being gradual rhe passage afforded b
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vivlve opening is proportional to the temperature. Jiy flinging 
iJ h' positions of the adjusting weight, different temperatures over 
a 20' F. or 10° C. range are secured. Such a thermostat for house - 
heating purpose^ has a sensitive element in the form of a capsule 
about 1 > inches in diameter and 1,' inches in depth, enclosed in an 
open-pattern cover fixed on the wall of the rooia where atmosjjherit 
temperature control in required. The flexible connecting tube may 
be of any length up to 7.1 feet, or with smaller valves 100 feel, and is 
usually of load armoured with galvanized steel wire. Armoured 
copper tube is employed where conditions such ;is excessive vibration 
require its use. For the control of draught dampers mi a heater, 
t-ho valve is omitted and the hollows are enclosed in a housing with 
u suitable supporting flange, connection being made by means of 
chains between the end of the fever and the h e a te r  dampers.

The, Morgan Cmeible Cdmpmyy manufacture a thermostat which 
wlnlrit. strictly not being a self ope rated type, does open and close 
contact*! directly, to operate relays. This instrument, is based on 
t-he principle that, for comfortable conditions in a room, the host 
loss from an object at a temperature corresponding somewhat arbi­
tral ily to that of a human being should lx1! a constant quantity. 
Tin: instrument consists essentially of a hollow blackened copper 
sphere about 5 inches in diameter; thi* sphere* an illustration of 
which is given (Fig. 29), is mounted on a cylindrical sump, which is 
housed inside the base. 'The sump is filled with a volatile liquid 
mul contains a small heating coil as well as a bellows diaphragm, 
the movement of which causes contacts in the circuit of t he master 
relay controlling the heating apparatus to bo opened or closed. 
The heating coil is loaded continuously at from -1 to S watts, so that 
!hr liquid is evaporated at a eonstaiit rate and rises into the sphere, 
where It condense* on the inner surface of the copper and drains 
back into the sump. The rate at which this condensation takes 
place, and therefore the vapour tension inside the sphere, obviously 
dojH&id on the rate of heat flow through the cupper walls. ]f this 
late of flow iff, sav. increased, owing to a change in the conditions 
jji the room, Urn temperature of the sphere will drop, the rate of 
condensation will increase, and the vapour tension will fall. The 
bellows diaphragm, one side of which is exposed to the atmosphere, 
will therefore expand and close the relay contacts, so that the relay 
will operate and the heating apparatus be switched on.

The relay (Idg. 30) consists of a vortical glows tube, from which 
a horizontal ar m projects, carrying two contacts. A quantity of 
mercury, on which an iron rod floats, is sealed into the tube. The 
lower part of the latter is surrounded by a solenoid, one end of which 
is connected to the mains and the other to one of the contacts in 
the sump. I he other contact in the sump is also connected to the 
mains. M hen these contacts are closed, tlie solenoid is energized
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(■■he iron rwl is drawn downwards, and tin: level of the mercury is 
raised. so that sonne of it flown into the horizontal firm, completing

k'mp?fAinrs control, i.hoimuslut*

the circuit between the W o contacts (herein. Aa n ill be won (Kig, HI j, 
ihcnr contacts arc in the radiator circuit, so that the lien ling apparatus 
is switched on. '

Bearing Thermostat. -It is desirable to have a il  automatic means 
of stopping an unattended machine before damage is done, in tie
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€ vcsut of ita bearing becoming overheated, Tine sensitive element, 
usually a bulb containing a volatile liquid, is embedded in the bearing 
itself or placed in the circulating oil it this is possible- Attainment 
of a dangerous temperature causes a switch to be tripped. The liquid 
is generally contain eel in a brass tube and moves a piston which 
throws off a quick make-and-break switch. The switch is held in 
the off position until re set by hand, and is normally capable of

l'1 cf.;. :i2,—(!u,t Uu'rmojtftt : lieUpVfc Iy|n_.

carrying power from. the undos. Adjustment is usually provided for 
t lie switch to open at from GO' C, to 00° C.

Li quid-ex part si on Thermostat for Motor-car Engines. -Motor-car 
engines usually have their carburettors set so as to give their madmiun 
power with tlie highest eemiorny when, the water-jacket temperature 
is about 180° F t, and there Is a lack ef efficiency until this temperature 
is attained. J.L is desirable, therefore, to prevent the cooling 
circulating water by passage through the Radiator, until this 
peratuvo has been readied. Alternatively, the thermostat
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operate radiator shutters. The temperature should be maintained 
regardless of 'weather, I or road conditions,

A common form of thermostat for this purpose consists of metal 
bellows containing a volatile liquid. The be! Iowa are made so as 
to bo fully extended before the liquid is put in. but when filled and 
sealed up are in. a state of compression.;, due to the internal pressme 
being below that of the atmosphere. The bepaws are iriserted in 
the cooling water a t a point between the tap of the cylinders and the 
radiator> and when the predetermined tem.j»erafcu.re is reached, the 
liquid vaporiy.es: and expands the bellows. To the Sllow s is connected 
a  valyv controlling the rate of flow of the water into the radiator. 
The flow of water from the cylinders to the radiator cannot commence 
no hi the water around the cylinders has attained a temperature of 
a t least 140° ]j\, when the expansion of the bellows opens the valve 
slightly. As the expansion increases with the rise in temperature, 
the valve continues to open proportionately until a temperature of 
about I TO'’ If. hi reached, when all the ©doling water Is in full Circula­
tion, Should the bellows be punctured accidentally they would 
fully expand, giving an unrestricted water flow.

This thermostat may be used in one of two ways : either to obstruct 
the flow of hot water from the cylinders to the radiator, or to by-pass 
ihe water ........  the c vfindcr-bfoek hack to t he bottom of the radiatorLr
oi‘ pumpj The first alternative is shown m Fig, 32. Guiding vanes 
for the valves are generally used to prevent them sticking, and a 
small hole of about J-m ch diameter is drilled in each valv^ to prevent 
the formation of air-lock*;. The valve diameter is so chosen that, 
when the valve is fully open, the flow area uncovered is equal to th at 
of the main water-pipe, In cases where this diameter cannot con­
veniently be made large enough, two valves in parallel are used, 
a? illustrated in Tig. $2.

Other types of control, such as those- embodying a bimetallic 
strip, arc employed fur the same purpose, and I hose are desert bed. Ill 
■inother chapter.

Aii-operated Types,

1UQUT IJ-ttXVAMSlOM rLTiCftrLATOna \ r y D U S T S l A l ,  t y p e s  -r̂

The Ti/Gos temperature regulator, which is of the air-operated 
type, is illustrated in Tig, 3$ and details of the air valve are s h o w n  

in .Pig. 34, The sensitive bulb is connected by means of flexible 
capillary tubing with a small metal capsular chamber (S) (Pig- 33) 
within the case of the instrument. When the capsule expands fjiiih 
ciently, the valve stem is raised so as to allow a free passage to the 
compassed air through the regulator to a diaphragm valve. This air 
inflates the diaphragm of the valve, causing the valve to shut oil 
just enough heating medium to maintain the temperature at the 
desired point. An air-leak (5) allows the air to be exhausted from the
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diaphragm when the tem iwfiture falls, Adjustment for temperature 
is made by the rotation of an eccentric cam (7) in the form of a disc 
which is interposed between the oapsuB and the valve stem.

Keversemcting regulators are of a similar design to the foregoing, 
except that the air valve closes when the temperature rises above, 
and opens when it falls below, the delfred value.

Fn'i. J ‘0- -TyCOfl "  KLi| l̂4>utv
(1 ) JSi n:ln i-imib aiuS iiLMi k i l j i j [ oa-111 
(E> <_0lil±-k iLj iih ii ujj key-p o st.
<:}) Alr-valvt biticlr.
O J A li'-v jiJvc  c&|i'.
; i>  A d ja itn $ ift  nii'-Li-j.irr.

itoi.'J;i:r-:tTi)i srad  ivJij.-.|i ?ii i . ' . 'n k ■■
plunger,

O )  T f lr t^ r a tu rn - a i lJ iB l i i i f '  ci:uii.
(8) (J f iu s ilf lr  d ja ji i lH 'r . 
i t>> I ' t o n l  CLLfi-ii e la iu j) ; i 3 .sf,i:.

!!'!>  J'Vcmt tnnc locJl-DLLt,

otr operated r i-£̂n t-T-tur.
{ I I '  Air )h1e1 (imiim liuf.ii.
■< i - J jClapaapf Lock-uiit.
l'l:0  limiikO-fiiiijourcd ■mil™ cNijl: [11l>in * 
(i-O TfllWUle. 
i.m* 6Mvi-[ jin!,
I Id) 1! ilI]i.
(IT) itlliflil (■isnuii-Sisii hull.

(113) I 'njTih u lA tty  phitn ,
(£[J} A jj1 L'lntuft.i Ion i.lj (LJmihiij'iv;:]! v iiln '.
(~ l.1) [frant c;i ?:î  | oc]t> (m f ,

Por the control of two heating media.— or one heating and one 
cooling medium' to maintain a constant temperature, one bulb is
used which is divided into two compartments, each compart:---- "
being connected to its individual bapsulair chamber in the iiistrm 
case. Each capsule emit mbs two separate valves. One cap;
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chamber i& direct-acting, atid regulates the valve in the steam line, 
while the other is reverse actin g  to regulate the water-line valve.

single adjustment device controls both sides, after each side has 
been sot separately;

The primary reason for manufacturing a control f<ji- use with 
nvo beating media -exhaust site#^ and live steam—is because the 
SLLpp]y of exhaust steam is liable to fail. Wild Lids device, us soon 
/is the temperature- falls below n C&rtain limit, due to failure of the 
exhaust steam supply, ami it becomes necessary to resort to live 
steam, the regulator closes the diaphragm valve in the exhaust steam 
discharge line, and o|>ons the diaphragm valve in the live steam line.

Tm. 3-1.- J%£atTn showing t'lierUk* oS ” JSingbBftiy ” (lirrart-nctitjai afe-valvc Erl.ĵ k-
CI'? CfL|)ill]Fur l:1i:»[tiI-ct In tiorinil p-c^llinil jmd jiir- 

valve closed.
|23( C.ipflitUr nlLJiubcr in infljitrci position nml ,iir- 

VflLVC ftpKU.
(A) liOVrcr vulvti nTtmuer, 
fU) Air-valve block,
{V) Valve AprlB",
(C] Air-v«ive tap.
*TT) Upper vjiIvw stettt,

(N )  CatH^li.Nr 1 :E 1:1 tii I 'iv .
«>} Adjusting eait:. 
tel Adjpsftiiig key-pgal,
(O) linker .1J111 rtiul ln-.H'knt, 
( X )  A1r (t« ]( aerew ,
(Y j  fj ,, kick-pub. 
V / .)  C!:ipsiil:ir ''ijiiijiiiei' ntMnfi. 

(S5AJ A Lr-lmk,

Air pressure of 2 5  ll>s, per square* inch, is employed with the 
foregoing types of tesirum oils, but p i e t i e s  as high as 40 lbs, can 
he used.

