57

CLASSIFICATION OF CONTROL, EQUIPMENT 51

venient, as in proportional control, {0 connect the pogition of the
controls with the extent of the departure of the temperature from
the set value. This can be done fairly readily with air-operated con-
trollers (vide infra) in which the air-flow is throttled by a varying
amount, resulting in variation of pressure 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
mechanically-operated controllers, which move the valve by an ex-
panding solid or fluid medium, as well as in clectrically-operated
controllers, so that the torm proportional is more apt.

In the proportional type of control a given temperature of the
medium surronnding the sensitive clement canses the heating medium
control-valve to assume a definite position corresponding to that
temperature.  This is the main disadvantage of this type, because
il the mechanism is adjusted to maintain the correet temperature,
for instance ab the outlet of a heat-exchanger, any permanent varia-
tiom in, say, the flow of liquid being heated would demand a permanent
alteration in the position of the valve controlling, say, the steam for
heating, in order fo maintain the correct 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 valne depends, of course, on the adjustment of the
mechanism, in other words on the sensitivity of the controller, but
this canmof be inereased indelinitely because at a limiting value a
self-sustained oscillation oceurs, Stability can be secured to some
extent by suitable compensation, and by means of double compensa-
tion the temperature can be automatically brought back to normal.
When the magnitude of the disturbances is small, and little variations
in working conditions oceur, the proportional-control method works
very well ; but where great disturbances occur frequently, or where
exact control iz degired, satisfactory results are not always obtained,
even when sensitivity is increased almost to the limiting value of
self-sustained oscillation.

Proportional  Reset Control.—This form of control is usually of
the wide-band type, in which the valve position is reset automatically
to compensate for the deviation of the control-point with the
change of load characteristic of simple proportional control. The
reset rate is usually slow. This form of control iz relatively expensive
and complicated. 1t avoids the continmous and violent hunting of
on-and-off control in a process slow in response to control, and the
wandering characteristic of wide-band instruments without reset.
1t is a proportional control capable of high accuracy under varying
loads.

(3) The “Floating”’-Control Methed. —T'he name *integrating ™
control is sometimes given to this classification. In thig systei?’-‘ﬁ%-ihr_z | ,;ff;'f'i_,'
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controls are not placed in a position directly related to the tempera-
ture, but are slowly moved, sometimes continuonsly, in one direction
or the other, the rate of motion and its direction depending on 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 be avoided, the rate of motion of the control valve must be
very slow, which is the main disadvantage of the * floating >’ method,

In another type with ** high-off-low ” contacts there ix a definite
mert space, or dead zone, between the two contacts, which further
limits valve motion.

The benefits of both the ** proportional ™ and * floating = methods
of control can be secured by using the proportional method as the
basis of control, with the floating method to give a slow motion of
the controls. The mechanism imposing the floating action on the
proportional eontrollers is known as a *“ stabilizer.”

The floating control in itself is not in common use, but as a com-
ponent of more complex types, asg that just indieated, it is quite
important.

Other names for this duplex type are :—* throttling-plus-floating,”
“ throttling-plus-reset,” * proportional reset,” ete.

A form of control elosely allied to the simple two-position elass
15 what has once been termed the ¢ two-position with rate = control,
or what is more commonly called the ** constant-speed floating ™
control. ~As the term implies, it differs from the 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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CHAPTER VII

INDUSTRIAL TYPES OF REGULATORS BASED ON THE
EXPANSION OF A LIQUID.

Requrnarors of the liquid-expansion class have found extensive
applieation for the heat control of industrial furnaces and bhoilers.
and for domestic prrposes.  Instruments of this group can be divided
into two types ;-

(1) Self-operated.
(2) Air-, steam- or water-operated.

The latter are by far the most commonly used industrially,
Principle of Operation of Self-operated Controllers.— T'he sensitive
bulb in the mstruments of this first clags is eonneceted directly or
by capillary tubing to a pressure-responsive  element adapted to
operate a valve or electrical eontacts. 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.  The force available to close a valve is small, go that there
is o risk of incomplete  shut-off,” which may result in a slow rige of
temperature, with consequent damage to the instrument itself.
It is almost invariably necessary to have a large sensitive bulh
when the pressure-responsive clement is a bellows operating a valve,
and this gives rise to difliculty in installation, apart from a disad-
vantageous time-lag in heat transfer to the sensitive bulb and contents.
The sensitive element may contain liquid of the volatile Lype,
or of a non-volatile type like mereury, or even a gas-lilled element
may be used. When the volatile-liquid type is used, the flexible tube
connecting the bull, to the valve-nctuating bellows should extend
down on the ingide of the regulator bulb so that its end shall always
be immersed below the surface of the thermo-gensitive liquid, thereby
constituting a * trapped-vapour * construction preventing any of
the vapour formed in the bulb from passing over to the bellows, and
ensuring that the power shall be transmitted entirely by liquid
pressure. [ this were not so, and any vapour were allowed to Pass
over into the bellows, this vapour would condense in the cooled
bellows and no pressure could be built up until sufficient lignid had
distilled over into the bellows to fill them. On the reverse operation,
it would be necessary for all the liquid in the bellows to be redistilled p
back into the bulb. o Q) G0
53 — L
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In cases where it is inconvenient to place a sensitive bulb in the
tank of a machine, it may be possible to incorporate the sensitive
element in the pipe-lines. A suitable pipe, through which the liguid
to be controlled circulates, is made double-walled for a certain length.
The inner tube may be plain or corrugated. The space between
the two wallg is filled with a volatile liquid and hermetically sealed,
excepl for a connection by means of a eapillary tube to the eontrol
valve. With this form of instrument the ratio of exposed surface
to volume of the sensitive medium can be made very great. For
pasteurizers for milk, cider and fruit-juices, which are heated whilst
in eirculation, this form is particularly convenient,

The danger of breakage and the mixing of the volatile liquid
with the contents of the pipe is present, but with careful construetion
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Fra. 27— Piloy valves for air-operated controller : (A) Reverse-acting, (B) Dircet-acting,

this danger should not be greater than with the use of a bull in the
usual way.
Principle of Operation of Air-, Steam- or Water-operated Con-
trollers.—These malke use of a pilot valve, controlled by the expansion
of # volatile or non-volatile liquid contained in a bulb inserted in
the heated space. The pilot valve then regulates the pressure of air
upon the diaphragm or bellows of the main control valve. Where
large valves or slides have to be operated, the pilot valve controls
the direction of air, water or oil flow to a power cylinder capable
of developing up to about 5,000 ft.-1b. 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 [lapper to elose or partially close a nozzle from
which air is issuing. This raises the pressure in the pressure element,
causing it to expand and close the pilot valve, whereby the aivalenk () GoI0
(111 el 11
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is opened and the air cut off from the diaphragm valve. This latter
valve is so arranged that reduction of pressure causes it to close
and cut off the heating medium. When the flapper uncovers the nozzle,
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 element controls the pilot valve directly. Rise in tem-
perature causes air pressure to be applied to the main valve to
close it.

There are a number of variations of the foregoing principle. The
opposite eflect in either (A) or (B) is obtained by changing the position
of the pilot valve so that rising temperature affects the main valve
in the reverse manner. The main valves used in conjunction with
these regulators may either be direct- or reverse-acting, and are
referred to in the Appendix,
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Fia. 25.~The Powers regulutor.

Self-operated Types.

One of this type of regulator manufactured by the Powers
Regulator Company consists (Fig. 28) of two compartments, 4 and
', divided by a flexible corrugated-bronze diaphragm B. One
compartment contains the volatile liguid, the expansion of which
forces the metal diaphragm back and expels air out of the rear
compartment through a flexible connecting tube and into a bellows
1) operating the contrel valve of the heating medium. When
the temperature falls, and the pressure decreases, the gas valve
is opened again by means of a lever and weight. The pressure in
the bellows is directly proportional to the temperature of the com-
partments ; consequently the position of the adjusting weight on
the lever will determine the temperature at which the valve will
close, and the operation being gradual, the passage afforded by the ol -
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valve opening is proportional to the temperature, By changing
the positions of the adjusting weight, different temperatures over
a 20° F. or 10° C. range are sccured. Such a thermostat for house-
heating purposes has a sensitive element in the form of a capsule
about 12 inches in diameter and 1} inches in depth, enclosed in an
open-pattern cover fixed on the wall of the room where atmospheriec
temperature control is required. The flexible conneeti ng tube may
be of any length up to 75 feet, or with smaller valves 100 feet. and is
usually of lead armoured with galvanized steel wire.  Armoured
copper tube is employed where conditions such as excessive vibration
require its use. For the control of draught dampers on a heater,
the valve is omitted and the bellows are enclosed in a housing with
a suitable supporting flange, connection being made by means of
chains between the end of the lever and the heater dampers.

The Morgan Crueible Company manufacture a thermostal which
whilst. strictly not being a self-operated type, does open and close
contacts directly, to operate relays. This instrument is based on
the principle that, for comfortable conditions in a room. the heat
loss from an object at a temperature corresponding somewhat arhi-
trarily to that of a human being should be a constant quantity.
The instrument consists essentially of a hollow blackened copper
sphere about 5 inches in diameter ;: this sphere, an illustration of
which is given (Fig. 29), is mounted on a eylindrical sump, which is
housed inside the base. The sump is filled with a volatile liguid
and contains a small heating coil as well as a bellows di: phragm,
the movement of which causes contacts in the circuit of the master
relay controlling the heating apparatus to be opened  or closed.
The heating coil is loaded continuously at from 4 to 8 walts, so that
the liquid is evaporated at a constant rate and rises into the sphere,
where it condenses on the inner surface of the copper and drains
back into the sump. The rate at which this condensation fakes
place, and therefore the vapour tension inside the sphere, obviously
depend on the rate of heat flow through the copper walls.  Tf this
rate of flow is, say, inereased, owing to a change in the conditions
in the room, the 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 (Fig. 30) consists of a vertical glass tube, from which
a horizontal arm projects, carrying two contacts. A gquantity 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 contaets in
the sump. The other contact in the sump is also connected {o the .
mains.  When these contacts are elosed, the solenoid is cme-rgffz@rﬂ,_ x]

ULTIMHEAT®
UNIVERSITY MUSEUM




LIQUID-EXPANSION REGULATORS ! INDUSTRIAL TYPES 57

the iron rod is drawn downwards, and the level of the mercury is
raised, so that some of it flows into the horizontal arm, completing

-,

a

Fri. 20 —Radintion thermostat for room

Fie. 30, —Conteol relay Tor radsdion
temperalare control,

hermosint,

the cireuit between the two contacls therein.  As will be scen (Fig. 31),
these contacts are in the radiator circuit, so that the heating apparatus
15 switched on.

