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NTRODUCTION

In the manufacturing structure of present-dey industries, many
processes in the fubrication of the products require that the temper-
eture be known within a very smull percentage of its absolute value.
ot only is the moasurement of temperature important, but also that
temperature must be kept constant in meny ceses. In other words, many
senufacturing processes depend directly upon the control of temperature
within very narrow limits.

Many instrument manufacturers have recognized this need for
control devices and have placed on the market epparatus which employs
the better known methods of thermometry, associated with the necessary
equipment for controlling the temperzture of drying racks, heat treat-

ment furncces, isolated "temperature boxes," end many othér instul-
lations which require a constant temperature.

In these incstruments, however, the menufeccturers have either
overlooked or ignored one of the cimplest and most accurate of ther-
nonmetric devicesy the eleciriccl resisience thermometere. This device
is not unknown in the scientific field; Seimasns first introduced it
in 1871, end its development was carried on by many scientists, notably
Cellendar, Griffiths, Thompson, 3. He Mueller, He. Ce. Dickenson, and
Te S. Sligh. This simple device has not been applied to the field
ef tenperature control.

This thesis is not, therefore, ithe introduction of & new and
different apparatus, but is & presentation of the adeptation of thre
principles of electrical recistunce thermemetry to the problem of
the contrcl of tompera@ure. lIn tlicir proper order will be ccnsidered
the varicus generel thermometric principles, the theory of resistince
thermometry, the problem ¢f temperature conircl, &nd, finally, the

construction, calibration end operation of a terperature centrol
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calibration and operation of a temperature control apparatus depending
for its operation upon the variction of resistence due to the heating of
a resistance coil which forms one arm of & Vheuztstone bridge circuit and
the unbelenced conduction of the bridge circuit resulting from that
resistunce veriation. The sections on thermometry, temperature, and
resistance thermometry are included for the purpose of giving a clearer

into the nature of the problem discussed in this paper.
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PART I
TELPLRATURE

There are two distinct questions acsocinted with the concept
of temperature; one is prracticel, the other is theoretical. Our primery
ideus of temperature come from our senses; we know what we mean by the
words "hot" and "cold", or by suying that one body is "hotter than
another." For scientific purposes, however, words require definition.
We ere guided in this metter, &s in all other scientific questions, by
our knowledge of facts of observation.

When two bodies &t different temperztures are intinmctely
ascoclated, e.g., a hot stone is dropped into a pail of water, our
experience is that ultimately they come to the same temperature as far
es our senses can tell; the hot tody becomes colder «nd the cold body
hotter. In the case of & block of ice imnersed in water, the ice melts,
forming cold water, which then mixes with the other water, the final
result being waier colder thun the original water.

From our knovwledge of the nature of heat phonomena, we learn
that in this procecs cne body loses heat and the other geains heat, the
condition of thermal equilibrium being one in which each body guins &s
much heut as it loses. It is distinctly zscumed in this statement that
only two bodies &re conceined in ivhe transfer of heat, all cther bodies
being rendered in some way iupervious tc heat. The body thet in the
process loses neat is said to have the "kizher temperature" while the
body trat gains heat is seld to have ths "lower temperature;" and, when
thermal equilibrium is reached, the two bcdies are suid to huve the "same
temperature.”" Consequently, the temperature of & body muy be defined, &s

it was by liaxwell, as "its thermal state considered with reference to



its power of comnunicating heat to other bodies."

Sxperience also proves that if we have three bodies A, B, and
C, if A is et the same temperature zs B and as C, then B will be at the
same temperature as C. This fact is the basis of &ll methods of ther-
mometry. For instance, if A and B are two bodies in thermal equilibrium,
and if C is &n ordinary mercury thermometer in equilibrium with A, then
if C is placed in B, it will indicate the seame "reading," showing that B
is in equilibrium with it. This emphrasizes an essential feature of the
use of & theruometer: it must be in such a relation with the body whose
tempereture is desired that these two bodies are in a ccmplete thermal
equilibriume.