Variable Vane Type.— The principle of the Bristol F rw v a n e , A ir ­
operated Controller is illustrated in Fig, 35. The actuating element
(l) through connection (2 ) rotates the shaft (3 ) to which the recording 
pen arm (not shown) is attached. A thin vane (4 ) is also attached 
to (Ids shaft, and as lho shaft rotates in response to changes in tem­
perature. this vane passes between two nozzles (5 ) and (li) which 
are discharging opposing jets of air, and id so doing throttles the 
discharge of air. I t  is by means of this throttling that control is 
effected. ysscX
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AtT' fir 15-lbs. pressure is admitted at (7) and passes upward through 
the filter (S). I ts  pressure is shown on the gauge (9), and a branch 
loading off Lo the left supplies air to the orifice (10) and pilot valve 
(12). The object nf the orifice is to restrict the flow so that only a

EltJ. 36. --J.triiito! frttt-vajio ail operated emit roller.

limited amount of air can pass through to the diaphragm (11) and 
the nozzles (5) and (6). These nozzles are so proportioned in relation 
to the orifice (10) that when their discharge is nob throttled they 
permit enough air to escape so that only a alight pressure is prod need 
ill the diaphragm (11). .As the edge of the vane cuts into th 
charging jets of air, as already stated, the discharge from the n
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is throttled, the amount of throttling depending upon the position 
of the van©, When the vane cuts entirely through the jels of air 
the throttling its at a maximum, and a much higher pressure is built 
np in the diapliragm (11). The function of the diaphragm is to operate 
the pilot, valve (12). Pull air-supply pressure is always maintained 
over the top of the pilot valve, and when the diaphragm opens this 
valve, air is allowed to flow to the diaphragm motor valve (13), the 
gauge (14) showing the amount of this pressure. A small amount 
of air is permitted to leak out through the adjustable bleeder (15), 
When the pilot valve passes mom air than the bleeder can discharge, 
the pressure increases a t the diaphragm motor valve. When the 
pilot valve passes the same amount of air as the bleeder discharges, 
the air pressure remains constant on the main diaphragm valve. 
Since the opening of the diapliragm valve depends upon the air 
pressure to which this valve is subjected, it follows th at this opening 
is determined by the movement of the vane (4). The adjustable 
bleeder {15} enables the controller to bo adjusted to the sensitivity 
of the process.

The two opposing nozzles (5) and. (0} are separated by a distance 
which is approximately one-fourth the diameter of the jets. .This 
arrangement conserves air, as the two jets discharge no more air 
than docs a single je t, lb also serves to balance the vane. The vane, 
being thin and flexible* assumes a position midway between the two 
nozzles and substantially reduces the discharge of ait' without coming 
in actual contact with either nozzle, literally being “ floated ” by the 
two jets of air. In  this way friction oil tho va.no is minimized.

The vane can readily be rotated about tho shaft, and locked in 
any position desired. This adjustment is utilized to convert a direct- 
acting valve into a reverse-acting valve, or vice-versa.

The throttling rang© of the controller can be changed in the 
iL Ampliact "  type by varying the linear motion of entry of til© vane 
between the je ts  per unit of deflection of the measuring system. 
With maximum sensitivity, a relatively small deflection of tit© meas­
uring system causes the vane to move a considerable distance across 
the face of the jet openings. Thus a small variation of the temperature 
will cause a large change in the setting of the control valve.

The K m t Proportional CoitfroU&r hast some interesting features. 
Fig. ill> illustrates diagrammatical]y the action of this controller. 
As pressure, flow and liquid control lore have a similar mechanism to 
the tem pern tore-control I or, the mercury-ehamber float represents 
diagrammatical ly the sensitive element of the temperature-control,

Air pressure is supplied to the delivery jot B  and is controlled 
by the pi lot-valve vane A whose movement© vary the pressure re­
ceived by the je t  B  in the line P.  This pressure is then transmitted 
to the diaphragm chamber, thus compressing the springs <>i the 
valve, which alters the flow of heating medium.
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TJie v; i.l no tL.1- which the controller is to maintain the controlled 
quantity is indicated by the pointer C, which moves over the diagram 
or chart concentrically with the pen D, A manual setting dial E  
is provided fdr setting the point or.

Pivoted to the combined pointer and crank C—G is th e  differential 
link T I . 'H iis link is slotted a t  the lower end so  a s  to ride on th e

Lfx’ trf. Kent, ,£■ Lhf-
I'TGL !Jl>. Layout-cf Keitt kitfiiortkiilAl ContftiUpf.

pin J  which is fixed in F. Time the centre-line lies across the pivoting 
centre of F  and 0. when the set value and the actual controlled value 
coincide. The connecting link K  is attached to the differential link 
// by a shouldered pivot screw, so that for any deviation of C or /) 
a movement is transmitted to  the driving pin Z, which in turn moves, 
the ratio arm Q, and the vane A.
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The amount of movement transmitted, to the vane A is proportional 
to the deviation nt 0  and D  from one ariother, and the sotting of ratio 
arm Q. The latter is c&Ued tho £* sensitivity ad jiiitm en t!! ami is 
acco m p lish ed  by the setting dial 8\ which alters the position of the 
fulcrum and ratio arm Q  relative to the position of tlief pins Yj  and Y .

A viiiie com cadence ammgem.cnfc with setting dial L  is also shown, 
and this, through an eccentric bnslp alters the position of the vane 
relative to the nozzles in a horizontal direction, thus: effecting a simple 
adjustment to bring the pen coincident with the sotting pointer.

Stabilization of Air-operated Controllers. - In  Order to eliminate 
"■ hunting TJ or iC cycling,” it is necessary to adjust the throttling 
range of the emit rolling instrument, or in other words its sensitivity, by 
way of compensation. Stabilization by varying the throttling range is 
insufficient in seme cages, and an additional system of stabilisation is 
needed. This usually takes the form of damping the initial movement,

A. com mmi method is to employ two air capsules in opposition, 
interposed between the pilot valve and the diaphragm of the control 
valve. These capsules are connected by a liEik to  thfe orifice of the 
Control led air-leak, so that the orifice is moved in the required direction 
to counteract the firs! movement set, up by the Change in 1 icat demand.
Tho control is therefore stabilized by causing it to strike a balance 
between the two opposing Tendencies and to determine a control- 
valve position which will supply the amount of porreetioii required 
to maintain the temperature constant. As the action of this stabil­
izing element is always in proportion to the speed and magnitude 
of the change in heat demand, because It is governed by the initial 
velocity of the air flow through the relay system via the air-leak, 
good control is seemed. There is little swing from the control point.

W ith one type of instrument, the air flow to one capsule is free 
mid bo tho other restricted by the inclusion of a long length of iiuc- 
bore resistance tubing. In another, the air flow to tho second capsule 
h controlled by an adjustable needle-valve. Ol her constructions aro 
used, but tho under lying principle is the same, and is that of controlling 
the I jack press i in* on the pTlof valve so that any new pressure applied 
to the fuel control-valve is graduallv changed at a rate which is a 
direct function of the rate of change of the process temperature, 
bringing the temperature hack on a curve which is tangential to tho 
Control-point, instead of cutting across it.

The system of stabilization described is illustrated by the dfogra.m 
{Fig. ;i7). As the control-point is reached, the valve A  commences 
to restrict tiro flow of air from th.ti orifice B. Pressure is built up 
behind the orilleo, causing inflation of the capsules (J and J } . C tends 
to open the pilot valve G, but D  causes the or dice to move away 
from the valve A. thus permitting ah: to escape and reieojae the 
pressure behind the orifice B. Meanwhile the trend of conditions 
needs correction, and l lie valve A continues to move towards tl\f(
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ofiBce B  and repeats the above, Al the same time, air is passing 
through the restriction E  and inflating the capsula F  at a slower 
rate than capsule D. Eventually F  and F) balance each other and the 
orifice is brought to its original position, the pilot valve Q is opened, 
and the control valve adjusted. The action of the Capsule F  is to 
stabilize or damp the operation of the Controller.

Ii4-$0in{f controls are available which are modified forms of 
proportional controllers. The object is to enable the throttling 
zone to be reduced to a small percentage of that which is optimum 
fo r proportional control. I t  Is accomplished by the addition of another 
vane linked to the principal vane, but the action of the former is 
delayed considerably by a nee die-valve fitted in its pressure pipe. 
The delay can be varied to suit the amount of lag.

J E lectro M ebm s, Jihf
I' Ttu 3j&-^Diugrtim silencing otic typo of eUibilisfog evslvm employed in ajr-oiiurated

tfem pevjitn i<j-cir tn tnoHe ns.

Fig, 38 shows the controls of the Kent re-yet controller. The 
connecting link moves both ratio arms Qi and Q> which are intefc- 
connected by an ad just-abb l in k . Each vane lows a sensitivity adjust­
ment.

The diaphragm valve Is equipped with two diaphragms, mid 
operating mushrooms which are mechanically tied together, but the 
prbssure chamber of each is quite separate, one being filled and 
exhausted by pilot valve A L through the needle-valve F  V and known 
as the re-setting control, and thn other by the pilot valve A, the 
proportional control. The mushroom IK, depressed by the pressure 
from the resettin g  pilot valve (into Eho chamber T), pushes flown 
its spindle through the gland U and thus the mushroom Ji" and spindle 
Ar which are directly eon nee tod to the valve, (The gland U prevents 
the pressure leaking upwards into chamber X , as the h 
connection with the atmosphere0
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UNIVERSITY MUSEUM



L T Q lT lD -K X P A liS lO X  HffiGTTLATORS I LN" LMJSTBJ a L T Y P E S  6 7

it will he appreciated that either of the mushrooms M or W can 
muvt? the valve over tfcs entire range. Normally, if proportional 
control only were used, pilot valve ,4 would send its procure variations

73

via pipe P,A to the space It above mushroom M } thus exerting an effort 
on this mushroom alone,

When re-setting control is used, the needle-valve IP V is opened 
slightly, which allows pressure-vacations from the Irigh-sonsiUvdy 
pilot valve A v to be communicated to the mushroom W via thdf 
space 2'.
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Ah the two pilot waives A  and A , are tied together itmehiiTdffcdbr

Time-Temperature Control w ith, Air-operated Controllers. - I t  is
sometimes desirable to have automatic means of heating or cooling 
according to. a specified ti moschodale. This can be readily done 
with air-operated controllers by suitable continuous adjustment of 
the pilot waive.

The tiine~tempci"iturc operating device fitted on the Tycos instru­
ments consists of a Large cam , A (Fig, Si)}, driven by clockwork at 
a definite speed* A definite contour which has been cut on this 
cani to suit the requirements of the operation is followed by an arm 
E , which in turn raises or lowers the whole of the valve seating. 
The valve itself is kept in  contact, with flic capsule by means of a 
spring. Movement of the seating away from the valve consequent fy 
allows more air to pass to the diaphragm valve to open it, and thus n  
allow more heating medium to pass.

be appreciated th at this would mean an tindesirably largomean an undesirably largo
I hrottling xnno.

-A k r t  ■£

iluLd fI flAin,
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A “ blow-off 33 device is incorporated, which con-siats of an auxiliary 
air-valve mounted on Mu: instrument directly below the operating 
Cams, At the expiration of the pi edetor rained period, this valve 
functions, terminating the process A atop connected to the blow- 
oft line automatically stop* the clonk and enables the operator to 
know bho exact time at which the operation, terminated, (f connected 
to the main air supply, the clock will stop should the air supply fail, 
and the time can be noted by the operator. The clock can be started 
or Stopped by hand.