MastorRelay Sectional, Reloy

!.;'J -i 4
h "o Matns JH{_;\\\ WEM&“JMEW
— " | 3PinPlug
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CERGINEERIRG
Freo 3 —Diagram of connections of operating relays for radiation thermaostat,

Bearing Thermostat.- Tt is desirable to have an automatic means
of stopping an unattended machine before damage is done, hri?ﬁ ) ﬂ O CC
10
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event of its bearing becoming overheated. The sensitive element,
usually a bulb containing a volatile liquid, is embedded in the bearing
itself or placed in the circulating oil if this is possible. Attainment
of a dangerous temperature causes a switch to be tripped. The liquid
is generally contained in a brass tube and moves a piston which
throws off a quick make-and-break switch, 'T'he switch is held in
the off position until re-set by hand, and is normally capable of
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[F1e. 32.—Car thermostal : bellows type,

carrying power from the maing. Adjustment ig usually provided for
the switch to open at from 60° . to 90° C.

Liquid-expansion Thermostat for Motor-car Engines. —Motor-car
engines usually have their carburettors set so as to give their maximum
power with the highest cconomy when the water-jacket temperature
ig about 180° F., and there is a lack of efficiency until this temperature
is attained. It is degirable, therefore, to prevent the cooling of the
circulating water by passage through the radiator, until this tem-

perature has been veached. Allernatively, the 1Imrmost it € wrno
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aperate radiator shutters. The temperature should be maintained
regardless of weather, load or road conditions,

A common form of thermostat for this purpose consists of metal
bellows containing a wvolatile liguid. The bellows are made so as
to bo fully extended before the liguid is put in, but when filled and
sealed up are in a state of compression, due to the internal pressure
being below that of the atmosphere. The bellows are inserted in
the cooli ing water at a point between the top of the cylinders and the
vadiator, and when the pre-determined temperature is reached, the
liquid vaporizes and expands the bellows. To the bellows is connected
a valve controlling the rate of flow of the water into the radiator.
The flow of water from the eylinders to the radiator eannot commence
until the water around the eylinders has attained a temperature of
at leagt 140° F., when the expansion of the bellows opens the valve
<lightly. As the expansion increases with the rige in temperature,
the valve continues to open proportionately until a temperature of
about 170 F. is reached, when all the eooling water is in full circula-
tion. Should the bellows be punctured accidentally they would
Iully expand, giving an unrestricted water flow.

This thermostat may be uged in one of two ways : either to obstruct
the flow of hot water from the cylinders to the radiator, or to by-pass
the water from the eyvlinder-block back to the bottom of the radiator
or pump. The first alternative is shown in Fig, 32, Guiding vanes
for the valves are generally used to prevent them sticking, and a
small hole of about 4-inch diameter is drilled in each valve to prevent
the formation of air-locks, The valve diameter iz so chosen that,
when the valve is fully open, the flow area uncovered is equal to that
of the main water-pipe.  In cases where this diameter cannot con-
veniently be made large enough, two valves in parallel are used,
as illustrated in Fig. 32.

Other types of control, =uch az those embodying a bimetallic
strip, are employed for the same purpose, and these are deseribed in
another chapter,

Air-operated Types.

The Tycos temperature regulator, which is of the air-operated
type, is illustrated in Fig. 33 and details of the air valve are shown
in Fig. 34, The H{’HMHVP bulb is connected by meang of flexible
capillary tubing with a small metal eapsular chamber (8) (I'ig. 33)
within the case of the instrument. When the capsule expands suffi-
ciently, the valve stem is raised so as to allow a free passage to the
compressed air through the regulator to o diaphragm valve. This air
inﬂ'tb{*fs the diaphragm of the valve, causing the valve to shut off

ust enough heating medium fo maintain the temperature at the
th"qued poinf. An air-loak (5) allows the air to be exhausted fr ﬂﬁmﬂwt
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diaphragm when the temperature 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 capsule and the valve stem,

Reverse-acting 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 desired value.

(9

66

Fic. 33.—Tycos ** Singl-Duty ™ air-operated temperadure regalator,

(1} Rocker-uem and brackel for cam 7). ULy Adr Enled (union baid),

(2} Unm-siljnating Kev-post. {12y Unp=nlar ehamber loek-nul,

(3} Adr-valve block, (13 Bronzo-artooured conmecting tnbing.
14) Adr-walve cap. (10 Trerenle.

(5) Adjustabic nie-leak. (15) Bwivel nni,

(0) Hocker-nrm stad which engares afr-valve (1) Budh,

plunger. (17 Union conpection huh,

{7) Lemperature-ndinatinge can. {18) [errnle sot-screw,

(#) Capsular chamber, {19) Front case elamp plate.

{9 Front case clamp plate, (2 Alr conmection o diaphragm valve,
(1) Wront case lock-nut., (21} TFront case lock-rut,

For the control of two heating media—or one heating and one
cooling medinm—to maintain a constant temperature, one bulb is
used which iy divided into two compartmenis, each compartment
being connected to its individual eapsular chamber in the instrument .
case. Iach capsule eontrols two separate valves. One mpgm‘h A hﬁm
n
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chamber is direct-ncting, and regulates the valve in the steam line,
while the other is reverse-acling to regulate the water-line valve.
A aingle adjustment device controls both sides, after each side has
heen set separately.

The primary reason for manufacturing a control for use with
two heating media —exhaust steam and live steam—is beecause the
supply of exhaust steam is liable to fail. With this device, as soon
as the temperature falls below a certain limit, due to failure of the
exhaust steam supply, and it becomes necessary to resort to live
steam, the regulator closes the diaphragm valve in the exhaust steam
chischarge line, and opens the diaphragm valve in the live steam line.

Eleurss - FIGURE -2

i, M.~ Disgram showing operation of * Singl-Duty » direet-action air-valve block.

{1} Capaufar ehamber in normal position amwd air- (N} Capsulnr chamber.
valve cloged. (0 Adjvsting e,

£2) Capsulpr chamber in inflated position and air- (1) Adjusting kev-post.
valve apen. () Mocker arm and brackoet,

(A} Lower valve plonger., (X)) Adr-leak seraw,

(E) Air-valve Lilock, (¥ 55 v Joek-mt,

{F) Valve apring, (%) Capgsolar chamber Giting.

() Air-valva cap. (¥A) Ale-leak.

() Upper vilve stom.

Air pressure of 25 Ibs. per square inch is employed with the
foregoing types of instruments, but pressures as high as 40 Ibs. can
be used.

Variable Vane Type.—The principle of the Bristol Free-vane Air-
operated Controller is illustrated in Fig. 35. The actuating element
(1) 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 this shaft, and as the shaft rotates in response to changes in tem-
perature, this vane passes between two nozzles (5) and (6) which
are discharging opposing jets of air, and in so doing throttles the
discharge of air. It is by means of this throttling that control is
effected. GG
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Air at 15-lbs. pressure is admitted at (7) and passes upward through
the filter (8). Its pressure is shown on the gauge (9), and a branch
leading off to the left supplies air to the orifice (10) and pilot valve
(12). The object of the orifice is to vestriet the flow so that only «

Fi16. 35.—Dristol free-vane air-operated controller.

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 not throttled they

permit enough air to escape so that only a slight: pressure is produced

in the diaphragm (11). As the edge of the vane cuts into the dis-

charging jets of air, as already stated, the discharge from the no'm?ﬁo& lﬁ
fILEL
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is throttled, the amount of throttling depending upon the ]mqltmu
of the vane. When the vane cuts entirely through the jets of air
the throttling is at a maximum, and a muech hlglmr pressure ig built
up in the dmplu agm (11). The function of the diaphragm is to operate
the pilot valve (12). Full 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 lhrough the adjustable bleeder (15).
When the pilot valve passes more air than the bleeder can discharge,
the pressure increases at the dl'ﬂphmgm 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 diaphragm valve depends upon the air
pressure to which this valve is subjected, it follows that this opening
is determined by the movement of the vane (4). The a,d]uat.l,hlc
bleeder (15) enables the controller to be adjusted to the sensitivity
of the process,

The two opposing nozzles (5) and (6) are separaled 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 does a single jet, Tt 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 air without coming
in actual contact with either nozzle, literally being “ floated 7 by the
two jets of air.  In this way friction on the vane is minimized.

The vane can readily be rotated about the 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 range of the controller can be changed in the
“ Amplisel 7 type by varying the linear motion of entry of the vane
between the jets per unit of deflection of the measuring system.
With maximum sensitivity, a relatively small deflection of the 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 Keni Proportional Controller has some interesting features.
Fig. 36 illustrates diagrammatically the action of this controller.
As pressure, flow and liquid controllers have a similar mechanism to
the temperature-controller, the mercury-chamber float represents
diagrammatically the sensitive element of the temperature-control,

Air pressure is supplied to the delivery jet B and is controlled
by the pilot-valve vane 4 whose movements vary the pressure re-
ceived by the jet B in the line P. This pressure is then transmitied
to the diaphragm chamber, thus compressing the springs 01 LJJIO

valve, which alters the flow of heating medinm. Tl _|
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The value at which the controller is to maintain the controlled
guantity is indicated by the pointer €', which moves over the diagram
or chart concentrically with the pen D. A manual setting dial ¥
is provided for setting the pointer.