EZxperirments have shown that we have at our disposal in thre
laboratories many methods by which definite thermal states can be secured.
For instunce, when & rod of copper is placed in & mixture of ice and
water, it always assumes the same length, regardless of where or when
the experiment is performed; a piece of platinum will, in such & bath,
always have the same electrical resistance, etc. We therefore believe
that we are dealing with a definite thermal condition. The same is
true of the steam rising from boiling water if the pressure of the air
on the surface of the water is unchenged, end of countless cther so-

called "changes of state.”
THERMOMLTRY

The practicel question of thermometry is to devise a method
by which numbers mey be given the temperature of any state of thrermal
equilibrium and, obviously, the method should be such as to assign &
greater number to the higher temperature. The theoretical question is

to learn what physical properties of the molecules of a body it is that
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determines its temperature. Great difficulties instuntly erise. Assume
that we have adopted & thermometer end a thermometric ecale and that it
is possible to insert the thermometer intc & flame in such « manner that
it and thre flume come into equilibrium; +then, if there are two such
types of flames under two conditions, we obtein numbers by the thermometer
readin;zs. Are they temperatures? Supposing one reading is 1500° &nd
the otker is 1CC0°; does this moan that, when the two flames are placed
in thermel communicetion, the former will lose heat and the latter gein
heat? In such e case as this there are at least two causes of uncertainty:
(1) Is the state of the fleme such as to justify one in using the word
"temperature" in connection with it? (2) Is the condition of tre thermom-
eter when it ceuases to change such that it is in thermal equilibrium
with the flaume? This same uncertainty arises when one considers insert-
ing a thermometer in &n arc lizht, in an electric spark, in a vacuum
tube cerrying an electiric discharge, and in numerous other cases.
Therefore in the preliminary discussion of tewmperature and
thermometry we shall exclude all such ceses, since they have no bearing
upon this problem, and shall assume: (1) Thet the bodies to which tem-
perature numbers ure assigned are in thermul equilibrium free of all
electricul and chemical chenges, and (2) that the presence of the ther-
mometer does nct give rise to any such changes. Thermal equilibrium
between the body and the thermometer is brought &bout by the processes
of heat-conduction. The process of radiation is involved in those
methods of thermometry in which the thermometer is not inserted in the
body. It is convenient, therefore, to divide the subject of therucmeiry
into two perts, one involving the insertion oY wne thermometer into the
body, and therefore heat-conduction; the other, the use of the ther-

mometer at a distance and therefore radiutione
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COLDUCTLION MWIHODS

In order to ascizn a number to & thermel state, it is impcssible
to meke use of our tecmperature-sense, but an obvious method is to muke use
of some physical property of & definite piece of matter, which property
changes in zmount as heat leaves this body or is added to 1t and which
can be measured; e.3e.; the length of & selected copper rod; the voluue
of a definite quuntity of mercury held in some soiid; the pressure of a
definite volume of nitrogen; the electricecl resistance of a definite
pletinum wire; etce. Such cn instrument is celled & thermometer. Of
course it would cease to be usetul if (1) it thermometric property ceesed
to change as heat wus ebstracted from it, or (2) it underwent such changes
owing to its use that, when replaced in the sume therm:l stzte after such
use, it geve a difterent rezding. In some cases this second cause of
trouble mey be obviated.

Having selected a definite physical property of a definite
body, for instince, the length of & copper rod, this length may be
measured at two definite thermzl stetes to which arbitrary numbers ure

acsigned. Let the numbers be t; and tz, where t. is greater than 11,

a; - &1
t;j-tl is8

and let the measured quantities be aj and a;,; the ratio
chosen as the measure of a "dezree." Then, for & number to be given
the temperature of any thermel stete, let "a" be the measured quantity

in that state, the "t" the tcmperature of that stzte may be defined es

a - aj
P
ap - ay

T

t =ty +

It is obvious that this is only ore of & number of ways in
which a method cen be devised for escigning a number to the temperature;

but it is certainly the simplest. This definition of "t" leads &t once



to the proportion

t -t _a -g&

.
»