A cf split cam " can be furnished, which can be used in a process 
requiring the admission of wafer for cooling at the end of Lite heating 
period  ̂ the can] allows the water Valve to remain open until the 
end of the time period, when this valve will shut off automatically.

M Q  Li I p - E X P  A L S T O N  K E G  U L .V l'O K S  : I N ©  L T S T ftT A I, T V P E S  6 9

Piy, 40. Tyt:os fldju^U&le “ lift-cams.?

(A )  Hcul-ioll nl (HUH M V H to j in it in l
jifll'idil (tet: ipcfiit.iLn? i.H L 0i J'1 F< In tAls EDSu}- 

i l l )  11 u [ i ■ i; 11 i~h flt.'tl Lijfi-piiijr. dt' ptiiaf ilo m lnul lS ln  Llila
cuanT Temperature lupins td rl*** nt this 
poiut.

(C| A iljuf-InltlL'-c(rti-i rt^ lbliiqg tliPD o f  V:lll-
jiprjihirc-rJfiL (ITW l>'. in LJiIb case, i)i((irBnco 
Vi-hvc&ji m ir  F , asd £1SI° V.).

(I>j Etat'-uff CHIU, or WiF-Jnp iSrvirc, rEgtCatinf limn 
of halilitti fiiirirnl (&(■:< for I lumi In tldjs cfi0t$. 

(E ) rt(w1ii»l of i-ii hi ovcriiiK  ln>Hifl4l linrioJ (2T.20 F, 
in tills tg itK

Adjustable “ lift-cams ” (Tig. 40 J are used for controlling the 
temperature and time of any operation requiring a variable rate of 
rise or fall, between two temperatures. A superimposed cam on. the 
main cam can be swung in and out so as to overlap the main cam 
if necessary, and deflect the tracing lever as required.
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.hi the Jfrayfon  regulator of the air-operated type, the volatile 
liquid operates a Jknirdon spiral tube. The pilot valve is operated 
by a system of links from t]us tube, Continuous temperature records 
ar® made on a flat paper-covered disc. The time-ternperature device 
in this regulator takes the form of a celluloid dksc of the required 
contour, superimposed on the temjprature-record disc, The contour 
is followed by a pointer connected to the pilot valve by links. Since 
the tempera lured indicating pointer and the cont ml pointer have 
parallel motions, it is a fairly simple matter to cut out a celluloid 
disc of the required contour.

Unsystematic Response in Air-operated Controllers*—Systematic 
behaviour of the control system in a pneumatic controller requires 
a constant- supply of clean air. Oil or water in the supply air mav 
cause sluggish response of an open-and-shut instrument, oi erratic 
or changed response of a throttling instrument* even if operation 
does not cease entirely. Each instrument should he provided with 
its own individual air-filter unit. In addition, however, it will often 
be necessary to provide large separator tanks on the air-supply 
headers. In extreme cases, float-actuated drain-valves mav he needed 
lo avoid flooding of the system. Compressor after-eoolcis are always 
a help. A proportional instrument usually requires not only clean 
air but air at constant pressure, so that the instrument need not 
eontimidlly correct for urn menus valve-motions resulting from 
fluctuations of the air supply. However, this requirement is easily 
met by providing each controller with its own individual air-pressure 
reducing valve, i’his is a desirable feature, both to. promote reliability 
throng]} freedom from group failure of several instruments on ;l 
common valve, and to reduce installation costs l>y bringing high- 
pressure supply air in small-bore copper lubing instead of low-proisuro 
air in large-bn re pipe.

ULTIMHEAT®
UNIVERSITY MUSEUM



77

CHAPTER VI (I

THERMOSTATS USING BOILING LIQUIDS.

A oo'NViiNTK̂ '.r' laboratory m el-hod of maintaining the temperature 
of an object constant at temperatures in the range from 0° C. to 
about 400‘ ( ■. k  fo immerse it. iti the vapour of a boiling liquid, or 
to suspend it in a double-walled vessel, between Hie w alk of which 
She vapour circulates. Y e t another method is to suspend a lube, 
or number id tubes, from the cover of the vessel containing the boiling 
liquid, and place the objects to lie maintained at a constant tem ­
perature, in these tubes, Steam  nr sulphur’ vapour li 2 are often 
employed for this purpose, giving temperatures of I0£T and 444*8° C. 
respectively under normal barometric pressure. Other liquids and 
materials which are solid a t room temperature but melt at convenient 
temperatures for the particular purpose may, of course, be used. 
Host of the bath liquids mentioned in Chapter IL may be used In 
this connection, and flic restrictions mentioned there will apply 
here also.

The method provides a simple means of mainto$hiug a constant 
uniform temperature in a comparatively large volume,

Care must be taken, if closed-ended tubes arc suspended in the 
vapour to provide the uniform to mpenttm-e-space, that the distance 
between the lower ends of these tubes and the surface of the boiling 
liquid is sufficiently great to prevent splashing of the liquid on them ; 
otherwise then* temperature will be affected, ft is also beneficial to 
provide the tubes with radiation shields in order to prevent loss of 
beat by radiation from them to the cooler walls of the container. 
These shields may take (he form of metallic tubes concentric with, 
and larger than, the main tubes, and drawn hi a t the top end to lit 
the main tubes.

To avoid superheating the vapour when external heating is 
applied, the heal should not be applied too close to the .surface of 
the liquid ; and also, for a similar reason, ft poor conductor should 
be used for the material of the container. Snell male rials as silica, 
pvreX; or other h$rd glass arc suitable. Great care has tn be taken 
To avoid fMcture on reheating the solidified contents of such con­
tainers. By the use of an electric Inviting coil completely immersed 
in the solid, Hi is trouble can be avoided. The leads can be scaled 
in the walls of the container, preferably below the level of the solid, 
to obviate the possibility of superheating the vapour. The container

71
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can, with this method of heating, bn adequately lagged, l/x^ of 
vapour is miniimaed by using a condenser, which, for most 
need only consist of a long open-ended tube in the lop of the vessel.

On the other hand. constancy of leiiifieratuie for lung periods 
of tim e cannot be maintained satisfactorily unless precautions are 
take to obviate the elleel of v arial ions of atmospheric press ole, for 
the boiling point of a liquid may change by several degrees duo to 
this cause. For accurate work, such variations ban bn olmimatod 
by sealing the bath in an air-tight manner, and compensating for 
changes from atmospheric pressure by the addition or removal of 
small quantities of air as required. This arrangement gives a high

$  J  B Ji ft
m E AT rn J

Km;. 41. Ai'niiiî jjiiuit fur liuilinjyr.iiquid thurmuHtut*

degree of constancy, and no appreciable deviations can be detected 
with l\ sensitive thermometer.

Using commercial petroleum, or a si mi tar liquid containing a 
number of constituents of different boiling-point^ it. is possible tn 
arrange that any temperature within a limited range can ho main­
tained. With petroleum the range is about 40° f t  to 75° C«

I n boiling a mixture of liquids, I he ibemcentration of the vapour 
is different from that of the liquid, and if the vapour h  allowed to 
escape, the boiling-point will rise continuously to a certain limit. 
When the required boiling-point is readied, llie system may he 
sealed to maintain the concentration at a constant value.

One form of apparatus for this purpose is illustrated in Fig. 41 j Q , 
I t  consists of a double-walled vessel, the space between the 1;w<>
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walls containing the liquid. and its vapour. The object u> lie kept 
at a pdinstaih temperature Is contained in the in nor vessel, the upper 
cmi of wMch Is well insulated to prevent the effects ol externa 1 tem- 
] wrat m 'fi-d i ffe re nces. For greater simpl iciiy, this double-wailed vessel 
may be replaced by n vessel in which the object is directly suspended 
in the vapour, providing that (he object is not attacked by the vapour 
and also that its frequent removal and replacement, is not. necessary. 
In either ease the liquid is boiled and the vapour passes into the 
condenser, rvhenec the liquid formed Hows away through the tap 
and Ik collected in a eon von lent vessel. When the desired temperature 
is attained, ns indicated by a thermometer Immersed in'the vapour, 
the tap is closed and (he condensate thereafter returned to the vessel, 
thus keeping the concentration constant, and giving a liquid with 
a constant boiling-point. The condenser may be stopped tf desired.

The same result, but with greater difficulty ill securing a selection 
of temperature# when using the same liquid, may bo attained by 
increasing the pressure cm the liquid and so raising the boiling-point.

References to Chapter VIII*
{J.) N l v h s t , pun. J, fikix&rfJi,, lHLUi, 14, I.
(2) Ukattik, Hk n e d io t  i Mj Proc. Am, Ae<td. n̂i Jir{7,71, 327,
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THERMOSTATS USING THE EXPANSION OF SOLIDS.

The expansion of solid; materials with rise in temperature may, 
broadly speaking, be Iisril in two ways tft Control temperatures. 
The property may be made use of either in the wimple form of direct 
expansion, where t.lie material has relatively free movement to make 
and break the electrical control circuit, or it may be employed in a 
differential manner in the form of hr metal lie strips. This latter 
arrangement will be described in a later chapter,

Thermostats depending on the expansion of solid materials are 
very reliable, p ro v id in g  the expansion material is suitably selected 
and treated. l'he tact that linear expansion is usually a straight­
line function of temperature is also an advantage, since the accuracy 
of regulation is not diminished at high temperatures. Aw the amount 
of expansion of the material is small, the control mechanism has to 
he sufficiently delicate to respond to small movements. This may be 
arranged b\ the use of a system of levers to magnify the movements, 
or the expanding material may operate a. pilot valve contifdlling a 
compimwasiir or steam .supply. In some instances a combination 
of both methods is utilized,

One simple form of thermos tat of this type consists of a hollow 
metal block in which a hole is drilled to take a porcelain rod. The 
movement, of the porcelain rod in or out of the block with change of 
temperature causes electrical contacts to be made or broken through 
the agency of levers. The metal block may be made of aluminium 
lor temperatures up tn -ion 'T , ; aluminium bronze for temperatures 
up in 701V < ■. t and IS S chromium nickel pled for temperatures 
up to lOOlV '[’he block may be cylindrical with a one-inch wall 
between the constant-temperature /one and the heating element. 
The diameter id the block should he roughly the diameter of the 
constant-temperature zone plus - inches: the length should be the: 
length of the eonsl ant-tempera turn /one plus 12 inches, 
may he used inside the block to reduce the heating space.

The more usual form of instrument consists of a tube oi metal 
Of relatively high expansion, such as brass, in which is contained a 
rod with a negligible or very small coefficient, of expansion. 'Phis 
rod transmits the movenii&nts of the lube to a switch or valve arrange­
ment. This arrangement results in a rapid response <>r the sensitiv*
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clement. to fluctuations in temperature , which would not be t he case 
if, alternatively, the sensitive element were contained in a non­
expanding tribe, as is sometimes found.