Pivoted to the combined pointer and crank C-¢f ig the differential
link 7. "This link is slotted at the lower end so as to ride on the

_MERCURY
© CHAMBER
FLOAT

LSENSITIVITY
© SETTING DIAL S

- PILOT WALVYE
VANE A

CONTROL SETTING
DIAL E

POINTER C/
PEN D

YANE COINCIDENCE —
SETTING DIAL L

=

LtFen. Kent & OCo., Lif.
i, 36, Layout of Kent Proportional Controller,

pinJ which is fixed in #. Thus the centre-line lies across the pivoting
centre of F and ¢, when the set value and the actual controlled value
coincide. The connecting link X is attached to the differential link
I by a shouldered pivot screw, so that for any deviation of € or D
a movement is transmitted to the driving pin Z, which in turn WG~

the ratio arm ), and the vane 4, ﬂﬂm 50)
I

RO
£ {1
ULTIMHEAT®
UNIVERSITY MUSEUM




LIQUID-BEXPANBSION REGULATORS ! INDUSTRIAL TYTPES 65

The amount of movement transmitted to the vane A is proportional
to the deviation of €' and D from one another, and the %tting of ratio
arm ). The latter is called the * sensitivity adjustment ™ and is
accomplished by the sefling dial S, whieh alters the prmtmu of the
fulerum and ratio arm € relative to the position of the ping Z and Y.
A vane coincidence arrangement with setting dial L is also shown,
andl this, through an eccentric bush, alters the position of the vane
relative fo the nozzles in a horizontal direction, thus effecting a simple
adjustment to hring the pen coineident with the setting pointer.

Stabilization nf Air-operated Conirollers. —In order to eliminate
“hunting ” or “eyeling,” it is necessary to adjust the throttling
range of the controlling instrument, or in other words its sensitivity, lw
way of compensation. Stabilization b v varying the throttling range is
insufficient in some cases, and an additional system of st Lhtl]ztbl‘-mn is
needed. This usually takes the form of damping the initial movement.

A common 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 link to ‘the orifice of the
controlled air-lealk, so that the orifice is moved in the required direction
to counteract the first movement set up by the change in heat demand.
The control is therefore stabilized by canging it to strike a balance
between the two opposing tendenecies and to determine a control-
valve pogition which will supply the amount of correction required
to maintain the temperature constant. As the aetion of this stabil-
izing clement 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 How lhlmmh the relay system via the air-leak,
good control is secured. There is little swing from the control point.

With one type of instrument, the air flow to one capsule is free
and to the other restricted by the inclusion of a long length of fine-
hore resigtance tubing. In another, the air flow to the second capsule
iz controlled by an adjustable needle-valve. Other constructions are
used, but the underlying principle is the same, and is that of controlling
the ba ck pressure on the pllnf valve so that any new pressure applied
to the luwel control-valve iz gradnally c-ha,na,ed at a rate which is a
divect function of the rate of change of the process temperature,
bringing the temperature back on a curve which is tangential to the
control-point, instead of culting acrosy it.

The system of stabilization deseribed s illustrated by the diagram
(Fig. 37). As the control-point is veached, the valve 4 commences
to restriet the flow ol air from the orvifice B. DPressuve is built up
behind the orifice, causing inflation of the capsules ¢ and D. @ tends
to open the pilot valve ¢, but 0 causes the orifice to move away
from the valve A, thus permitting air to escape and release the
pressure behind the orvifice £. Meanwhile the trend of conditions
needs correction, and the valve A continues to move towardssthd ) e
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orificc B and repeats the above. Al the same time, air is passing
throngh the restriction & and inflating the capsule # at o slower
rate than capsule D). Eventually /" and D balance each other and the
orifice is brought to its original position, the pilot valve ¢ is opened,
and the control valve adjusted. The action of the capsule F is to
stabilize or damp the operation of the controller.

Re-setling 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
for proportional control. It is accomplished by the addition of another
vane linked to the prineipal vane, but the action of the former is
delayed considerably by a needle-valve fitted in its pressure pipe.
The delay can be varied to suit the amount of lag.

© AR SUPPLY

i -

AlR TC DIAPHR, -
- wgal

CONTROL WALVE. I

%{: | p====(v) *

IH B
© HBACHK PRESSURE
BEHIND DAIFICE. —

T
B

[ Flectra Metors, L
"G, 37.—Diagram showing one typu of stabilizing system employed in air-operated
temperature-controllers.

Fig. 38 shows the controls of the Kent re-set controller. The
conneeting link moves both ratio arms @, and @, which are inter-
connected by an adjustable link. Each vane has a sensitivity adjust-
ment.

The diaphragm valye is equipped with two diaphragms, and
operating mushrooms which are mechanically tied together, but the
pressure chamber of each is guite separate, one being filled and
exhausted by pilot valve 4, through the needle-valve # 7 and known
asg the re-getting control, and the other by the pilot valve 4, the
proportional control. The mushroom W, depressed by the pressure
from the re-setting pilot valve (info the chamber 7'), pushes down
its spindle through the gland U and thus the mushroom M and spindle
N which are directly connectod to the valve. (The gland U prevents
the pressure leaking upwards into chamber X, as the latter is. -i’D ES

conneclion with the atmosphere,) mﬂm '"“lﬂ
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It will be appreciated that either of the mushrooms MW or W can
move the valve over its entive range. Normally, if proportional
control only were used, pilot valve 4 would send its pressure-variations

ﬁ?::_:n
FLG\N, PRESESUKE OR
DIFFEREM TIAL @ TEMPERATURE ELEMLNT

LINK H

i

CONTROL SETYWNG _ RESET SENSITRAITY

DAL E SETTIMG [DIAL %
POINTER © - o, ﬁ
EtEmeTrm ___" PILOCT
. . VALYE VANE &,
1 zi Ql rq
: ~ ALK SUPPLY
PROPORTIONAL
CONNECTING LINK L COMTROL
] T sty <ETTING
% oL s,
-
P i .—mq PILOT
ZQ ¥ - : VALVE VANE A
AR SUPPLY
MNEEDLE WALVE P J*‘Q‘
a—

1en, Kemd & Co., Lid.
e, 88 —Layout of Kent proportional and re-sof controller,

via pipe P, to the space R above mushroom M, thus exerting an effort
on this mushroom alone.,

When re-setting control is used, the needle-valve PV is opened
slightly, which allows pressure-variations from the high-sensitivity
pilot valve 4, to be communicated to the mushroom W vigesthd), G&o)
|

space 7', <= iN
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As the two pilot valves 4 and 4, are tied together mechanically
by means of the adjustable econnecting link, it will be realized that
for a small deviation a large potential pressure-change is caused
by pilot-valve vane 4, and a small one by pilot-valve vine 4. Whereas
A is in direct communication with mushroom M via space R, and
moves it immediately, the larger effect of vane A4 ¢ is delayed by the
throttling of the needle-valve FV. 1f the ncedle-valve in line 0,
were closed completely, the controller would operate as a propor-
tional controller, and thus the sensitivity of the pilot valve 4 would
be determined by plant conditions. (It would be inereased in sensi-
tivity until the plant just failed to ““ hunt.”) Tn some bad locations
it will be appreciated that this would mean an nndesirably large
throttling zone.

~ARM E!

I TSFLEXIBLE DIAPHRAGM

Fia. 39.—Prineiple of the Tycos timo-temperature deviee, ghowing “ two-rise " and ** Lwo-
hold  eam,

Time-Temperature Control with Air-operated Conirollers.——It is
sometimes desirable to have automatic means of heating or cooling
according to a specified time-schedule. This can be readily done
with air-operated controllers by suitable continuous adjustment of
the pilot valve.

The time-temperature operating device fitted on the Tyeos instru-
ments consists of a large cam, 4 (Fig. 39), driven by clockwork at
a definite speed. A definite contour which has been cut on this
cam to suit the requirements of the operation is followed by an arm
E, which in turn raises or lowers the whole of the valve seabing.
The valve itself is kept in contact with the capsule by means of a
spring. Movement of the seating away from the valve consequoently

allows more air to pass to the diaphragm valve to open it, andfhes (@

allow more heating medium to pass. i
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A “ hlow-olf ** device is incorporated, which consists of an auxilinry
air-valve mounted on the imstrument directly below the operating
cams. At the expiration of the predetermined period, this valve
functions, terminating the proecess. A stop connected to the blow-
oftf line automatically stops the clock and enables the operator to
know the exact time at which the operation terminated. If eonnected
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 “gplit cam 7 can be furnished, which can be used in a process
requiring the admission of water for cooling at the end of the heating
period ; the cam allows the water valve to remain open until the
end of the time period, when this valve will shut off automatically.

FiG, 40.—Tyeos adjustuble * lift-cams.”

(A) Seetion of cion eovering Initial tomperatire-
perioil (fompernturs is 100% 1. in this cose).

(15 Indientes settiog-point of cam (30 minutes in this
eased,  Temperalure beging {o rise at thiz
point,

() Adjustable-rise seetor regulating Lime of Lenm-
peraluresrise (112° I, in this case, difference
between 100° ., and 212% Fo).

(DY Plow-alf arm, or tining device, regulating time
of Twlding pertord {ged Tor 1 hour in this cageb,

() Section of son covering olding period (£12° T,
in Lhis case),

Adjustable * lift-cams ” (Fig. 40) arve 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. Mr ' O RAS
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In the Drayton regulator of the air-operated type, the volatile
liquid operates a Bourdon spiral tube. The pilot valve is operated
by a system of links from this tube. Continuous temperature records
are made on a flat paper-covered disc. The time-temperature device
in this regulator takes the form of a celluloid dise of the required
contour, superimposed on the temperature-record dise. The conlour
is followed by a pointer conmected to the pilot valve by links. Since
the temperature-indicating pointer and the control pointer have
parallel motions, it is a fairly ssmple matter to eut ont a celluloid
dise 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 may
cause sluggish response of an open-and-shul instrument, or erratic
or changed response of a throttling instrument, even if operation
does not cease entirely. Rach instrument should be 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, Hoat-actuated drain-valves may be needed
to avoid flooding of the system. Compressor after-coolers are always
a help. A proportional instrument usually requires not only clean
air but air at constant pressure, so that the instrument need not
continually — correct  for erroncous  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. This is a desirable feature, both to promote reliability
through freedom from group failure of several instruments on a
common valve, and to reduce installation costs by bringing high-
pressure supply air in small-bore copper tubing instead of low-pressure
air in large-hore pipe.

o))
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CHAPTER VIII
THERMOSTATS USING BOILING LIQUIDS.