-ty ey Te
and e reason for adopting it, apart from its simplicity, is that, when
various "thermometers" are uced, experiments made, tuking advuntage of
a large nunber of definite thermel states, prove that the values of "i"
do not differ widely. Of course they differ, but not es much as they
would if & lees simple definition were adoptede.
In this connection another definition is useful; this is

the "mean coefficient of change of 'a' between t; and t; with reference

to t;." This is obviously

as - a
&t - )
and may be written "a".
"Absolute zoro" on such & sceale 1s, by definition, the value
"{" mssumes when, in the formula, "a" is put equal to zero. This is
quite regardless of whether or not it is physically possible to reduce

"a" to wero by any meens. Cealling this culculated value "t ", we have

= Bl 1
o =t ay - &) LW
2 -t

The "absolute temperature" on such e scale is defined to be

"t = t,"5 and calling this ty, we have

b, = == + =8l
@ ¢ 8y = 8]
tz'tl

On the Centigrade system, which is now universelly adopted,
the two stundard thermul states selected ere those of "equilibrium of
ice and water" and "equilibrium of water and steum," both under a pres-

sure of 76 centimeters of mercury; and to this interval of temperature
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the number 100 is given. llence, on the Centizrade scale,

_&n -8y
a lOOal !
& - &
b= = 4 100 o 51,
“« e &y = 8]

If ihe ordinary scile, not the evbsolute one, is used, it is
neceszary to ascign also & number to either of the thermul stutes, and
in &ll the scientific measurements it is customery to give the number

zero to the temperuture of "melting ice." Thus,

a-ao
100 —_—
&100 T %0
= _ lOOuQ .
8100 ~ @0

o+
I

to

Certain obvious facts should be noted:

1. If different properties of different hodies are selected
for thermometric purposes, thit is, if different thermometers ere used,
differert velues of "i" will be obtuined for the sime thermel stute.

2. The vulue of absolute zero will be different for different
thermometers.

3. The value of absolute zero does not heve any physical
importance.

4. To sty that a body expends uniformly with changes in
tempereture has no meaning unless the particuler thermometer used to
give the numerical velues of the temperature is specified.

Any one thermometer may be calibrated in terms of another and
the demands of scientific stutements require that all temperatures quoted
in reports should refer to the sime instrument. In order to comply with
these demende, a definite temperature scale has been adopted for this

report. This scale is knowvn as the "Centigrzde scale" and was adopted



beciuce of its generwl use in scientific invectigrtions which are

depenient upon temperwturs.
RADIATICH Lu.THODS

The thermouetric methods just described wre evidently not
epplicitle to extrensly hot states, e.g., the curbou poles cf &n arc

lizht, furneces, et

Q

« Instead, therefrre, of c.ttempting to secure theruel
equilibrium between & thermometer wnd the hot body, applicition mey be
mede of the fects thet ell bodies are radieting energy, thut the emount
of enersy radicted vories with the temperature of the body, und that
this energy miy be meccureds It is eusily observed thut the surfuces of
different bcdics, when at the swuume tempercture, ouit different amounts
of radiation, but Kirchhoff proved, from theoreticzl conciderstions,
that if & hollow is made in & solid body mzinteined et ¢ constent tem-
poreture, the radiation out of the body throurh ¢ cmell opening in the
well is independert of tle ncture of the solid wnd is &« function of
temperature alcne. C&uch rediction is colled "bleck-body radiation; end
it isy, &s Kirchhoff proved, grecter thun is emitted from the surfice cf
und body at the same temperuture, provided this emlssion is due colely
to the thermwal cilute of the body, that is, is nct dus to vwhat has been
czlled "luminescence." If it were pozsible to obtain & body that would
ebcordb all the radiation incident upon it, it would be called a black
ﬁody end ite surface would emit ihe stme radietion &s the enclosure just
described, &t the sume temgeraturee.