Simple Form of Solid-expansion Thermostat— hi Fig. 42, A is a
brass tube immersed in [he liquid odder temperaturc-coi hi-ob One 
end of n niche! steel rod H is held by a spring S  aguiusl the end of 
the tube, whife the other end is free to press open or recede from 
the conical valve seating F, thus controlling the passage of water 
or compressed air from the pipe N to D {ei inner ted to the diaphragm 
chamber of the main centre I-valve). With rise in temperature, the 
rod is withdrawn from the valve F  W  the expansion of the tube A, 
■allowing more water or air fo pass through to the diaphnigm* thus 
increasing the pressure and causing the main valve to  close.

T H E R M O S T A T S  M S I 'KG J i X l ' A N S I O X  0  1' S O L I D S  7 5

I iii- 42>—ThnnurmtaU dupt-Tidlm: " h tfes csjuiiwinu til'suiid nm-lwjjil.

T\m Ohemnard 1 flihUotta h r  can be modified to act as a thermostat. 
The expansion in the heating furnace or space of a bar of nickel- 
chromium alloy is magnified hy a series of levers, which move a 
pair of prongs into one or both of two mercury cups. One prong 
enters the, mercury slightly before the other and energizes a relay 
which puts a certain amount of resistance into the furnace circuit. 
If the temperature eon tun tea to rise, (lie second prong enters the 
mercury in the other cup, and (hrough a-nnther relay more resistance 
is put into [lie furnace circuit.

Clie veil art] has also designed an apparatus (Fig:, 43) in which 
the extension of a length of wire with increase in temperature (due 
to Ltiimcaae in the supply eurrent which parses through it) causes a 
resistance to be put into the circuit. A part of the supply current 
is passed i hrough a length of nickel-chromium steel wire contained 
iu a vertical Pyrex glass tube. The instrument is adjusted to be in 
equilibrium at the required temperature, and any fluctuation in the 
current supply causes a change in the temperature of the wire. an<b
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consequently in its length, Thi$ change in length is transmitted 
TO a long necd&i which, through a linkage, moves a lever with prongs
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dipping into mercury contacts. Fluctuations in atmospheric tom- 
peratSiro arc compensated for by making the link lover bimetallic, 
so that as it bends with change of temperature its point of contact 
with the needle is jwoportibnatoly affected.

Expansion of the Furnace Tube,—If: is possible to use the furnace 
tube or core itself as the expanding medium, and this results in a 
rapid response to temperature changes. The method has been success­
fully applied to the regulation of furnaces used in laboratories, The 
tube can hr of iron, nickel or chrome-nicked according fco the required 
tempera turns* and is lixed seonrply a t one ecu I in a clamp, whilst, the 
other end is tree to expand and operate a 3witch through a system 
of levers. Fig. -Id illustrates diagrimimatically the principle of such 
ft form or regulator, in which one end B  of the tube .-I is fixed in a 
support, the other end G bearing against a lever which operates a 
Switch /). The supports fm* the lever are water-cooled to prevent 
expansion.

The “ Area ’ Regulator. The variation in length with tempera­
ture of a strip of ebonite is made use of in the “ A rea” regulator.
This strip of ebonite controls a special form of relay* which, together 
with the strip, is mounted in the chamber to be regulated, (las or 
other valves may be operated by means of a power cylinder. Tim 
principle uf the apparatus may be understood by reference to Fig. 4:', ; 
this figure illustrates diagrammatiCally the control of steam pressure, 
but the general principle is the same. Increase or decrease of tem­
perature causes a long ebonite strip connected through a spring 
to the lever l to  move this lever further from or nearer to the jel 
m, and so control the rate of flow of water from the nozzle of the jot 
to the water-pipe. The strip is directly connected with the lever / 
instead of the bellows k . Restriction of the flow of water causes a 
rise in pressure in the pipe h  and in the space beneath the flexible 
diaphragm n  in the pilot valve b , causing the latter to rise and open 
suitable ports to permit the supply of water to How into the power 
cylinder c aw well as through the pipe h to the jet. As pressure water 
is supplied to the tipper part- of the cylinder c tEic piston falls, and 
pulling down the chain, increases the opening of the gas-supply valve.
If the temperature rises too high in the chamber*, the lever moves 
further away from the nozzle m, with the result that the jet flows 
more freely, and pressure falls in the valve chamber b. The spring 
above the diaphragm forces the valve down, so tliat through suitable 
ports the operating cylinder c is put into communication with the 
Waste pipe and the piston moves the gas valve oorrespoi n 1 mg I y . In 
practice the relay a  and pilot valve b are made in ono unit.

I t  will be realized that tho working principle of i his regulator is, 
in effect, similar to that. operated by the expansion of a liquid through 
a pilot valve controlling air pressure, as do scribed in Chapter V II,

A number of other physical properties may be controlled by a
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siiglit. modification of the regulator, To apply the regulator to elec­
trical work, the movement of the jet lever is controlled by a relay. 
The position of the armature of this relay is dependent on tho 
voltage across, or the current in. the; apparatus to which the regulator

7 8  T i l  J - i t lM O & TA TS

is connected, The regulator has boon applied to control the position 
of the electrodes in an electric ftoiLace. The electrodes are moved 
by hydraulic cylinders controlled by the regulator.

Reference to Chapter IX.
Qhuvenurd, AVt>. 4 a J /A ,  TVo. 8. August, 1031, 453-408.
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BIMETALLIC-STRIP REGULATORS,

Tnu expansion of mo tala with temperature is made use of in a sjKsciai 
way in thermostatic bimetals'; r f' wi f metal si, or more {wtsneraily two 
alloyw? of widely different coefficients of thermal expansion arc firmly 
bonded together over their surface of con toot bjjr brazing or welding. 
Change of shape Will occur when the temperature changes, and this 
change of shape* magnified if n e c ta r y , can be utilized for temperatum- 
control purpose?), Thermostats of this form, depending on the materials 
used, can he used up to n temperature of about 550° 0, They are 
simple, fairly robust and reliable if adequate care is taken in their 
manufacture and use. For these reasons such thermostats are veiy 
popular for many industrial and domestic heating appliances.

Choice of Components for Bimetallic Strip, -The difference in the 
coefficients of expansion of the two components is one of the prime 
considerations in the selection of these components. The expansion 
of alloys, particularly those with low coefficients, dues hot always 
Increase regularly with temperature ; abrupt changes in the direction 
of the expunsimi-hemporature curve often being found, with a large 
increase in the expansion at- higher temperature^ so that the dement 
having the lower coefficient must be suitably selected with regard 
fro the required working temperatures.

Materials for the high-Expansion component. iri addition to having 
a high coefficient of expansion, should be easily brazed or welded, 
should develop high elastic properties as a result; of cold-working* 
and should have good heat-resisting properties.

A stable zero position is largely dependent upon the strength and 
elasticity of the components. At the junction ol the two components 
Oh heating there will he tensile forces in the higher-expanding material 
and compressive forces hi the lower. If the slroogtha are widely 
different, there is a possibility of exceeding the elastic limit of the 
softer material during heating and cooling, so that the bimetal strip 
does not regain ite original shape on coo Mug. It- is therefore advisable 
to combine components of si mi far strengths, and, if possible, of equal 
and grcal elasticity.

A further point in this connection is that in addition to internal 
stresses, the bimetal may be subject to stresses due to restraints, 
loads, etc,, which may affect its performance if these stresses e 
the elastic limits of the materials at high temperatures.

7y
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&uice the accuracy of a bimetallic strip dejjend.s ptindpally on 
ihr elastic properties of the combination, Si-, is therefore tfasenigal to 
iisr the m a t e r i a Is in a state hardened by cold-rolling and carefully 
heat-treated to obtain the highest possible .strength and elasticity. 
Subsequent m o m en t which wilJ affect these properties adversely 
"la mid be avoided, Strains resulting front ntanuffteture, which 
remain in the combination, should be removed by heating to about 
r>u" C- *bfJVC the intended working temperature and slowly cooling.

Fur the element |f low coefficient of expansion, Invar (3(3 per tent, 
niehel, 0-3 per cent, carbon, 0*5 per cent, or less .>1 manganese and 
ihe remain dei mainly iron), is commonly employed. This material 
may be used up to temperatures of ahout 120' 0. A nickel content 
of 4fl per l ent, is used up to 230* C.T 42 per cent, ip 3403 C. and 46 
per cent, for temperatures up to about 140? C. For temper&tktes 
higher than these values the thermal expansion is com j>arafivoly 
iarge, and tile lidleronce in expansion between the two com ponent 
"[ the bimetal I ic strip diminishes, thus rendering the curvature so 
vligln AJ5 to he of no prneldcal ilhc. One point of importance may 
be mentioned hero. Invar, upon heating, expands initially with a 
cofeflicient of I v llrt*} about equivalent to that of bun or nickel, 
null then after the hipsc of a few minutes a t the same temperature! 
contracts to .show a itpmial coefiicienl of expansion of about u-1 >.

'l Ormseqitem 1:1 y, in using Invar under $onditiops where rapid 
rates of heating or coaling are involved, this tem jimt. tore-time 
hysteresis effect may influence the defleet ion of bimetals by an 
appreciable amount, As for the properties of invar, if is very strong 
.old ductile, h is generally ferromaguet if;, but I Atonies paramagnetic 
in the region of I Ob ' V. Above 200° (X its expansion is nearly that
■< 11

With the sraall-expanaiun eiemfent Iflytur, i lie large-expansion 
elements sometimes used are < bpstanlan (nickel te  per cent., copper 
-Xi per cent.) or Monel in chit (nickel l.i5 pci' rout.. copper 30 per rent,, 
iron 5 per cent., manganese 1 per cent.), and for certain piirpusc^ 
j rnn -n i eke I -mo ly bdouum alloy (nickel 22-'ll pefr cent., molybdenum 

per cent.. remainder iron). The deflection constant when using 
Monel metal, however, is rather low. These combi nations are su liable 
tor temperatures up to about I si A (!. For higher temperal.mv- 
langcs up to Inn ( , u nickel steel (42 per cent, nickel) as the low- 
e\fPension component with nickel-coiLStantfln us the high arc em­
ployed ; while for even higher temperatures, such us 5U0 a [fluke! 
steel (-J2 per cent. nickel) is used with an alloy of iron 08 per cent,, 
nicltt 1 27 pm ccnf., and molybdenum 5 per m il. Itrcent dcvrlupmoub 
have resulted in the use of nickel -eh romium alloys containing from 
lls to 20 per cent, nickel and from ;j to 11 per cent, chromium,

l hi* expansion of some alloys changes fairly rapid I j '  over a cm lain 
temperature-range— in some instances being low up to a certain
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temperature. then me leasing rapidly and thereafter falling off again. 
This peculiarity can be applied usefully for control at a fixed working 
temperature which is within the maximum expansion range of the 
chosen alloy. This minimizes excessive stress taking place at the 
adjoining surface of the two components.

A combination of 42 per cent, nickel and 5S per cent, iron with 
42 per cent. nickel, f>3 per cent, iron, and d per cent. Tuolybdeinini 
has slight curvature up to about ir>0° C.. then increases rapidly 
between lf¥CF and :i(.iurj 0 ., whilst above -1:00° C. further inci-easo in 
cur eat tire is very slight. The useful working range therefore lies 
between 180* C, ami 300° CL The useful working range of 42 per 
cor it. nicke| and f>H p m; cent, iron with I n var I i es b et wet; n 2 5 o ° (J, 
ami 350° C. Below 2j>0° (J. the strip curves in the opposite direction 
to that above 250° 0 ,

In selecting a combination of metals, preference should be given 
to that which gives the greatest change in curvature near the operating 
temperature, rather than t<j one which has the greatest total curvature 
up to that temperature,

A fact which m ust be horde in mind when choosing mute rials 
for components of a bimetal which is to be heated by conduction, 
k that Invar and most of the high-temperature- bimetal components, 
*uch as chromium-nickel steels, are pdur conductors of heat.