A CcoNVENTENT laboratory method of maintaining the temperature
of an object constant at temperatures in the range from 0° C, to
about 400 (% is to immerse it in the vapour of a boiling liguid, or
to suspend it in a double-walled vessel, hetween the walls of which
the vapour circulates. Yet another method is to suspend a tube,
or number of tubes, from the cover of the vessel containing the boiling
liquid, and place the objects to be maintained at a constant tem-
perature in these tubes. Steam or sulphur vapour b * are often
employed for this purpose, giving temperatures of 100° and 444-6° C.
regpectively under normal barometric pressure. Other liquids and
materials which are solid al room temperature but melt at convenient
temperatures for the particular purpose may, of course, be used.
Most of the bath ligquids mentioned in Chapter Il may be used in
this connection, and the restrictions mentioned there will apply
here also.

The method provides u simple means of maintaining a constant
uniform temperature in a comparatively large volume,

Care must be taken, il closed-ended tubes are suspended in the
vapour to provide the uniform temperature-space, that the distance
hetween Lhe lower ends of these tubes and the surface of the boiling
liquid ig sufficiently great to prevent splashing of the liquid on them ;
otherwise their temperature will be affected. 1t is also beneficial t.u
provide the tubes with radintion shields in order to prevent loss of
heat by radiation from them to the cooler walls of the container.
These shiclds may take the form of metallic tubes concentrie with,
and larger than, the main tubes, and drawn in at the top end to fit
the main fubes,

To avoid superheating the vapour when external heating is
applied, the heat should not be applied too cloge to the surface of
the liguid ; and also, for a similar reason, a poor conductor should
be used for the material of the container. Such materials as silica,
pyrex, or other hard glass are suitable, Great care has to be faken
to avoid fracture on reheating the solidified contents of such con-
tainers. By the use of an electrie heating coil completely immersed
in the solid, this trouble can be avoided. The leads can be sealed
in the walls of the container, preferably below the level of the solid
to obviate the possibility of superheating the vapour. The cmiﬁﬂnap

Tl
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can, with this method of heating, be adeguately lagged. Loss of
vapour is minimized by using a “condenser, whic h, for most cases,
need only consist of a lrmg open-ended tube in the lnp of the vessel.
On the other hand, constancy of temperature for long periods
of time cannot be maintained satisfactorily unless precautions are
take to obviate the eflect of variations of atmospheric pressure, for
the boiling-point of a liguid may change by several degrees due to
this cause. Ior accurate work, such variations can be eliminated
by sealing the bath in an air- !aghl, manner, and compensating for
changes from atmospherie pressure by the addition or removal of
small quantities of air as required. 'This arrangement gives a high

M 4 A& s g

WEATER ]

Fie. 41.—Arvangement for boiling-liquid thermostat.

degree of constancy, and no appreciable deviations can be detecfied
with a sensitive thermometer,

Using commercial petroleum, or a similar liquid containing a
number of constituents of different boiling-points, it is possible to
arrange that any temperature within a limited range can be main-
tained. With petrolenm the range is about 40° . to 75° C.

In boiling a mixture of liquids, the concentration of the vapour
is different from that of the liguid, and if the vapour is allowed to
escape, the boiling-point will rise continuously to a certain limit.
When the required boiling-point is reached, the system may be
sealed to maintain the concentration at a constant value,

One form of apparatus for this purpose is illustrated in I‘lgﬁﬂ O _

It consists of a double-walled vessel, the space between theltwo
ULTIMHEAT ®
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walls containing the liquid and its vapour. The object to be kept
ab a constant temperature 1y contained in the inner vessel, the upper
end of which is well insulated to prevent the effects of external tem-
perature-diflerences. For greater simplicity, this double-walled vessel
may he replaced by a vessel in which the object is directly suspended
in the vapour, providing that the object ig not attacked by the vapour
and also that its frequent removal and replacement is not necessary,
In either case the liguid is Dboiled and the vapour passes into the
condenser, whenee the liquid formed Hows away through the tap
and is colleeted in a convenient vessel.  When the desired temperature
is attained, as indieated by a thermometer immersed in"the vapour,
the tap is closed and the condensate therecafter returned to the vessel,
thus keeping the concentration constant, and giving a liquid with
a constant boiling-point, The condenser may be stopped if desired,

The same result, but with greater difficulty in securing a selection
of temperaturer when using the same liguid, may be attained by
increasing the pressure on the liquid and so raising the boiling-point,

References to Chapter VIII.

(1) Nevex, Cun. J. Rogearch, 1036, 14, 1.
(2) Brarrere, BenEmier anp Busisoely, Proc, dm. Acad. Avrls and Seiences, 1937,7T1, 327,
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CHAPTER 1X
THERMOSTATS USING THE EXPANSION OF SOLIDS.

Tur expansion of solid materials with rise in temperature may,
broadly speaking, be used in two ways to control temperatures.
The property may be made use of either in the simple form of direct
expansion, where the material has relatively free movement to make
and break the electrical control eiveuit, or it may be employed in a
differential manner in the form of bimetallic strips.  This latter
arrangement. will be deseribed in a later chapter.

Thermostats depending on the expansion of solid materials are
very relinble, providing the expansion material is suitably selected
and treated. The fact that linear expansion is usually a straight-
line function of temperature is also an advantage, since the aceuracy
of regulation is not diminished at high temperatures. As the amount
of expansion of the material is small, the control mechanism has to
be sufficiently delicate to respond to small movements. This may be
arranged by the use of o system of levers to magnify the movements,
or the expanding material may operate a pilot valve controlling a
compressed-air or steam supply. In some instances a combination
of both methods is utilized.

One simple form of thermostat 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 oul 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
for temperatures up to 500 °C', ; aluminium bronze for temperatures
up to 7007 C.: and 18-8 chromium-nickel steel for temperatures
up to 10007 . The block may be eylindrical with a one-ineh wall
between the constant-temperature zone and the heating element.
The diameter of the block should he roughly the diameter of the
constant-temperature zone plus 2 inches : the length should be the
length of the constant-temperature zone plus 12 inches. Bushings
may be nsed inside the block to reduce the heatling space.

The more usual form of instrument consists of a tube of metal
of relatively high expansion, such as brass, in which is contained a
rod with a negligible or very small coefficient of expansion. This
rod transmits the movements of the tube to a switch or valve arrange-
ment.  This arrangement results in a rapid response of the sensitive -
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element to fluctuations in temperature, which would not be the case
if, alternatively, the sensitive element were contained in a non-
expanding tube, as is sometimes found.

Simple Form of Solid- -expansion Thermostat.—In Fig. 42, 4 is a
brass tube immersed in the liguid under temperature-control. One
end of a nickel steel rod B is held by a spring S against the end of
the tube, while the other end # is free to press upon or recede from
the conical valve seating F, thus controlling the passage of water
or compressed air from the pipe H to D [cmm( eted to the diaphragm
chamber of the main control-valve). With rise in temperature, the
rod is withdrawn from the valve F by the expansion of the tube A,
allowing more water or air to pass through to the diaphragm, thus
mereasing the pressure and causing the main valve to close.

iy 42 —Thermostat depending on the expansion ol golid materisl,

The Chevenard ' dilatoneter can he modified to act as a thermostat.
The expansgion in the heating furnace or space of a bar of nickel-
chromium alloy is nmgmhed by a series of levers, which move a
pair of prongs into one or both of two mereury cups.  One prong
enters the mercury slightly hefore the other and energizes a relay
which puts a certain amount of resistance into the furnace circuit,
If the temperature continues to rize, the second prong enters the
mercury in the other cup, and through another relay morve resistance
i put into the furnace cireuit.

Chevenard has also designed an apparatug (Fig. 43) in which
the extension of a length of wire with increase in temperature (due
to increase in the supply current which passes through it) causes a
resistance to be pul into the cireuit. A part of the supply current
is passed through o length of nickel-chromium steel wire contained
in a vertical Pyrex glass tube, The instrument is adjusted to be in
equilibrium at tlle u‘quned temperature, and any fluctuation in the
current supply causes a change in the temperature of the wire, .uub

I
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consequently in its length, This change in length iz transmitted
to a long needle which, thmugh a linkage. moves a lever with prongs
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. 43, Chevenard regulator.
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dipping into mercury contacts. Fluctuations in atmospheric tem-
perature are compensated for by making the link lever bimetallie.
so that as it bends with change of temperature its point of contact
with the needle is proportionately affected.

Expansion of the Furnace Tube.—It 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 suceess-
fully applied to the regulation of furnaces used in laboratories. The
tube can be of iron, nickel or chrome-nickel, according to the required
temperatures, and is fixed securely at one end in a clamp, whilst the
other end is free to expand and operate a switch through a system
of levers. Fig. 44 illustrates diagrammatically the principle of such
a form of regulator, in which one end B of the tube A is fixed in a
support, the other end €' bearing against a lever which operates a
switch 7).  The supports for 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 ““ Arca ™ regulator.
This strip of chonite controls a special form of relay, which, together

‘with the strip, is mounted in the chamber to be regulated. Gas or

other valves may be operated by means of a power cylinder. The
prineiple of the apparatus may be understood by reference to Fig. 45 ;
this figure illustrates diagrammatically the confrol of steam pressure.
but the general principle is the same. TInercase or deecrease of tem-
perature causes a long cbonite strip connected through a spring
to the lever I 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 jet
to the water-pipe. The strip is directly connected with the lever /
instead of the bellows l. Restriction of the flow of water causes a
rise in pressure in the pipe & and in the space beneath the flexible
diaphragm # in the pilot valve b, eausing the latter to rise and open
suitable ports to permit the supply of water to flow into the power
eylinder ¢ as well as through the pipe & to the jet. As pressure water
is supplied to the upper part of the cylinder ¢ the piston falls, and
pulling down the ¢hain, inereases the opening of the gas-supply valve.
IT the temperature riseg 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 4. The spring
above the diaphragm forces the valve down, so that through suitable
ports the operating cylinder ¢ is put into communication with the
waste pipe and the piston moves the gas valve correspondingly. 1In
practice the relay @ and pilot valve & are made in one unit.