The raodiution from such un enclosure is, then, & measure cf
its temperature, and it is possible to definec, in uny way decmed desir-
able, a now scale of temperature in terms of the rediaticn "I" enitted

per unit of time through an opening of unit area. Simple obscrvution
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proves that the radiation "=" increases with the increwse of temperature
"t", s0 possible scules would be
t = AE, where A is &n arbitrary constunt,

0
t = AZ” 4B3, where A end B are constants,

[l

t ABB + BE? + Ch, wrere A, By C, are conctants, etce

Naturally one would select such c definition acs would meke
"{" on this new scale have, if possible, the same velus ws "i" on some
stunderd scaley @.7+y & gus thermometer ucing the Centizrade scale, for
those thermnl stetes that are not so hot as to preclude the use of such
& conduction instrument. Experiments heve shovn that if the definition
adopted is

£ = A(t + 273)%
whore A is & definite constunt, this condition is satisfied. This new
scale muy be called "radiwtion temperatures" CQbviously, it muy be used
for temperatures fur beyond the rinzye of ges thermometers.

Further, if the radiation from the surface of any hody is
measured, this same formula in the form AS4 = I mwy be ©pplied, and the
numerical value of 5 may be deducede The value of S is called the "bluck=
body temperature" of the body, but this number is obviously less than
273 plus its true temperatures The irue temperature may be obtained in
certain ceses, however, by an indirect method. If the body is one whose
properties are conditioned by its tamperzturc, we have the law:

Reflection coefficient + iransmission coefficlent +
emissivity = 1.

Let us assume that these first two may be meeasured. The

emisivity is, by definition, the ratio of the emission of the body to

that of & black body et the suue temperature. Hence, calling the



- 11 -

reflection coefficient "R}", the trensmiccion coefficient "T" and the
bleck-bcdy temrerature of the body "S"

"

5T
(t + 273)%

end therefore "t" may bs culculeted.

Cther radiztion methods have becn evolved. If th.t part
cf the rediaztion from @ tluck body is due to waves having wave-lengths
in thre renge frem Ato A+AX is called "E,AAN", experiments prove that
for radicticn in the visible spectrum, throuzh a range of tenmperutures

where a gus thermomcter may be used

where "t" is the gas-thermoacter teuperctiure end "cy" and "cp" are
definite constunts. Therefore the formula muy be used to define w new
temperature scele, e:zpecinlly for hot bodies; end the velue of "t"
obteined e-rees with both those given by tiie radintion method end the
conduction metnod previously described.

Both the radiztion formules for bluck bcdies:

= At + 273)% (ctefzn's Low)

)

Total rudiation
5 . ]
Partizl radiction I, = ¢y X e [ﬂf 73] (uien'e Luw)
have a thermodynamic toundution. It muy be prcved from thermodynumic
reaconing, with certrin assumptions, thit the total and pertiel

radiations from e black body obey the laws

s
Z2=Aa1% and E, = ;A€ RT
where "T" is Kelvin's absolute temperature. Therefore rediation methods
will give us u knowledge of Kelvin's temperzture tor very hot bodies,

for in order to define the Kelvin scale, it is sufficient to assign an



urbitrury number to some one thermel stute, e.5.y 373.30 to that of
beiling water; then "L" may be meccured for w black body having that
temperature and "A" ey thon be culculcted; ory using two known vulues
for "T" for definite tuermel states, “cl" and "°2" mey te found,
cor.sequently the constunts bdin; rnown, "T" will be given by mewsure=-
ment of "&" or " ",

The results of experiinents of porous-pluz expension are to
show thut over the runcge of temperature betwoen melting ice and boiling
water , absolute temperature T = t + 273, approxinately, where "t" is
the temperuture measured by an ordinary thermometer of the Centigrade
systen, and radiation experinienis prove that the suame is true approx-
iiwtely for hijsher temperatures, as far as & jus thermometer cen te
used, that is, the constints in the foregcing fermules &re the swme
regard}ess of whet method is uscd to obituin thenm.