Dimensions of Bim etal,- The dimensions of a bimetallic atrip 
will have a bearing on the extent of curvature and force exerted 
by the free end. The amount of bending will increase us the strip 
becomes thinner, but the force which the free end of the strip is able 
to exert is proportional to the third power of the thickness of the 
strip. The force, consequently, decreases more rapidly than the 
Curvature increases with thinness ; it must, however, be sufficient to 
operate a mechanism or to open or close a con tact with certainty. 
A number of thin bi metal J ic strips clamped at one end arc some!. hues 
used to provide sufficieni force.

Increased length and decreased thickness of a atrip renders it 
sensitive to shock and other mechanical effects, and causes its action 
to be uncertain. A small movement of the free end is usually sufficient, 
particularly if the current passing is sufficiently small to avoid arcing 
at tlie contacts. The del Ice Lion of the free end of a bimetallic strip 
3S proportional to L1 no square of the length, when the deflection of 
lhe free end is relatively small in comparison with the length of the 
strip. Tor a definite thickness, the force exerted tty Llie free end is 
inversely proportional to the cube of the lenglli of the #trip ; with 
a atrip of constant length it is directly proportional to the cube of the 
thickness. Tims the force at the free end of a bimetallic strip remains 
Constant if the length is increased in fhc same proportion as the 
thickness, but the resulting deflection becomes proportionately 
greater. The amount of deflection can therefore be increased, and
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the force available for making and breaking contact kept, the same, 
by increasing the length or decreasing the thickness, if a t the same 
time the thickness .is proportionately increased or the width increased 
proportionately to the third power respectively. Increasing the 
width does not decrease the amount of deflection. The radius of tin? 
bend should be at least live to eight times the thickness of the strip.

It is possible to arrive at the characteristics of a bimetal mathe­
matically , 1* 5 but the derived formulae arc rather complicated and 
the calculations do not always give accurate results. Nevertheless, tho 
approximate figures obtained servo as a guide. In the formulae 
obtained by Timoshenko 1 it is assumed that the coefficients of 
expansion of the two elements remain constant during heating, that 
the friction at the supports is so small that it can he neglected, and 
that the width of the strip is very small. The curvature of such a 
strip is given by the equation—

1 ___ (aa — g j  (? — t-a) ( 1  -h m f  _____
s h [H (I -j- «i)a d- ( 1  -j- m n) (?}i2 1 jm n)]

where s  — radius of curvature of strip.
aq and — coefficients of expansion of the two metals, 

k  =  thickness of bimetal strip,
a-i

m — — =  ratio of thicknesses of the component strips* anda.

&
moduli of elasticity,

and f being initial and final temperatures of the strip. 
If the thick nesses of both metals arc equal,

5j — a% and therefore m =  1,
24 (a* — {I — f̂ )

Then
1
.9

Again, if that is n, =  1

h (14 ^ _H 1 /ĵ t)

then _ 3 (*a ■ Ki)
s ~  2 k

The equation for the deflection of the strip is given by

8 s
where l is the length of the strip and & the value obtained from one 
of the foregoing equations.

For use with these equations it may bo stated that the brass- 
invar tyjie of bimetal has a modulus of elasticity of approximately 
17,500,000 lb. per square inch, and most of the medium and high- 
temperature bimetals have moduli of elasticity of about 25,000,000
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lb. pur square iucli at room temperature. These valuer are lowered 
by 1.0 to 20 per cent, a t elevated temperatures*

Instead of the customary gradual bending with increase of tem ­
perature, a sudden budding of the composite strip at the required 
temperature is sometimes utilized. For this purpose the two ends 
are fixed, or in the ease of a composite disc, the civetiinference is 
Jiehl rigidly in a frame. The equation given by limoshenho for 
such a strip, assuming the same conditions as before, and that the 
strip is Kso ben1 that tiio more expansible element is on the concave 
ride, is—

* * 1 + * * ( * - * £ ) '
* - '« -  — — -------------------------’

*  h i!„ <a;! “  Kl)

where ^  =  initial deception of strip, 
k — thickness of ririj), 
l -■ length of strip, 

tfj — initial temperature of strip, and 
f. temperature at which sudden buckling occurs.

-1 be temperature (f() of backward buckling on ooolmg is given by

where * =  4 * (>  -  i. «)i.

We her - .suggests a somewhat different equation for the bending 
of straight strips. With one end of the strip clamped, the deflection 
tfiS oi the free mid is stated to be related to the temperature by the 
equation- —

a s  4 L 1 M cd
rU ~  & d 0 1

where L  =  effective length of bimetal ;
x1 - difference between the two littear-expansion coefficients ;

-J- d2
o =  —r —- — the average of the two thicknesses ;

It 1 -h
riiri <p 2 sin ^ cos g Vi

1r  T
0  =  central angle of arc ; and

6
V ~  2

a s . x
j 7 is greatest for a straight strict ((/ — 0).

*£©C
1 S n s
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When the bimetal is made in a spiral form, —  is greater than for

a  simple bimetal ring of the same heat-capacity ; but the force F  
for a spiral is much deceased compared with that of a single ring

having the same mass o f  the same value of f r.n.'

M I  M  &  H
~ W ------ L ~

where L  — effective length"! r , ,
b-  width J  of ' ■ « ■ * ;

6 — arithmetic mean of both, thicknesses :
M  — elastic modulus ; and 
1 — moment'of inertia of t he cross-section.

[neidentally a new bimetal may show considerable decrease in
dS
dt over a period of time, This may be minimi zed by thermal massage

before ca lib tv l tion,
A test-method schedule has been p re scr ib e ^ b y  the American 

Society for Testing Materials for testing theiino&tafc metals,
Bimetallic-sirip Arrangements.— The usual method is to place a 

strip or disc of the composite materials in the heated space, one contact 
being on the strip and the other on a convenient contact pillar nearby,
When adjustment of the setting haw to bn made, say In an oven, 
trouble is sometimes experienced duo to the binding of the thread 
of the adjusting screw, if it. has been, exposed to a moderately high 
temperature. Jfprtlier, the contacts may be fouled by nils, varnishes, or 
other substances vaporized by the heat of the oven. It is advisable, 
therefore, where possible, to arrange that the adjustment and the 
contacts shall be outside the oven. This can be dene by using a 
spiral bimetal lie strip which moves a spindle emerging from idle 
oven. The spindle then works the eon tacts. Alternatively, with a 
disc type of bimetal, the movement can be transmitted by a rod 
bearing on its surface.

I t  is sometimes found with bimetallic-strip i'Eiermost.iL-Ls that 
the contacts maintain themselves a small distance apart for con­
siderable periods, while sparks pass between them and a singing 
sound is emitted. This effect is due to electrostatic attraction be­
tween the contacts, which periodically close and open again. By 
fitting a compensating plate 7 above the upper contact and connecting 
this to the lower contact, the critical singing ” conditions may be 
eliminated and normal operation of the contacts secured.

If any appreciable current is controlled, through the contacts, 
a certain amount of wear is bound to ensue. The cause of tins wear 
arises from a number of complicated factors, and the reader is re­
ferred to a paper by Better idee and Laird 8 on this subject.
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Other Uses of Bimetallic-strip Thermostats*- - In  a thermo-electrical 
circuit the electromotive force generated by the thermocouple: depends, 
among other things, on thB difference in temperature between the hot 
junction in the furnace and the cold junction at the head of the 
thermocouple. !f the temperature of the cold junction varies, the 
leadings of the galvanometer 4sither indicator or recorder—-will vary, 
although the hot junction may be ac a constant temperature.

Cold-j'uncUon Temperature (JonfroL- V arious methods have been
devised to control Idle temperature of the cold junction, and the
decision as to which method should be adopted depends on the
degree of accuracy required and on the conditions under which the
apparatus in to  be installed. A convenient way of controlling the 
#

l U M l l T A L L I O - S T l U P  M @ T T I.A T  Oft & $T»

I'm, 4fl. -Chctiit diagram of (Janibridgdi Tkeriiiostal For cjot.hjiiiiotiun control*

coicMimetioh tern pen dure is to pb.ee the junction in no electrically 
cfj n fcrolled tlicrm ostat.

The Cambridge bimetallic type thermostat for this purpose 
(Fig* 46) consists of four heater coils in series with two high- 
resistance carbon filament lamps giving a red and green light respec­
tively and placed outside the apparatus. A bimetallic strip fit, carrying 
an adjustable platinum contact at its end, is so arranged that when 
a definite temperature is reached, the distortion of the strip causes 
contact to be broken, which puts both lamps into the circuit. The 
rebalance of the lamps decreases the number of watts dissipated 
in the heater coils 77, aud the temperature then drops until the 
bimetallic strip makes contact and shunts one lamp, thereby again 
increasing the number of watts dissipated by the heater coils. The , 
bimetallic strip, heater coils and cold junction are immersed in an

ULTIMHEAT®
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air-bath, placed in an outer metal tank, the space between, the two 
vessels being well lagged to prevent undue heat loss. The lamps 
act as pilot lights, in addition to functioning as series resistances. 
A number of thermocouples can be controlled by this thermostat. 
The cold-junction temperature can bo controlled to within about 
G«5° C

A bimetallic regulator unit is available which consists of a bimetallic 
strip operating contact-points of tungsten, the who to being mounted 
in a small glass tube say 7 cm. long by 1 cm. diameter and filled

3fi<l, Jo -  Ciu1 thermostat i liiiruii&lKc-st.tip type (“ Thennet

with inert gas. The unit lias a low thermal capacity arid the contacts 
do not become contaminated.

Bimetallic strips do not always operate through the medium 
of contacts, but may bo used to regulate a pilot valve which controls 
a supply of steam or compressed air to operate a main valve.

Car therm ostats.-- As stated in another chapter, the bimetallic 
principle is adoptedv in the design of thermostats for regulating 
the temperature of the water-jackets of motor-cars. An example of 
th is type of the j-mostat is die ' * ’ I ’henno11 ” j Uustrated diagram- 
matScaUy in Big. 47, This thermostat functions in a similar manner 
to that, described on page 58, hut employs a bimetallic strip in place 
of a bellows. The bimetal is bent into semi-circular form, the end^ 
being attached by means of two short- arms to a lever. The longer

92
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causes the strip to straighten and so move the lever by means of the 
two small connecting pieces,

OarbureUors. Thermostats have also been applied to adjust the

Varied by means of a needle-valve which permits of a greater flow 
of petrol when starting, which can be decreased by hand when the 
engine has warmed up. Other methods are to cut down the amount

warming-up period, in all eases the actions can be made automatic 
with the assistance of a bimetallic element, situated either in the 
water system or attached to the exhaust manifold and connected 
electrically to the different control motions.