It will be realized that the working principle of this regulator is,
in effect, similar to that operated by the expansion of a liquid through
a pilot valve controlling air pressure, as described in Chapter VII.

A number of other physical propertics may be controlled Ly o
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slight modification of the regulator. To apply the regulator to elee-
trical work, the movement of the jet lever is controlled by a relay.
The position of the armature of this relay is dependent on the
voltage across, or the current in, the apparatus to which the regulator

High Prossure~ ’I

pens.

At

(328 4)

16, 45.—~'rinciple of * Aren " regulator.,

is connected. The regulator has been applied to control the position
of the electrodes in an electric furnace. The clectrodes are moved
by hydraulic eylinders controlled by the regulator.

Reference fo Chapter IX.

Chevenard, Rew. de MéL, No. 8. August, 1931, 453-4068, (oEa0) ©Ee0)
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CHAPTER X
BIMETALLIC-STRIP REGULATORS.

Trr expansion of metals with temperature is made use of in a special
way in thermostatic bimetals. Two metals, or more generally two
alloys, of widely differrnt coefficients of thermal expansion are firmly
bonded together over their surface of contact by brazing or welding.
Change of shape will ocenr when the temperature changes, and this
change of shape, magnified if necessary, can be utilized for temperature-
control purposes.  Thermostats of this form, depending on the materials
used, can be used up to a temperature of about 550° (., They are
simple, fairly robust and reliable if adequate care is taken in their
manufacture and use. For these reasons such thermostats are very
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 coeflicients. does not always
increase regularly with temperature ; abrupt changes in the direction
of the expansion-temperature curve often being found, with a large
increase in the expansion at higher temperatures, so that the element
having the lower coefficient must be suitably selected with regard
ta the required working femperatures.

Materials for the high-expansion component, in addition to having
a high coeflicient 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 of the two components
on heating there will be tensile forees in the higher-expanding material
and compressive forces in the lower. If the strengths 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 its original shape on cooling. Tt is therefore advisable
to combine components of similar strengths, and, if possible, of equal
and great elasticity.

A further point in this connection is that in addition to internal
stresses, the bimetal may be subject to stresses due {o r whraints,
loads, ete., which may afect its performance if these stresses excecd
the elastic limits of the materials at high temperatures, & GCoe
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Since the accuracy of a bimetallie strip depends principally on
the elastic properties of the combination, it is therefore cssential to
use the materials in a state hardened by cold-rolling and carefully
heat-treated to obtain the highest possible strength and elasticity.
Subsequent treatment which will affect these properties adversely
should be avoided.  Strains  vesulting from manufacture. which
remain in the combination, should be removed by heating to about
50% C.above the intended working temperature and slowly cooling,

For the element of low coeflicient of expansion, Invar (36 per cent.
nickel, 0-1 per cent. carbon, 0-5 per cent. or less of manganese and
the remainder mainly iron), is commonly employved. This material
may be used up to temperatures of about 120° (!, A nickel content
of 40 per cent. is used up to 230° (., 42 per cent. to 340° (. and 46
per cent. for temperatures up o about 440° C. For temperatures
higher than these values the thermal expansion is comparatively
large, and the difference in expansion between the two components
of the bimetallic strip diminishes, thus rendering the curvature so
slight as to be of no practical use. One point of importance may
be mentioned here.  Invar, upon heating, expands initially with a
coeflicient of 1 3 10-%, aboul equivalent to that of iron or nickel,
and then after the lapse of a few minutes at the same temperature,
contracts to show a normal coeflicient of expansion of about 0-4 x
1% Consequently, in using Invar under conditions where “apid
rates of heating or cooling are involved, this tem perature-time
hystevesis effect may influence the deflection of bimetals by an
appreciable amount.  As for the properties of Invar, it is very strong
and ductile. 1t is generally ferromagnetic, but becomos paramagnetic
m the region of 165" C. Above 2007 (!, its expansion is nearly that
of steel,

With the small-expansion eclement Invar, the large-expansion
clements sometimes nsed are Constantan (nickel 45 per cent., copper
35 per cent ) or Monel metal (nickel 65 per cent., copper 30 per cent.,
iron 5 per cent., manganese 4 per cent.), and for certain purposes
ron-nickel-molyhdenum alloy (nickel 22-27 per cent., molybdenum
2 per cent., remainder iron). The deflection constant when using
Monel metal, however, is rather low. These combinations are suitable
for temperatures up to about 180° (. For higher temperature-
ranges up Lo 4007 C, a nickel steel (42 per cent. nickel) as the low-
expansion component with nickel-constantan as the high are em-
ployed ; while for even higher temperatures, such as 500° C.. a nickel
steel (42 per cent. nickel) is used with an alloy of iron 68 per cent.,
nickel 27 per cent., and molybdenum 5 per cent. Recent developmenis
have resulted in the use of nickel-chromium alloys containing from
I8 to 20 per cent. nickel and from 3 to 11 per cent. chromium.,

The expansion of some alloys changes fairl y rapidly over a certain

temperature-range—in  some  instances being low up to a ceptaiy
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temperature, then increasing rapidly and thereafter falling off again.
Fhis 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 58 per cent. ivon with
42 per cent. nickel, 53 per cent. ivon, and 5 per cent. molyhdenum
has slight curvature up to about 150° C., then increases rapidi y
between 150° and 300° C., whilst above 400° (. further inerease in
curvature is very slight. The useful working range thercfore lies
between 150° €. and 300° €. The useful working range of 42 per
cent. nickel and 58 per cent. iron with Invar liex between 250° (.
and 350° C. Below 250° (!, the strip eurves in the opposite direction
to that above 2507 (.

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 to one which has the greatest total curvature
up to that temperature,

A fact which must be borne in mind when choosing materials
for ecomponents of a bimetal which is to be Leated by conduction,
is that Invar and most of the high-temperature bimetal components,
such as chrominm-nickel stecls, are poor conductors of heat.,

Dimensions of Bimetal.—The dimensions of a bimetallic strip
will have a bearing on the extent of curvature and force exerted
by the free end. The amount of bending will increase as 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 inereases with thinmess ; it must, however, be sufficient to
operale a mechanisim or to open or close a contact with certainty,
A number of thin bimetallic strips clamped at one end are sometimes
used to provide suflicient. force.

Increased length and decreased thickness of a strip renders it
sensilive to gshoek 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 arcit
b the contacts. The deflection of the free end of a bimetallic strip
1s proportional fo the square of the length, when the deflection of
the free end is relatively small in comparison with the length of the
strip.  For o definite thickness, the force exerted by the free end is
inversely proportional to the cube of the length of the strip ; with
a strip of constant length it is divectly proportional to the eube of the
thickness. Thus the force at the frec end of a bimetallic strip remaing
constant if the length is inereased in the same proportion as the
thickness, bul the resulting deflection becomes proportionately
greater.  The amount of deflection can therefore be increased, mnd O @=0
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the force available for making and breaking contact kept the same,
by inereasing the length or decreasing the thickness, if at 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 the
bend should be at least five to eight times the thickness of the strip.

It is possible to arrive at the characteristies of a bimetal mathe-
matically,® but the derived formule are rather complicated and
the calculations do not always give accurate results. Nevertheless, the
approximate figures obtained serve as a guide. In the formule
obtained by Timoshenko ! 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 be neglected, and
that the width of the strip is very small. The curvature of such a
strip is given by the equation—
&5 6 (g — o) (& — 1) (1 + m)? .
T R[3 (1 4+ m)t + (14 mn) (mE -+ Lmn)]
where s = radius of curvature of strip,

oy and o, = coeflicients of expansion of the two metals,
h = thickness of bimetal strip,

1
s

s:.

1

m = — = ratio of thicknesses of the component strips, and

%= s+ moduli of elasticity,

I

SISy

2
ty and £ being initial and final temperatures of the strip.
If the thicknesses of both metals are equal,
@, = a, and therefore m = 1.
1 24 (o, — “1) (£~ to}

Then s T h(4d+n+ Ijn)

Again, Jf E -, that is n, = 1,
1 3 —a)(t—1)

then = 7
The equation for the deflection of the strip is given by

72

g

where I is the length of the strip and ¢ the value obtained from one
of the foregoing equations.

For use with these equations it may be stated that the brass-
invar type 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 00{)50900 0

e i
ULTIMHEAT
UNIVERSITY MUSEUM

™




BIMETALLIC-STRIP REGULATORS 83

Ib. per square inch at room temperature. These values are lowered
by 10 to 20 per cent. at elevatod temperatures.

Instead of the customary gradual bending with increase of tem-
perature, a sudden buckling of the composite strip at the required
temperature is sometimes utilized. For this purpose the two ends
are fixed, or in the case of a composite dise, the circumference is
held rigidly in a frame. The cquation given by Timoshenko for
such a strip, assuming the same conditions as before, and that the
strip is so bent that the more expansible element is on the concave
side, is—

146 ‘502(:!1 — 6;5) I:

. B2
16 ;;'&; {oe — o)

t— 1, =

where ¢, = initial deflection of strip,
h = thickness of strip,
{ = length of strip,
t, = initial temperature of strip, and
t = temperature at which sudden buckling oceurs.