In this particuler prouleis, the temperature range used is
epyroximately thut from melting ice to beilinr wuter (0° C. to 100° C.).
In this runze the effuct of radiation is nezlected end it is assumed that
temperature will be metsured by the hewt-conduction methods Further,
the heating appearctus is so constructed that radietion is repluced by

convection, or the trunsfer of heat itz by circulation of heated air.
THEORY OF TiliFLRATURE

In the discussion of both conduction end redietion methods,
cere has been tuken to exclude from consideration bodies in which
chenicul or electrical actions ere going on end bodiss that were not
in whet has been culled statical equilibriume The question now arises
as to wheiher or not it is allowable to speuk of the temperature of

such bodies. Light is thrown upon this from the dyncmicel study of the



properties of bodies, considering them formed from molecules. It has
been proved thet for & gas in a state of equilibriuw, that is, when it
is not flowint or in « turtulent conditicn, there is an intizate con-
nection between its mean kinetic enerzy per molecule and its temperuture.
If "m" is the mees of each of its molecules, and if "u", "v", and "u"
are the components of the velocity of the center of mass of eny one
molecule in thne three coordinate planes, we mey write for the mean

t N
kinetic energy of trunslution of the molecules

K Anl —
oue

(mu? + mv? + mol).

|

It has been proven thut m? = mye = @l = RTy where "R" is
a definite constant and "7" is Kelvin's absclute temperature. If wo
consider the Centigrade sycstem &nd use other deductions from the kinetic
theory as applied to ectucl suses, it is found that R = $.3 x J.O"17
approximately. Further, if the mclocules have kinetic energy of rotution,
each of ilie "desrecs of frcedom" his en smount of mcan kinctic energy
equal to %RT. So fur ws thre mean kinetic ener:y of transletion is

2

concerned, this equ:ls, therefore, %RT; end the same i1s true of sclids,
liquids, end the "freec electrons" in solids. It is clear, then, thet
for & body not in & stuto of statical equilibrium it is not allowable to
use the vord temperaturoe This means thut the word should not be used
with reference to & cingle molecule or to such phenomene &s occur in most
flames, or in en electric spurk or dischurge. It is true that bodies
pleced in flumes, spurks, etce., may eccume definite temper:tures, but
thic does not affect the statement just mude.

From the stondpoint of experiment, the fundamentel question

is to determine when & body is in & steate of stutical equilibrium end,

therefore, has its properiies conditioned by tenperature. Unfortunately



this cannot be done with certeinty in =11 cuces; general principles

03

are the only guides.

There are, however, certuin cuses in which ihe body is not
in thermel equilibrium, and where the word "temperature" may be used.
Consider a pail of vater placed on o stove; we sey thut itc "itemper-

o

eture rices," thus attoching o meaning to the word &t thot inctunt.

gain, consider 2 current of eir moving with uniform velocity; if =
thermometer were to move with the eir st the cime velocity; it would
rezister the true temperature of the zus, but this temperature is not
that which would be indiciuted by & thermometer «t rest in the moving
eir, nor iz it the temperuture of the colld walls of the tube throush
which the air ic floving. Ve muy obituin the temperwcture of conditions
vhich arc merely relative tc the position ond movement of the tomper-
eture end the eir. %Te mey often think of certoirn 1limitz of temperature
betweoen which & certrin body muct lie when it is not in &« condition of
equilibrium; thus, one iimit would be that which correcponds tc its
meunl muiecular kirnebic cnergy of trunsleticne Put, in general, it ic
sufest to limit tho uso of the word "lemperacture" to becdies in the state
of equilibrium end tlen even *c those bedies for which trere is reason
for believing it thielr siutc ils conditioned by their meun molecular
kinetic enerzse.