F ire  Alarms. 'Thermostats are sometimes employed either to 
give warning by ringing a bell or to operate sprinkler devices to 
extinguish fires. They come into operation when the temperature 
of a room reaches a certain value. These devices may consist of 
bimetallic strips which close electrical circuits when they bend, 
A bell can be mad© to ring continuously until the temperature falls 
or the alarm is cut off.
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ELECTRICAL-RESISTANCE THERMOSTATS*

Tim property of change of electrical resistance of a material with 
temperature has afforded the basis for the design of a number of 
regulator. In a very aim pic and form, this projwrty can
be adapted to control temperatures? within moderate and satisfactory 
limits of fluctuation, whilst by elaboration it can be arranged to 
Control within very fine limits* Some of the less elaborate types 
will be described first.

Salt Resistance*— When using a large number of solder pots, 
it is a great advantage to have the heating automatically controlled 
f °  that the workman may devote his whole attention to the work 
in hand. The thermo-electric pyrometno control method, described 
later, is applicable to this work but in very expensive, especially 
when a large number of pots are in use, each requiring a separate 
controL .1 be cost of the salt-thermostat method is comparatively 
low. The temperature is held constant within fairly dose limits 
aud the device is strong mechanically, the latter being a distinct 
advantage in the case of solder pots. 'The principle on which this 
dass of resistance thermostat depends is that salts, oxides, and non­
metal lie materials in general have a negative ternperature-coefficient, 
ol electrical resistance, that ih? the resistance usualty decreases rapidly 
as the temperature approaches the melting-point, Above the melting- 
pojnt further decrease is slight. In  a number of cases, salts decrease 
their resistance from about 1,000 to 5,000 ohms per centimetre cube 
down to 1 to 5 ohms per centimetre cube when the temperature 
passes through a range of 10° to 15° C. (IS-273 F .) a t or near the 
melting-point of the salt* The reverse change .occurs on cooling the 
salt. Jins change ivi resistance is constant over long periods of time 
under conditions of alternate heating and cooling, such as obtain in 
solder baths. Hence the changes hi resistance of salts, when used 
in a cell contained in the solder put and connected, iu series with a 
relay, may be used to operate a suitable switch for controlling the 
heating current of the pot* The salt resistance cell may be simply 
a steel tube. ’

The operation of the apparatus is very simple. For solder pots, 
a salt having a melting-point of about 40aD 0 . (752° F .) is used. 
When the pot is cold, the resistance is high, but as the temperature 
of the solder rises, the resistance of the immersed salt decreases.

H8
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but will nati ho low enough to allow .sufficient current in paste to* operate 
the relay until a temperature of approximately 109° 0 . is attained, 
when the strength of the current is such as to trip th e  relay, which 
in turn operates the switch cutt ing off the heating c u r r e n t ,  ri.’11r: current 
will continue to flow through the salt resistance until the temperat ure 
of l fie solder ha* dropped and the resistance of the salt has increased 
so much that very little current passes. The relay then returns to 
its original position and again switches on the heating current. This 
cycle of alternate heating and cooling repeats itself as long as the pot 
is in use. With gas- or oil-fired equipment, a magnetically operated 
valve for regulating the fuel supply is substituted for the switch.

This salt-resistance thermostat has been used on solder and 
Babbitt metal pots, aluminium melting-pots and oil-tempering baths.
I t  hue been found that the temperature remains constant to within 
3“ to C. at nDih 0 . when the pot is not being worked.

Metal Resistance .— Molten metal can be used iti place of a salt ; 
the specific resistance of a metal increases on melting to about twice 
that in the solid state. A constant direct current, as control current, 
is passed through a mass of metal such as sdne, which is contained 
in the furnace or bath to be controlled. Where close control is needed, 
potential-leads are taken from the inside of the metal to a reflecting 
galvanometer, the reflected light from which can fall upon a photo­
electric cell, The photoelectric cell then operates some form of relay, 
such as a thermionic valve, to control the furnace heating circuit.
A coil of copper wire may bo used instead of molten metal, A fuller 
description of the equipment, used with these metal resistances is 
given below in the section dealing with Ltomstance F urnaees,

Iron  — I t  es well known that the resistance of iron
wire increases rapidly over a limited range of temperature. This 
fact may be made use of to smooth out the elfects of voltage variations 
in Ihe heating-supply current to a furnace. The iron wire is enclosed 
in an atmosphere of hydrogen to prevent oxidation, and is placed 
in the electrical circuit in such a way that sufficient current passes 
through it to cause it to glow. A slight increase in the applied voltage 
Increases the temperature of the iron, causing a rise in its resistance 
and a subsequent dimituition in the current allowed to flow through 
the wire. It- will be understood that the arrangement operates? satis­
factorily at a critical current only and is very little used for tempera­
ture-control.

Resistance Furnaces.

The heating coil of electrically-heated laboratory furnaces can 
be used as the sensitive element of a thermostat, The advantage of 
this arrangement is that no furnace space is occupied by any com­
ponents of the thermostat, Ifurther, since the heater and sensitive 
element arc identical, there is no thermal lag between the two. |
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I t  is, i>f course, essential that the l’esistanco of the heating coil 
should change to a reasonable extent with change of tempi mature, and 
the $oit .should not deteriorate *'* Tap idly ; that is, the temperature- 
resistance relationship should remain sensibly constant with time. 
To meet these demands the materials which may be used are platinum, 
platinum-rhodium., molybdenum, nickel, chrome] or other similar 
materials ; but platinum or platinum-rhodium is preferably used at 
elevated temperatures. The disadvantages of a platinum-wound 
furnace are first, the expense, and secondly, it is not easy to arrange 
the winding to give a large Eone of constant tempera-tum. for owing 
to the high temperature-coefficient of resistance of platinum., hot 
spots tend bo become hotter and vice-versa. Whatever kind of wire 
is used for1 the wiriding, It is desirable that the length of the winding 
be made live or more times its diameter in order to obtain a flat 
maximum in temperature-distribution along the axis of the tube,

jnc. i ii  —-Sulie!ii4 T.ic îdgrniD showing principle of the ttaapliyB&int LiVnutm'v
tiicmiOetnL.

This use of the heating coil of the furnace sis a resistance element 
and means of control forms the basis of the thermostat designed by 
White and Adams and collaborators1-1 at the (biophysical Laboratory. 
I’he same principle has Ijeen used by u- number of other w o rk e rs ,11 

to whom reference is made later in the chapter. The original design 
of White and Adams having been modified iit several details, these 
latter will he described after an account of the original arrangement 
has been given.

Geophysical Laboratory Thermostat.- The principle of the appa­
ratus is that i lie heater of the furnace, having an appreciable tem ­
perature-coefficient of rcsistajiipe, is associated with three other 
adjustable resistances? whose temperature coefficients are negligibly 
small, to form a Wheat atone bridge. In tin: usual way. a change of 
temperature of the furnace resistance in either direction unbalances 
the bridge and produces an unbalanced current in the circuit, its (
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direction depending on whether 11 in teniperatj^re has become higher 
■or lower than that for which the bridge was balanced.

Tile current from t..hr mains parses through a fixed resistance R  
(Fig. 48), and through a rheostat Ilk , the latter being so adjusted 
that, with It in the Circuit, too little current flows, and with It  shunted 
by the switch # , too much current Hows, to maintain the furnace 
a t the deshed temperature. A suitable device Fit D. described later, 
which includes a galvanometer actuated by the current in the galvano­
meter circuit of the bridge, opens and closes the switch /£ as the 
resistance of the furnace becomes too high or too low respectively. 
When E  opens, the current through the furnace is reduced, and 
the temperature and resistance of the heating coil decrease. Similarly 
when /'■ ©loses, the temperature and resistance of the heating coil 
increase, Thus the resistance of Lhe heating coil is caused to osci I late- 
through a short interval on either' side of some definite value, the 
average resistance remaining constant. The corresponding variation 
hi the temperature of the wire of which the heating coil is made 
often amounts to several degrees, but the period of oscillation is 
seldom more than, a leu seconds, and because of lug, its effect on the 
constancy of temperature inside the furnace is usually too small to 
measure by ordinary methods.

I t  may be mentioned here that Turner (see p. h"(>) considers it 
inadvisable to improve the contact between the heating element 
and the sensitive elemenl or regulator to such an extent jls to identify 
thenij as is done in lids form of regulator, lie argues that the heating 
coil on the furnace is hotter than its surroundings, including the 
furnace interior. This would not matter if the tem per a ture-diffarence 
were constant ; but the difference is proportional to the square of 
the supply voltage. When the heater and regulator are identical, 
a decrease in ambient temperature produces an increase in current 
supply aild therefore an increase in the excess of heat©]* temperature 
over the furnace-spare temperature. Thus, fall of ambient tempera­
ture and rise of supply voltage severally tie press the furmice-spaee 
lemperatuie.

Reverting to the Geophysical Laboratory furnace, Fig- 49 shows 
the eompMr diagram of the original apparatus. F  being the furnace. 
The; bridge may he balanced by means of the sliding contacts x  and 
if, by bringing them to the same potential, when the resistance of 
the furnace lias any value between chosen limits. Contacts .?■ and 
jf am connected to the galvanometer through a synchronous rectifier 
AT, which may be short-circuited by the switch Sw  when direct current 
is used. The insulated boom (6) of the galvanometer is arranged to 
make either of the two Contacts tt and c : depending on the direction 
of the current, through the galvanometer coil. If these contact 
were used directly to break the heating current, trouble won 
experienced due to their sticking and sparking, and a satisfy
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remedy is 1 o use a triode valve as an intermediate relay. As previously 
meatroned, the advantage of such a relay lies in the fact that its 
operating current* which must pass through the galvanometer contact, 
may !>o made less than 1 micro-ampere. The boom, of the galvano­
meter i k connected to the grid of the triode fi\ whose plate current 
passes through a high-resistance relay /?,. The potentials of the 
contacts a  anti r are so chosen th at when the galvanometer close**

contact c , very little Current flows in the plate-filament circuit of 
the triorle ami relay J t x is opens whilst when fhe galvanometer 
closes contact ct, a  moderate anode current flows and the relay closes. 
The closing of i?, causes IL, also to close and to short-circuit the 
resistance R in scries with the bridge and furnace.

The operation of the apparatus is as follows : -Assume that 
the furnace is hot and the bridge balanced ; that the rheostat is 
adjusted so that with l i  in the circuit too little current flows, a  * a  
with It short-circuited too much current flows, to maintain thET1
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femiaea at its proper tehqxu attire; and that the relay and galvano­
meter Contacts are In the positions shown in Fig, Hinge the relay 
ifs is open, the extra resistance li is in circuit and the furnace is 
cooling; the bridge becomes unbalance# and h swings iewUrtls the 
right. When the contact b i t c h e s  a, the grid of 1 he triode T  is brought 
to a potential / which causes the anode cnrrenJ fco increase and close 
the relay I i v The closing of li, sends a current through lf.,t also 
causing it t-o close* The extra resistance M is now short-circuited 
by Rz, causing the furnace temperature to rise. This makes b move 
towards the le ft; when it reaches r. the grid is brought to the negative 
potential e which is gu 113 clout practically to .stop the How of current 
in the anode circuit. As n result, R l and in turn ./?* ojwji, restoring 
the extra lesistance H. rl 'h ife causes the i n enact; to cook and b again 
swings towards the right, completing Dire cycle.