The temperature (t;) of backward buckling on cooling is given by

1 —1
by by = 1 + 'b(t S5 f‘[l):l
where =2 (l — La)l

Weber * suggests a somewhat different equation for the bending
of straight strips. With one end of the strip clamped, the deflection
dS of the free end is stated to be related to the temperature by the
equation—

dS 4 LR el

Ty = J

=580
where [ = effective length of bimetal ;
! = difference between the two linear-cxpansion coefficients ;

d, |- d i
6 =2 2'—2 = the average of the two thicknesses ;
B (] L Si}[};? - 251'114;3(:05_;_:;;)%5
4 4
f = central angle of arc ; and
6
s

—= 18 greatest for a straight strip (0 = 0),
¥ Yo -
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1

When the bimetal is made in a gpiral form, =5 8 greater than for
L

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

. u’fS
having the same mass or the same T
MI MR
e - fo 2
L? I3
where I, = effective length B
B = width .
d = arithmetic mean of both thicknesses ;
M — elastic modulus 1 and
I = moment of inertia of the cross-section.
Incidentally a new bimetal may show considerable decrease In

das ; i . i aie
— over a period of time, This may be minimized by thermal massage

di
before calibration.

A test-method schedule hag been preseribed ¢ by the American
Society for Testing Materials for testing thermostat metals,

Bimetallic-strip Arrangements.—The usual method is to place a
strip or dise 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 has to be made, say in an oven,
trouble is sometimes experienced due to the binding of the thread
of the adjusling serew, if it has been exposed to a moderately high
temperature. Further, the contacts may be fouled by oils, varnishes, or
other substances *mpmued 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 done by using a
spiral bimetallic strip which moves a spindle emerging from the
oven. The spindle then works the contacts. Alternatively, with a
disc type of bimetal, the movement can be transmitted by a rod
bearing on its surface.

It ig sometimes found with bimetallic-strip thermostats that
the contacts maintain themselves a small distance apart for con-
siderable periods, while sparks pass hetween 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 eritical * singing ” conditions may be
eliminated and normal operation of the contacts secured.

If any appreciable cwrrent is controlled through the contacts,
a certain amount of wear is bound to ensne. The cause of this wear
arises from a number of complicated factors, and the reader is re-

ferred to a paper by Belteridge and Laird ® on this subject. 5E0) O ﬁ)
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Other Uses of Bimetallic-strip Thermostats,—In a thermo-electrical
cireuit: the electromotive force generated by the thermocouple depends,
among other things, on the difference in temperature between the hot
junction in the furnace and the cold junction at the head of the
thermocouple.  If the temperature of the cold junction varies, the
readings of the galvanometer-—either indicator or recorder—will vary,
although the hot junction may be at a constant temperature.

Cold-junction Temperature Control—Various methods have been
devised to control the temperature of the cold junction, and the
decision as to which method should be adopted depends on the
degree of aceuracy required and on the conditions under which the
a.ppara.tus is to be installed. A convenient way of controlling the

10, 46,~Cireuit dingram of Cambridge Bimetallio Thermostat for cold-junction control,

cold-junetion temperature is to place the junction in an electrically
controlled thermostat.

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 S, 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
resistance of the lamps decreases the number of watts dissipated
in the heater coils fI, and 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. 'lhco ——
bimetallic strip, heater coils and cold junction are immersed nf At -;”|’I-|
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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 be controlled to within about
0-5° C.

A bimetallic regulator unit is available which eonsists of o bimetallic
strip operating contact-points of tungsten, the whole being mounted

in a small glass tube say 7 em. long by 1 em, diameter and filled
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¥Fra. 47.—Car thermostat : bimetallic-strip type (** Thermet ),

with inert gas. The unit has a low thermal capacity and the contacts
do not become contaminated.,

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

Car Thermostats-—As stated in another chapter, the bimetallic
principle is adopted * in the design of thermostats for regulating
the temperature of the water-jackets of motor-cars. An example of
this type of thermostat ig the * Thermet,” illustrated diagram-
matically in Fig. 47, This thermostat functions in a similar manner
to that described on page 58, but 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 [ijigér
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arm of this lever terminates in a fork which raises the plate valve
from it seating against the pressure of a spring. "The heated water
causes the strip to straighten and so move the lever by means of the
two small connecting pieces.

Carburettors.—Thermostats have also been applied to adjust the
carburettors of motor cars. The orifice of the jet can sometimes be
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
of air supply or to incorporate an auxiliary carburettor at this
warming-up period. In all cases the actions can be made automatic
with the assistance of a bimetallic element, situated either in the
water system or aftached to the exhaust manifold and connected
electrically to the dilferent control motions.

Fire 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 made to ring continuously until the temperature falls
or the alarm is cut off.
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CHAPTER XI
ELECTRICAL-RESISTANCE THERMOSTATS.

Tar property of change of electrical resistance of a material with
temperature has afforded the basis for the design of a number of
regulators. In a very simple and inexpensive form, this property 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 Resisiance.—When using a large number of solder pots,
it is a great advantage to have the heating automatically controlled
so that the workman may devote his whole attention to the work
in hand. The thermo-electric pyrometric control method, described
later, is applicable to this work but is very expensive, especially
when a large number of pots are in use, each requiring a separate
control. The cost of the salt-thermostat method is comparatively
low. The temperature is held constant within fairly close limits
and the device is strong mechanically, the latter being a distinet
advantage in the case of solder pots. The principle on which this
class of resistance thermostat depends is that salts, oxides, and non-
metallic materials in general have a negative temperature-coefficient
of electrical resistance, that is, the resistance usually decreases rapidly
as the temperature approaches the melting-point. Above the melting-
point further decrease js 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° €. (18-27° F.) at or near the
melting-point of the salt. The reverse change oceurs on cooling the
salt. This change in resistance is constant over long periods of time
under conditions of alternate heating and cooling, such as obtain in
solder baths. Hence the changes in resistance of salts, when used
in a cell contained in the solder pot and conneeted in 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 melling-point of about 400° €. (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 decreages, O, Geo

ey, i) ]
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but will not be low enough to allow sufficient current to pass to operate
the relay until a temperature of approximately 400° C. is attained,
when the strength of the current is such as to trip the relay, which
in turn operates the switch cutting off the heating current. The current
will continue to flow through the salt resistance until the temperature
of the solder has dropped and the resistance of the salt has inereased
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 itzelf as long as the pot
is in use. With gas- or “oil-fired vqmpnmnt, 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.
It has been found that the temperature remains constant to within
37 to 5° C. at 500° C, when the pot is not being worked.

Metal Resistance.—Molten metal can be used in place of a salt ;
the specific resistance of a metal increases on melting to about twice
fhat in the solid state. A constant direct currenf, as control current,
is passed through a mass of metal such as zine, 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 be used instead of molten metal. A fuller
description of the equipment used with these metal resistances is
given below in the section dealing with Resistance Furnaces,

Iron Resistance.—1t is 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 effects of voltage variations
in the heating-supply current to a furnace. The iron wire is enclosed
in an atmosphere of h\,tlmgui 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 4]1g11t increase in the applied voltage
increases the temperature of the iron, causing a rise in its resistance
and a subsequent diminution 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 15 occeupied by any com-
ponents of the thermostat. Further, since the heater and sensitive () 5Coa
N

element are identical, there is no thermal lag between the twdl/[[| = [/l
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Tt is, of course, essential that the resistance of the heating coil
should change to a reasonable extent with change of temperature, and
the coil should not ** deteriorate ™ rapidly ; that is, the temperature—
vesistance relationship should remain sensibly constant with time,
To meet these demands the materials which may be used are platinum,
platinom-rhodium, molybdenum, nickel, chromel 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 zone of constant temperature, for owing
to the high temperature-coefficient of resistance of platinum, hot
spots tend Lo become hotter and vice-versa. Whatever kind of wire
is used for the winding, it is desirable that the length of the winding
be made five or more fimes its diameter in order to obtain a flat
maximum in temperature-distribution along the axis of the tube.

I Line l

3]

y

I'i6. 48,—Schematic diagram showing basic principle of the Geophysical Laboratory
thermostat.

This use of the heating coil of the furnace as a resistance element
and means of control forms the basis of the thermostat designed by
White and Adams and collaborators -4 at the Geophysical Laboratory.
The same prineiple hag been used by a number of other workers, 5-1¢
to whom reference is made later in the chapter. The original design
of White and Adams having been modified in several details, these
latter will be described after an account of the original arrangement
has been given. |

Geophysical Laboratory Thermostat.- The principle of the appa-
ratus is that the heater of the furnace, having an appreciable tem-
perature-coefficient of resistance, is associated with three other
adjustable resistances whose temperature coefficients are negligibly
small, to form a Wheatstone bridge. In the usuval way, a change of
temperature of the furnace resistance in either direction unbalances
the bridge and produces an unbalanced current in the ecireuit, it
[ 111
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direction depending on whether the temperature has become higher
or lower than that for which the bridge was balanced.

The current from the mains passes through a fixed resistance R
(Fig. 48), and through a rheostat RhA, the latter being so adjusted
that, with R in the cireuit, too little current flows, and with R shunted
by the switch #, too much current flows, to maintain the furnace
a.t the desired temperature, A suitable device at ), described later,
which includes a galvanometer actuated by the current in the galvano-
meter cireuit of the bridge, opens and closes the switch /7 ax the
resistance of the furnace becomes too high ov too low respectively.
When & opens, the ceurrent through the furnace iz reduced, and
the temperature and resistance of the heating coil decrease. Similarly
when /0 closes, the temperature and resistance of the heating coil
merease., Thus the resistance of the heating coil is caused to oscillate
through a short interval on either side of some definite value, the
average resistance remaining constant. The corresponding variation
in 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 few seconds, and because of lag, its effect on the
constancy of temperature inside the furnace is usually too small to
measure by ordinary methods.

It may be mentioned here that Turner (see p. 156) considers it
mmadvisable to improve the contact between the heating element
and the sensitive element or regulator to such an extent as to identify
them, as is done in this form of regulator. He argues that the heating
coil on the furnace is hotter than its surroundings, including the
furnace interior. This would not matter if the temperature-difference
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 and therefore an increase in the excess of heater temperature
over the furnace-space temperature. Thus, fall of ambient tempera-
ture and rise of supply voltage severally (lepre:,-:, the furnace-space
temperature.