This system lias, however, the following disadvantages : -

(1) In damp weather, surface leakage may occur which will 
affect the grid potential of die valve.

(2) Different potentials for the filament, grid bias, and anode 
are required with this type of valve,

(3) Valves having an output of high voltage wilt sometimes 
sustain a Loss of grid charge through internal leakage.

M odifications o f  Details.—-A s suggested by J ,  H * Ilibben,*3 a  
hot-cathode tube relay may be substituted for tlio Iriotle valve, 
with, a simplifk"itiou of the control system. The hot-cathode tube 
consists essentially of a cylindrical aluminium caHinde end an anode 
and grid of nickel wire protruding from a glacis tdbe, and contains 
neon, mo re my vapour nr preferably argon at low pressures. The 
catb ode-to a  node impedance is practically infinite, whilst the aiiode- 
to-cathode impedance at 8 uxiUiampwre& is 20,000 ohms. Hence 
the tube is self-red ifying. If  the grid is thoroughly insulated it will 
assume a high negative charge, blocking any enmmt How in the tube. 
However, if the charge is allowed to leak off, either through a high 
resistance or by capacity effect, an an oda-to-cathode current wilt 
flow, 'This happens here when the galvanometer relay boom arm 
touches Eke eojiUtct <t (Tig, 49). A rectified current then flows from 
anode to cathode through the windings of relay JEt anti thence to
com plete th e  circuit ,

A fuithex modification 11 of lids part of the system has been 
suggested in which a light, beam and photo-sensitive cell are employed. 
In ibis arrangement (Fig. 50a) the stiff part of the suspension of the 
galvanometer is given a rectangular bend, and a screen in the form 
of a quarter-cylinder of very thin metal is mounted on the bund so 
that its axis is coaxial with that of the suspension. A small plane 
mirror is mounted near the axis of the quarter-cylinder* This is
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supported on a rod entering from that portion of the remaining 
three-quarter cylinder apace through which tho quarter-cylinder does 
not move. A beam of light from ;i lamp is focused on the mirror 
and reflected from :t  through a lens into a photo-electric coll (Fig. 50b ); 
Rotation of the galvanometer coil causes the screen to intercept the 
Jigiif beam and thereby affect the photoelectric cell, which in turn 
conU-oJa t }io heating circuit.

Fie. 00.—Modified g jilv ^o  meter tospi-nfiraa for (?<:f>pl]y*k:al L a lttA tn ry  thermostat.

Gout/ Feature — The Couy feature (pp. can lx* applied in
this system by a horizontal oscillation of tin: light beam with a period 
of $-10 seconds and an amplitude of 2-(> mm. This may he brought 
about by the appropriate movement of the focusing lens with the 
aid ot a motor, which may be the game aft that used for stirring the 
bath. During a fraction of the period of oscillation of the light, the 
beam falls on the photoelectric tell, and during the remaining fraction 
it  is intercepted by the vane. The relative magnitude of these two 
fractions is fixed by the position of the vane, which in turn is fixed 
by the balance in the bridge.

1 0 0
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Slow-coo/inff. An in ters  ting auxiliary control jOan lie introduced 
into the design. A slide on a rheostat in the heater circuit- is moved 
by a motor in such a way us to increase the heater current while 
the heater current is on, and .in the opposite direction while the 
heater current is oil. Thus, for a cycle m which the intervals oil and 
oh are equal, there is no resultant resistance change, while for a 
cycle in which the ©n and off arc unequal, the resultant change of 
resistance forces the intervals towards equality, and if the demand 
remains siearly, aoon brings them to equality. The resistance changes- 
have to be made slowly to avoid introducing instability or ‘‘ hunting.”

A u x ilia ry  F u rn a c e . -The electrical power supplied to the furnace 
varies as the square of the voltage or as the square of the current. 
The thermostat may therefore he arranged as an auxiliary furnace 
to maintain a constant root-mean-square voltage or current for a 
main furnace. This is an advantage in cases where the heater of 
the main furnace has, due to cost, to be made of cheaper material 
of low to n i pe r at;i re - e i >el 1 i cion t or of material which may change its 
properties at high temperature*;. After equilibrium has been reached 
between the temperature of the auxiliary furnace and that of its 
surroundings* the mean power supplied to the auxiliary during each 
cycle depends only on the temperature of the furnace and that of its 
surroundings. Tho influence of the surrounding temperature may be 
made negligible by operating the auxiliary furnace a t  a high tem ­
perature, say 1,2(KT 0 ., while the mean resistance of the heater may 
be kept constant by making the heater of a material such as platinum, 
which does hot deteriorate at this temperature. Another method of 
compensating for variations in ambient temperature is by placing 
a copper cod in one a m  (A in Tig. 4SJ of the bridge. The coil is 
wound on a metal spool and placed in the open near the bridge coils. 
If is advisable to increase the thermal lag of the coil by covering it 
with, say, tape to make it respond to temperature-changes at about 
the same rate as the furnace. A alow drift o£ temperature will occur 
if the auxiliary furnace winding is kept at temperatures above 
1,000° C. for prolonged periods. The drift is less with platinum- 
rhodium than with platinum winding. For constant voltage the 
load in connected in parallel with the bridge, that is, across w and z 
in Fig. 49, and for constant current hi series with the bridge. Tins 
method is useful to eliminate the effect of variable line-voltage, whom 
the usual arrangement of the thermostat is ineffective.

Modifications of the Principal Components of the Geophysical 
Laboratory form of Thermostat. -Dealing now with some modifica­
tions of the main details of the furnace, that suggested by Grown Xfi 
may be considered first. In  order to prolong t he life of the platinum 
element in the furnace, a large part of the heat may be generated 
by a more suitable resistance element. An alundum tube is wound 
in three sections, the two outer sections being wound with Brightrav
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ribbon in two layers ( J .  B  and (J} D  - sit  Fig. 51), separated by  a 
layer of ahiodum cement* The middle scotion is wound with Ekightray 
ribbon and MS n.w.G. platinum wire, nrranged as ti double-1,breaded 
screw in the same plane {f<J, p / ) t The resistances are so connected 
that a Wheat &̂ >7;ib bridge anangeme^t is formed with one arm con­
futing ol the platinum resistance and the other throe of the Blight- 
ray wind mgs, the latter having, of course, a lower temjiorature- 
coetb.cjejit nf resistance. The bridge is in balance a t one temperature 
only, ami this- tejanperaturc can he fixed by Hub variable r^istanoe 
IlL) and the slide wire connecting A and JH. When the galvanometer 
f.i is deflected, dtlc to to it iperatui.e-variation in the plat-mum whirling, 
n, ccsitact, carried by its moving coil, touches one or other of two 
fixed contacts. The relay R is thereby energized and opens, or closes, 
a mercury switch connected across part off the resistance The

i
a

a E o

X -
-i a,

IOhi, i, —lirowri rrsidtfuifju funnies Ihrrmorl-̂ t,

currcmf, in the windings is therefore too large, or too  small, to maintain 
the t[esiicd temperature depending on whether H is out of, or in, 
the circuit. To minimize the effect of these fluctuations of tempera­
ture in tlm furnace space, the walls are made nf an inner tube of 
silica., separated from the outer tube of a.Umdum by a nickel sheath, 
Which incidentally is earthed. The object of the nickel sheath is to 
prevent electrical leakage from the bindings of the furnace tube. 
This thermostat can he arranged to give slow-heating or cooling by 
changing the balance of the bridge eon I in non sly. This is done by 
interposing a second slide wire between R and E . Commotion is 
made to the galvanometer by a slider on this winy moved at a suitable 
speed by mechanical means.

Separate Coil and N eater.— It  is Konietimes necessary to separate 
completely the thermometer coil and the heater; where the heating 
element has too low a tompera.t11re-coelfic.ient ? or where the. furnace 
is heated by oil or gas. In other eases the separation is madp lo rQ



ccnvenie&ce. Under these conditions the coil etui be made bo function 
as a resistance thermometer only, and the current is then varied 
through the bridge by means of the relay. A sepnnvte thermometer 
and heater coil have been used by Promisev™ A further point of 
interest in this typo of thermostat is that alternating current is used, 
which makes it possible to obtain a large amplification, by the use 
of valves, of any out of-balivnce voltage in flic bridge-circuit system 
of control, ,

Principle o f  the Prosser Thermostat. —Thu thermostat circuit 
(Fig, 52) contains a relatively low-resistance, non-inductive platinum 
thermometer a, in a non-inductive bridge circuit, fed from a 4-volt 
winding on a transformer connected to the !>lJ-eyele mains. Any 
out-of-balance voltage, due to the temperature of the thermometer 
deviating from the value set by the slide wire in the bridge circuit.
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is amplified by the two-stage valve amplifier b and then applied to 
flic grid of the control valve c. The anode circuit of this valve is 
connected, through reversing contacts d , across a tlO-volt winding 
on the mains transformer, but is in series with a largo condenser &. 
This condenser is, in him, connected to the grid circuit of a relay 
valve / which has a telephone-type relay y in its anode circuit. This 
relay controls the current to the furnace through another larger 
relay h, and also operates the reversing contacts d.

The sequence of operations can ho understood more easily if it 
is assumed that the temperature is correct, so that there is no out- 
of-balance voltage front the bridge circuit. Starting from a point 
ill the cycle where the contacts are in the position shown in Fig. 12, 
i,e. when the grid of valve / is negatively charged and the rectified 
anode current is small, the control valve c wifi pass a small rectified 
current which slowly reduces the negative charge of the condenser e, 
thus gradually increasing the anode current in the relay 
At a certain value of this current the relay g will operate an

1 0 3
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the contacts d. The rectified current passed by ’valve c will now 
charge the condenser in the reverse direction} and so gradually reduce 
the anode cut'mif in the relay valve /. The relay g, will, however, 
remain closed until ibis Current has fallen to a. certain value, when 
it will open and again reverse the contacts d, thus repeating the cycle.
The values of the components are so chosen that the complete 
cycle occupies about 40 seconds, the furnace thus being supplied 
with maximum current for about 20 seconds, and with a reduced 
current for the subsequent 20 seconds.

Considering now the case when the temperature of the platinum 
winding is slightly low, There will then be an on t-nf-balance alter­
nating-cur rent voltage applied to the grid of the control valve c. 
which will be approximately proportional to the temperature-devia­
tion, the connections being so arranged that this voltage will he in 
phase with the anode voltage when the relay is in the open position, 
as in Fig. 52. The rectified current passed by the control valve 
will, therefore, be greater than normal, hence the condenser e will 
charge up quickly, causing the relay to close in less than 20 seconds.
When the relay closes, however, the contacts d  are reversed, so that 
the anode voltage on the control valve will now be out of phase with 
the grid voltage. As current is only passed by the valve during the 
aa If-cycle when t.hc ancrle is positive, and as during this time the 
grid will be in the negative half-cycle, the mean rectified current 
will be less than normal and the condenser e will charge slowly; 
causing the relay to take longer than 20 seconds to open.

Should tlie temperature of the furnace he high, the out-ot-balance 
voltage will be in opposite phase, and the converse of the preceding 
will apply.

I t  will be seen that, the control obtained is directly proportional 
to the deviation of the temperature from normal, so that, provided 
the time-lag between a change in the mean furnace voltage and the 
resulting response of the platinum thermometer is less than a  certain 
value, the t h ermflp tat will cor i trt >1 the tern per; tture w ithouttc hunting.”
Gai© lias to bo taken to ensure that the grid and anode voltages on 
the control valve c are as neatly as possible in phase, or antiphase ; 
and 1 o obtain this, an optimum value of the condenser across the 
coupling transformer can be determined by trial. For this purpose 
,x cathode-ray oscillograph was used by Prosser. There will also be 
a certain amount of extraneous pick-up from the mains, and some 
out-of-phase component, but Uudr effect is to increase the frequency 
of operation of the relay without appreciably affecting the sensitivity 
of control.

Alternative Circuit. — Py a slight modification of the circuit shown 
hi Fig. 52 it is possible to  increase the maximum sensitivity about 
four times, a t the same time gaining other advantages. This form 
of the thermostat was in the experimental stage at the time of writing.
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The revised control circuit shown in Fig. 53 differs from that, of Fig, 
52 mainly hi that the control valve c does not now aet. el* a kind of 
variable resistance directly in series witli the condense* e, but is in 
this case used to supply a variable voltage to charge the condenser 
e through a, fixed resistance*

The reason for the change is that it is possible to maintain the 
grid circuit of tho control valve at a constant potential, and then1 
is thus less risk of extraneous pick-up. The control-valve circuit 
is now less sensitive, but compensation in the form of increased, 
amplification is provided by coupling the low-impedance bridge 
circuit to the high-impedanec amplifier through a mi crop hone-type 
transformer. A condenser of 0-1 shunted across the secondary

winding, brings the output from the amplifier into phase with the 
anode voltage of the control valve. The stability of the amplifier 
has been increased by eliminating the eottdensera across the cathode 
resistances, thus causing negative feed-back to the grids. An addi­
tional variable resistance, having a logarithmic scale, may bo inserted 
in tho cathode circuit of the second stage, to increase the negative 
feed-back and to control the sensitivity. Owing to the fact that 
increase of IVequeney makes tho Cathode-heater capacity reduce 
tho negative feed-ba^t, small condensers arc shunted across the 
anode circuits to guard against parasitic oscillations. As the control 
valve c does not now have its aiiodt^cathode connection^! reversed 
when the relay O operates, it is necessary to make separate provision 
for reversing the phase of the alternating-current supply to the anode ■ 
or alternatively, the phase of the grid voltage may be reversed.

1 0 5
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Tins is done by means of an earthed, centre-tap]icd winding on the 
transformer, using an additional set of contacts on the relay to connect 
the anode Circuit to either end of the fin d in g  alternately. The same 
winding is used to give a lull-wave rectified supply to  the amplifier 
through W o small Westing ho use c$pp^C-oxide rectifiers. A high 
resistance, shorted between two of the relay contacts, maintains 
the cent rol-valve anode voltage when the relay is operating, and 
prevents it .from becoming stuck in an intermediate position. A 
resistance, included in one of the transformed leads, limits the short- 
circuit current, should the relay contact springs be pressed together 
acei dentally. *

The normal frequency of operation of the relay can be varied 
by altering the voltage drop across the anode resistance nf the control 
valve. This is achieved by altering the grid bias obtained from a 
small copper-oxide rectifier, tapped across a potentiometer in the 
anode supply. A similar grid-bias circuit Is provided for the 
relay valve /. and is adjusted so that, when the bridge is balanced, 
the relay will remain in the open and closed positions for equal 
periods.

I t  should be possible to provide an additional c o n tro l proportional 
to the rate of change of th e  deviation, hence eliminating hunting 
in unstable conditions. This could be done conveniently by varying 
the gain of the amplifier through a suitable control. W ith a high™ 
gain amplifier it would probably be desirable lo use a different 
frequency from that of the mains for the bridge supply, in 
which ease the control valve could be of a frequoneynphaiiger typo, 
with the reference alternating-current voltage applied to an auxiliary 
grid.

The Cooke and Stvcdlono Thermostat.— The resistance type of 
thermostat designed by Cooke and SwallowiT also uses the temperatnre- 
sensitive resistance hi the form of a thermometer in the furnace or 
bath. The design (Fig. 54) 1ms a number of interesting features to 
which reference may be made.

The form of the contact make and break tw one of these features. 
Thing a Weston relay, it was found that, owing to sticking of the 
coe tact-pieces, a considerable current through the coil in the reverse 
direction is necessary to break contact once it is made. To overcome 
this difficulty, the moving coil is placed in scries with a winding 
of a telephone transformer. The other winding of the transformer 
is connected across the mains in series with a 200,000 ohms resistance 
and a mechanical contact-maker, which makes and quickly breaks 
contact, every 15 secs.

The sudden interruption of current in the winding of the trans­
former induces a small momentary current in the other winding in 
series with the relay, giving the pointer a sudden “ kick ' ’ and 
it from the contact-piece.

1 0 6
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In place of the mechanical contact-breaker, use may be made of 
the intermitt.cnt discharge from a neon lamp [3, lfl when connected

across the mains in series with a high resistance of 5 megohms and 
shunted by a large-capacity condenser of 6 to 8 microfarads.

1 0 7



riu contacts of the Weston relay may conveniently be made to 
operate a Inode-valve relay. Fig; 5i) illustrates dlagramraaticftUy 
the circuit sn of the rcl$y used in this thermostat.

and L.2 are resistances or lamps in series with the tilament 
of the valve, and suitably chosen to give the correct heating current 
for the filament. II the grid î  maintained at the same potential 
as the filament, anode current will how through the relay windings 
to the positive main, sufficiently to operate a post-of lice relay. By 
connecting the grid to a point of Sufficient negative potential to the 
filament, this anode current ceased .In the arrangement shown in 
Fig, i>5, flie grid is normally maintained at a negative potential of 
1KI volts with respect to the ti lament by means of the 6-megohmx 
grid leak connected to the negative main, and no current flows through 
the re-1 ay coil. The Weston relay Contacts arc oononotod to the grid

102 TIT r k m o s t a t s
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and the negative end of the filament respectively. When the Weston 
relay makes contact, the grid is connected directly to the negative 
end of the filament., bringing ii in the same potential as the filament..
Anode current then flows and operates the post-office relay.

This arrangement is an extremely sensitive one, a minute move­
ment and pressure of the Weston relay contacts being quite sufficient 
to operate the post-office relay. To protect the contacts of the post­
office relay from damage by excessive sparking, a quenching resistance 
(Fig. a-J ) is connected across the windings of a power relay, which 
is used to cut off the main heating current. Tamp L s also minimises 
sparking. A rheostat with an ‘ off position is shunted across the 
coil ol the Weston relay to limit the current passing through it while 
preliminary adjustments arc being made. The Weston relay has to 
bo carefully insulated from vibration to ptevenf chattering of the 
contacts.

The use of a resistance thermometer in conjunction with an 
electron-tube amplifier has been described bv Walsh and Milu-s.-1 r\  5
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and with a thyratron circuit by Zabel and Hancos 52 and also by
H$nny.**

Utilization of the Resistance-Cuirent’ VoItage Relationship as a 
Means of Control. If the temperature of an electrical-resistance 
furnace rises and the resistance increases, the ratio of the current 
flowing through the furnace to the voltage across it will decrease. 
This effect has been made use of by R, Procter and R . Douglas M 
in a simple control device.

The principle of the regulator Is shown diagrammatic ally in Fig. 56+

A and H arc two glass bulbs filled with air at atmospheric pressure* 
and connected together by a mercury manometer. Mounted in each 
of the bulbs is a heater filament* 'The filament in the bulb A is con­
nected s i as to be heated in proportion tn the voltage across the 
furnace, while the filament in bulb H is heated in proportion to the 
current flowing through the furnace, as shown m Fig. 50. II the 
temperature of the furnace rises and the resistance increases* the 
ratio of the current flowing through the furnace to the voltage across 
will decrease. As a result the current passing through the coil enclosed 
in A will increase relative to that flowing through the coil in B  and 
thus cause the ah- pressure in .1 to increase compared with (hat

I
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in R- This will cause the mercury in the manometer to fall in the 
left limb, breaking the relay current and reducing the powo# supplied 
to the furnace by inserting a resistance in scries with the furnace- 
The regulator is equally applicable to a furnace having a negative 
temperature-coefficient by in torch iingiiig the vnil-age and current

M*M1
rtfijw tv

240vdts A C.
r ’n jH :"m . -P io eto r nnd DoiEgti# E^nJiUH' circuit using vulvn relay.

conned ions of the two bulbs. To avoid fouling of the mercury 
contacts, it is advisable to use a thermionic-valve relay, as shown 
In Fig. 57,
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INDICATOR AND RECORDER CONTACT TYPES OF
REGULATOR.

'['in: contact type of regulator is used both in the laboratory anrl in 
mdustry. Temperature indicators and recorders have a pointer 
attached to the galvanometer iJ the pyrometer is of the thermo­
electric or resistance type, and a pointer attached to the Boprdon- 
Udus gauge if of the Ii<ju id-expansion or vapour'-pressure typo. The 
movement of these pointers can be utilized to control temperature. 
The pointers have, however1, very little mechanical power behind 
t horn : indeed, the galvanometer pointer has practically none, hi 
general, adjustable contacts arc arranged on either side of the pointer 
;d tho desired temperature, and deviation of the pointer from this 
voter will cause the closing of one or other of the contacts. This 
nmy be done cither directly or with the aid of an auxiliary mechanism, 

]>ired closing of the contacts is possible with the .Bourdon-tube 
gauge type, since there is a small amount of power available. In this 
ease the pointer carries contacts, l>ut with a galvanometer movement 
an auxiliary form ol ]K>wer is necessary* The galvanometer move­
ment then only performs the function of determining which contact 
shall be closed by the auxiliary mechanism. One contact is used 
iur closing the main circuit when the temperature falls below the 
value detenuined by its position, whilst the other contact similarly 
switches ofl the current when the temperature determined by its 
position is exceeded. The main circuit is usually operated through 
the medium of & relay.

The Clouy principle can he applied to the thermoelectric' form 
ol instrument by adding an oscillating voltage to the thermocouple 
voltage. This is produced by passing a small current through a 
resistance periodically varied from 0 to 10 ohms by the movement 
of mercury river the resistance. The resistance and mercury are 
containerl in a U tube which is oscillated at b cycles or so per minute. 
For maximum effectiveness the osciHating voltage should only be 
10 to 20 per cent, greater than the dead acme of the contacting galvano­
meter ,

An example of the type i>l instrument in which the contact is 
closed directly by the movement, of [he jiointer is shown in Fig. 58. 
Tho t wo indexes can be set at:- a- distance apart, so t hat t he temperature 
can fluctuate within a range. The contact arms, carried on the few of
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indues, are [riveted and controlled by a■ spring in smell a way that the 
pointer is able to e-c>jiltntto its passage across the scale, above or below 
the points at which contact is made, and indicate the temperature

approximately* The spring serves to restore the contact arm to its 
original position on it lease.

A novel i.....tact device in one form of Drayton regulator if* a small
magnet- attached to the fixed contact* so that when tins i 
contact comes within its field it is attracted and malecs firm c 
The circuit is broken with snap action, 1 11 us minimizing spar
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