Reverting to the Geophysical Laboratory furnace, Fig. 49 shows
the complete diagram of the original apparatus, F bemg the furnace.
The bridge may be balanced by means of the sliding contacts x and
y, by 1:1‘111{_‘,111{_, them to the same potential, when the resistance of
the furnace has any value between chosen limits. Contacts x and
y are connected to the galvanometer through a synchronous rectifier
S. which may be short-circuited by the switch Sw when direct current
is used. The insulated boom (b) of the galvanometer is arranged to
make either of the two contacts e and ¢, depending on the direction
of the current through the galvanometer coil. If these contacts
were used directly to break the heating current, trouble would. }wO -
experienced due to their sticking and sparking, and a %a,tlhfmiﬁwy AN
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remedy is to use a triode valve as an infermediate relay. As previously
mentioned, the advantage of such a relay lies in the fact that its
operating current, which must pass through the galvanometer contact,
may be made less than 1 micro-ampere. The boom of the palvano-
meter is connected to the grid of the triode 77, whose plate current
passes through a high-resistance relay R,. The potentials of the
contacts ¢ and ¢ are so chosen that when the galvanometer closes
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1. 49— Cirenit disgram of original Heophysical Laboratory thermaostad,

contact ¢, very litlle enrrent flows in the plate-filamont cireuit of
the triode and rvelay R, is open: whilst when the galvanometer
closes contact @, a moderate anode current flows and the relay closes.
The closing of R, causes R, also to close and to shorb-circuit the
resistance R in geries 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 rheostal i
adjusted so that with R in the circuit too little current Hows; add
with 2 short-cireuited too much eorrent flows, to maintiin the
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furnace at its proper temperature ; and that the relay and galvano-
meter confacts are in the positions shown in Fig. 49. Since the relay
R, is open, the extra resistance R is in cireuit and the furnace is
cooling ; the bridge becomes unbalanced and b swings towards the
right. When the contact b reaches a, the grid of the triode 7" is hrought
to a potential f which causes the anode current to increase and close
the relay R,. The elosing of R, sends o current through R,, also
cauging it o close. The extra l’(“-‘l‘-tﬂ-lw(' R is now short-cirenited
by R,, causing the furnace temperature to rise, This makes b move
towards the left ; when it reaches ¢ the grid is brought to the negative
potential e which is sufficient practically to stop the flow of eurrent
in the anode cireuit. As a result, R, and in turn R, open, nsturmg
the extra resistance R, This causes the furnace to cool, and b again
swings towards the right, completing one cyele.
This system has, however, the follc:wmg_ disadvantages :—

(1) In damp weather, surface leakage may occur which will
affect the grid potential of the 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 will sometimes
sustain a loss of grid charge through internal leakage.

Modifications of Details —As suggested by J. H. Hibben,'®
hot-cathode tube relay may be substituted for the triode valve,
with a simplification of the control system. The hot-cathode tube
consists essentially of a eylindrical aluminium esthode and an anode
and grid of nickel wire protruding from a glass tube, and contains
neon, mercury vapour or preferably argon at low pressures. The
cathode-to-anode impedance is practically infinite, whilst the anode-
to-cathode impedance at 58 milliamperes is 20,000 ohms.  Hence
the tube is self-rectifying. I the grid is thoroughly insulated it will
agsume a high negative charge, blocking any enrrent flow in the tube.
However, if the char ge is allowed to leak off, cither through a high
resistance or by capacity eoffect, an ._mn(Iv—to—{-.ttlmdc current will
flow., This happens here when the galvanometer relay boom arm
touches the contact a (Fig. 49). A rvectified current then flows from
anode to cathode through the windings of relay 7, and thence to
complete the cireuit,

A further modifieation ™ of this part of the system has been
suggested in which a light beam and photo-sensitive cell are employed.
In this arrangement (Fig. 504) the stiff part of the ‘«uhpenbmn of the
galvanometer ig given a rectangular bend, and a sereen in the form
of a quarter-eylinder of very thin metal is mounted on the bend 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 space through which the quarter-cylinder does
not move. A beam of light from a lamp is focused on the mirror
and reflected from *t through a lens into a photo-electric cell (Fig. 508).
Rotation of the galvanometer coil causes the screen to intercept the
light beam and thereby affect the photoelectric cell, which in turn
controls the heating circuit.

=%
>

A B

Fig. 50.—Modified galvanometer suspension for Geophysical Laboratory thermostat,

Gouy Feature.~—The Gouy feature (pp. 19-22) can be applied in
this system by a horizontal oscillation of the light beam with a period
of 8-10 seconds and an amplitude of 2-6 mm. This may be brought
about by the appropriate movement of the foeusing lens with the
aid of a motor, which may be the same as that used for stirring the
bath. During a fraction of the period of oscillation of the light, the
beam falls on the photoelectric cell, 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. o
G20 @)
20 ) ©ec

MM =" nim

ULTIMHEAT ®
100 UNIVERSITY MUSEUM




ELECTRICAL-RESISTANCE THERMOSTATS a5

Slow-cooling.—An interesting rl.ll\llldl‘,' control can be introduced
into the design. A slide on a rheostat in the heater circuit is moved
by a motor in such a way as to increase the heater current while
the heater current is on, and in the opposite direction while the
heater current is ofl. Thus, for a cycle in which the intervals on and
off are equal, there is no resultant resistance change, while for a
cycle in which the on and off are unequal, the resultant change of
resistance forces the intervals towards equality, and if the demand
remains steady, soon brings them to equality. The :(,sl-;ta,m-t, (*hn,nges
have to be made slowly to avoid introducing instability or * hunting.”

Au,uhur?; Furnace.-—The electrical power supplied to the furnace
varies as the square of the vollage or as the square of the current.
The thermostat may therefore be 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 temperature-coefficient or of material which may change its
properties at high temperatures. 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 cach
cycle depends only on the temperature of the furnace and that of its
surroundings. The influence of the surrounding temperature may be
made negligible by operating the auxiliary furnace at a high tem-
perature, say 1,200° C., while the mean resistance of the heater may
be kept constant by making the heater of a material such as platinum,
which does not deteriorate at this temperature. Another method of
compensating for variations in ambient temperature is by placing
a copper coil in one arm (4 in Fig. 48) of the bridge. The coil is
wound on a metal spool and placed in the open near the bridge coils.
It is advisable to increase the thermal lag of the coil by covering it
with, say, tape to make it respond to temperaturc-changes at about
the same rate as the furnace. A slow drift of temperature will oceur
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 is connected in parallel with the bridge, that is, across w and z
in Fig. 49, and for constant current in series with the bridge. This
method is useful to eliminate the effect of variable line-voltage, where
the usual arrangement of the thermostat is ineffective.

Medifications of the Principal Components of the Geophysical
Lahoratory form of Thermostat. -Dealing now with some modifica-
tions of the main details of the furnace, that suggested by Brown ®
may be considered first. In order to prolong the 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 Brighfﬁ;,;f O G

Il |

ULTIMHEAT ©
1 01 UNIVERSITY MUSEUM




06 THERMOSTATS

ribbon in two layers (4, B and €, D-—see Fig. 51), separated by a
Layer of alundum cement. U'he middle section is wound with Brightray
ribbon and 35 s.w.a. platinum wire, arranged as a double-threaded
gerew in the same plane (£, P1). The resistances are so connected
that a Wheatstone bridge arrangement is formed with one arm con-
sisting of the platinum resistance and the other three of the Bright-
ray windings, the latter having, of course, a lower temperature-
coeflicient of resistance. The bridge is in balance at one fempoerature
only, and this temperature can be fixed by the variable resistance
£, and the slide wire connecting 4 and P1. When the galvanometer
G is deflected, due to temperature-variation in the platinmn winding,
a contact, carried by its moving coil, touches one or other of two
fixed contacts. The relay R is thereby energized and opens, or closes,
4 mereury switch connected across part of the resistance f2,. The
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Fra, 61 -—Brown resistance furnacee thermostat,

current in the windings is therefore too large, or too small, to maintain
the desired temperature depending on whether R, is out of, or in,
the circuit.  To minimize the effect of these fluctuations of tempera-
ture in the furnace space, the walls are made of an inner tube of
silica, separated from the outer tube of alundum by a nickel sheath,
which incidentally is earthed. The object of the nickel sheath is to
prevent electrical leakage from the windings of the furnace tube.
This thermostat can he arranged to give slow-heating or cooling by
changing the balance of the bridge {:f_llll'-illH('mslj,-'. This is donc by
interposing a second slide wire between B and #. Connection ig
made to the galvanometer by a slider on this wire, moved at a suitable
speed by mechanical means,

Separate Coil and Heater— Tt s somelimes necessary to separate
completely the thermometer coil and the heater, where the heating
clement has too low a temperature-coefficient, or where the furnace
is heated by oil or gas. In other cases the separation is madestor () cae
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ELECTRICAL-RESISTANCE THERMOSTATS 97

convenience. Under these conditions the coil can be made to function
as a resisbance thermometer only, and the current is then varied
through the bridge by means of the relay. A separate thermometer
and heater coil have been used by Prosser.'® A furbher point of
interest in this type of thermostat is that alternating current is used,
which makes it possible to obtain a large amplification, by the use
of valves, of any ouf-of-balance voltage in the bridge-cireuit system
of control. ;

Principle of the Prosser Thermosiat.—T'he thermostat cirenit
(Fig. 52) contains a relatively low-resistance, non-inductive platinum
thermometer @, in a non-inductive bridge cireuit, fed from a 4-volt
winding on a transformer connected to the 50-cycle 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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Fia, 52.—Circuit diagram of Prosser thermostat.

is amplified by the two-stage valve amplifier & and then applied to
the grid of the control valve ¢. The anode circuit of this valve is
connected, through reversing contacts d, across a 110-volt winding
on the mains transformer, but is in series with a large condenser e.
This condenser is, in turn, connecled fo the grid circuit of a relay
valve f which has a telephone-type relay ¢ in its anode cireuit. This
relay controls the current to the furnace through another larger
relay &, and also operates the reversing contacts d.

The sequence of operations can be understood more easily if it
is assumed that the temperature is corrvect, so that there is no out-
of-balance voltage from the bridge eircuit. Starting from a point
in the eycle where the contacts are in the position shown in Fig. 52,
s.¢. when the grid of valve f is negatively charged and the rectified
anode current is small, the control valve e will pass a small rectified
current which slowly reduces the negative charge of the condenser e,
thus gradually increasing the anode current in the relay valve [.

At a certain value of this current the relay g will operate and reverse O G
7 h._e_:;.) _ A ;.f:‘)i ]
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the contacts d. The rectified current passed by valve ¢ will now
charge the condenser in the reverse direction, and so gradually reduce
the anode current in the relay valve f. The relay g, will, however,
remain cloged until this 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 compenents are so chosen that the complete
eyele 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 ouf-of-balance alter-
nating-current 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 be 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 mormal, 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
aalf-cycle when the anode is positive, and as during this time the

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

It 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 thermostat will control the temperature without © hunting.”
Care has to be taken to ensure that the grid and anode voltages on
the control valve e are as nearly as possible in phase, or antiphase ;
and to obtain this, an optimum value of the condenser across the
coupling transformer can be determined by trial. For this purpose
a 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 their effect is to increase the frequency
of operation of the relay without appreciably affecting the sensitivity
of control.

Alternative Circuit— By a slight modification of the circuit shown
in Tig. 52 it is possible to increase the maximum sensitivity about
four times, at the same time gaining other advantages. This form
of the thermostat was in the experimental stage at the time of writ;l%g QO @
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The revised control circuit shown in Mg, 53 differs from that of Fig.
82 mainly in that the control valve ¢ does not now act as a kind of
variable resistance directly in series with the condenser 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 eircuit of the control valve at a constant potential, and there
is thus less risk of extraneous pick-up. The control-valve ecircuit
is now less sensitive, but compensation in the form of inereased
amplification is provided by coupling the low-impedance bridge
circuit to the high-impedance amplifier through a microphone-type
transformer. A condenser of 0-1 uF., shunted across the secondary
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Fra. 63, Modified control cirenit in Prosser thermostat,

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 elimimating the condensers across the eathode
resistances, thus causing negative feed-back to the grids. An addi-
tional variable resistance, having a logarithmic scale, may be inserted
in the cathode circuit of the second stage, to increase the negative
feed-back and to control the sensitivity. Owing to the fact that
increase of frequency makes the cathode-heater capacity reduce
the negative feed-back, small condensers arve shunted across the
anode circuits to guard against parasitic oscillations. As the control
valve ¢ does not now have its anode-cathode connections reversed
when the relay ¢ 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.

(117 Wl 1111
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This is done by means of an earthed, centre-tapped winding on the
transformer, using an additional set of contacts on the relay to conneet
the anode circuit to either end of the winding alternately. The same
winding is used to give a full-wave rectified supply to the amplifier
through two small Westinghouse copper-oxide rectifiers. A high
registance, shorted between two of the relay contacts, maintains
the control-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 transformer leads, limits the short-
cireuit current, should the relay contact springs be pressed together
accidentally. .

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

1t should be possible to provide an additional control proportional
to the rate of change of the deviation, hence eliminating hunting
in mnstable conditions. This could be done conveniently by varying
the gain of the amplifier through a suitable control, With a high-
gain amplifier it wounld probably be desirable to use a different
frequency from that of the mains for the bridge supply, in
which case the control valve could be of a frequency-changer type,
with the reference alternating-current voltage applied to an auxiliary

id.
4 The Cooke and Swallow Thermostat.—The resistance type of
thermostat designed by Cooke and Swallow 7 also uses the temperature-
sensitive resistance in the form of a thermometer in the furnace or
bath. The design (IMig. 54) has a number of interesting features to
which reference may be made.

The form of the contact make and break iz one of these features.
Using a Weston relay, it was found that, owing to sticking of the
contact-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 series with a winding
of a telephone transformer. The other winding of the transformer
is connected acrogs the mains in series with a 200,000 ochms 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

it from the confact-piece. AN ¢

series with the relay, giving the pointer a sudden * kick ”” and p__t______ljngc)
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In place of the mechanical contact-breaker, use may be made of
the intermittent discharge from a neon lamp '® ' when connected

MAINS.

Post-OFsice
z‘r ReLay,

L,
2
!U =]

P

SECONDARY OR
k ReLay.
Ammm@ e

¥, 54.—Wiring cireuit of Cooke and Swallow thermostat.
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across the mains in series with a high resistance of 5 megohms and ~
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shunted by a large-capacity condenser of 6 to 8 microfarads. Ty il
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The contacts of the Weston relay may conveniently be made to
operate a triode-valve relay. Wig. 55 illustrates diagrammatically
the cirenit ® of the relay used in this thermostat,

Ly and L, are resistances or lamps in series with the filament
of the valve, and suitably chosen to give the correct heating current
for the filament. If the grid is maintained at the same potential
as the filament, anode current will low through the relay windings
to the positive main, sufficiently to operate a post-office relay. By
connecting the grid to a point of sufficient negative potential to the
filament, this anode current ceages. In the arrangement shown in
Fig. 55, the grid is normally maintained at a negative potential of
110 volts with respect to the filament by means of the 5-megohm
grid leak connected to the negative main, and no current lows through
the relay coil. The Weston relay contacts are connected to the grid

220vell D.C. Mains,
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Fic. 55— Valve-type rolay cirenit (Beaver and Beaver)
for Cooke and Swallow thermostat.

and the negative end of the filament respectively. When the Weston
relay makes contact, the grid iz connected directly to the negative
end of the filament, bringing it to 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 heing 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. 54) is connected across the windings of a power relay, which
is used fo cut off the main heating current. Lamp L, also minimizes
sparking. A rheostat with an * off 7' pesition is shunted across the
coil of the Weston relay to limit the current passing through it while
preliminary adjustments are being made. The Weston relay has to
be carvefully insulated from vibration to prevent chattering of the
contacts.

The use of a resistance thermometer in conjunction with an
eleetron-tube amplifier has been deseribed by Walsh and Mius#!
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and with a thyratron circuit by Zabel and Hancox ** and also by
Henny %3

Utilization of the Resistance-Current-Voltage Relationship as a
Means of Conirol. —If the temperature of an electrical-resistance
furnace rises and the resistance increases, the ratio of the current
flowing throngh the furnace to the voltage across it will decrease,
This effect has been made use of by R. Proctor and R. Douglas 2
in a simple control device.

The principle of the regulator is shown diagrammatically in Fig. 56,

Supply

mmuns

Resistance
cut in and oul:
by contactor

Furnace . Wv

-

NITTEES
Rl‘"h_\'

Fra. 56.—Principle of the Proctor and Douglag temperature-regulator.

A4 and B are two glass bulbs filled with air at atmospheric pressure,
and connected together by a merenry manometer. Mounted in each
of the bulbs is a heater filament. The filament in the bulb 4 is con-
nected so as to bhe heated in proportion to the voltage across the
furnace, while the filament in bulb B is heated in proportion to the
current flowing through the furnace, as shown in Fig. 56. 1f the
temperature of the furnace rises and the resistance increases, the
ratio of the eurrent 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 8 and
thus cause the air pressure in A to inerease mmparml with thal
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in B. This will cause the mercury in the manometer to fall in the
left limb, breaking the relay current and reducing the power supplied
to the furnace by inserting a vesistance in scries with the furnace.
The regulator is equally applicable to a furnace having a negative
temperature-coefficient by interchanging the voltage and current

|
Main
Trunsforme
] Furnace AW"V T
Hoosting
W- Teanslaeames

Main relay
. 1 -

240 volts A.C,
110, 57.~Proetor and Douglas regulator cirenit using valve relay.

connections of the two bulbs. To avoid fouling of the mercury
contacts, it is advisable to use a thermionic-valve relay, as shown
in Fig. b7,
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CHAPTER XII

INDICATOR AND RECORDER CONTACT TYPES OF
REGULATOR.

Tar contact type of regulator is used both in the laboratory and in
industry. Temperature indicators and recorders have a pointer
attached to the galvanometer if the pyrometer is of the thermo-
electric or resistance type, and a pointer attached to the Bourdon-
tube gauge if of the liquid-expansion or vapour-pressure type. The
movement of these pointers can be utilized to control temperature.
The pointers have, however, very little mechanical power behind
them : indeed, the galvanometer pointer has practically none. In
general, adjustable contacts are arranged on either side of the pointer
at the desired temperature, and deviation of the pointer from this
value will cause the closing of one or other of the contaets. This
may be done cither directly or with the aid of an auxiliary mechanism.
Divect closing of the contacts is possible with the Bourdon-tube
gange type, since there is a small amount of power available. In this
case the pointer carries contacts, but with a galvanometer movement
an auxiliary form of power is necessary. The galvanometer move-
ment then only performs the funetion of determining which contact
shall be closed by the auxiliary mechanism. One contact is used
for closing the main circuit when the temperature falls below the
value determined by its position, whilst the other contact similarly
switches off the current when the temperature determined by its
position ix execeded. The main circuit is nsually operated through
the medium of a relay.
The Gouy principle can be applied to the thermoelectric form
of 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 over the resistance. The resistance and mercury are
contained in a U-tube which is oscillated at 9 eycles or so per minute.
For maximum effectiveness the oseillating voltage should only be
10 to 20 per cent. greater than the dead zone of the contacting galvano-
meter,
An example of the type of instrument in which the contact is
closed directly by the movement of the pointer is shown in Fig. 58.
The two indexes can he set at a distance apart, so that the temperature
can fluctuate within a range. The contact arms, carried on t.l1£;-?§ﬁ*{_ao.__ O
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CONTACT TYPES OF REGULATOR 107

indexes, are pivoted and controlled by a spring in such a way that the
pointer is able to continue its Passiage across the seale, above or helow
the points at which contact is made, and indicate the temperature

T'1a. 5%.—Brown control thormometer,

approximately. The spring serves to restore the contact arm to its
original position on release.

A novel contact device in one form of Draylon regulator is o small
magnet attached to the fixed contact, so that when the moving
contact comes within its field it is attracted and makes firm (vnnuci_ O
The circuit is broken with snap action. thus minimizing Lepurlcpng
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