However, in this psper ihere will be ne attsm t to consider
the effects produced and the duti gethered wilh wny rezurd to iris
property of mecn mclecular kinetic encrgye This property merely is
introduced as & method by which one muy determiro the eppyroxitate aciicn
of any particular body with reforence to its temperuture. The calibra-

{ion of the device leter considered is not in any vay associaled with

this purticular theorye.
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FART 1T
ELLCTRICAL RESISTANCE THERMOMETRY

One of tho simplest and most accurate means of temperature
meesuremnent is the use of the electrical resistance thermometer. The
temperature ccefficient of electricul resistance of pure metals is nigh
and, therefore, the resistance increases rapidly with rising temperature.
In 1871, Siewens sugsested the use of this property as en accurate means
of temperature determination. Owing to practicul difficulties, particu-
larly the contemination of the metal and conseguent permenent change in
its resistaunce and its recistance-temperature charucteristic, this
method fell into disrepute as a practical stendard until revived later
by Cellendar and Griffiths, and subsequently by Holborn and Wien, all
of whom showed thut the earlier difficulties were not inherent in the
method but incident to the mode of protection of the resistance coils.
Following the work of these investigators, the problem of temperature
measurement by this means has bteen the subject of careful study end has
essumed an importance second orly in precticel adopiion to the thermo-
electric method. It is well, at this time, to consider some of the
features of electrical resistance thermometry.

It is generally recognized that the stunderd temperature
gcale should be the thermodynamic scale &s it permits the evaluation of
high temperatures on the busis of the radiation laws of Stefan and
Bolzmann, of Ruyleigh, and of Wien and Planck, cn a scale consistent
with that obtained by mesns of the gas and mercury thermometers at low
temperatures.

For the standurdization of the resistance thermometer, ve are

limited, for all practical purposes, to the fixed points of the standard
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scale fulling within the runge of practicul usefulness of the recist-
ence thermometer. These are, in the cise of the platinum thermometer,
the freezing point of mercury at -38.82°C., the meltinz point of ice
at 0°C., the trensition point of sodivm sulfute at 32.354°C., the vapor
of water boiling under standard ztmospgheric prossure st 100°C., the
boiling point of naphthalens &t 217.9¢°C., the beciling point of benzo-
phenone at 305.9°C., and the boiling point of sulphur at 444.5°C.

The temperature on the international scale is then deduced

from the formula

- t_ 2 1
t-pt =% o - 1Iv
B R - Ko :
where pt = 100 = ~—— and Ry R,» &nd Ry are the measured resistance
1100 T Ro v

of the thermometer at the temperatures t°, 0°, and 100€ recpectively.
Over the limits of this scule, the variation of the platinum resist-
ance thermometer scale from the stundurd scale of the International
Bureau lies within thre limits of exgerimental error end for mest practi-
cel purposes the correspondence is sufficiently close as low as the
boiling point of oxygen, -185.9°C., and as hish «5 the boiling point of
copyery 1C€3° C. in reduced atmospkere. The accuracy within thsse wide
limits, as determined by various experimenters, has shown some veriution
end mizht well be made the subject of a careful and thorough investi-
gation. For use in making resistance thermometers, the platinum should

be of such purity that the value of "U" in tke above equation is not

R100
[o]

greater than l.52 and should not be less than 1l.3&6.

ADVANTAGLES OF ELuCTRIC RESISTALCH LMLTHCD

The resistance method of tempercture determination poscesses

for the practic:l range of the instrument, as indiceated in the foregoing,
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severel very important advuntuges over 2ll otlier methods of mersurement.
The temperzture coefticient or pure plctinum is such that for en increase
of temperature trom 0° to 300° C. the resistahce of the spiral is more
then doubled and this increase in mainteined et pructically the sume rete
up to the highest temperatures. FKnowing the hizh degres of accuracy with
which electricel resistance mey be determined by relatively simple appa-
retus, the greut sinsitiveness of this metnod is at once apparent. Using
the usuel Vhicatstone bridse method in one or wnotlher of its forms, the
temzerature scele on commercial instruments cen be arranged for any
desired interval. Taking a common type of zulveincmeter, tne instrument
may be gradueted directly in degrees, gor any decired range, say from
50C° to 700° C. Such & scule can be read without difficulty to one-
fourth cf one degree. In comparison with the thermoelectric instrument
in which the scele must alweys stert at zero, thie increuse in sensitive-
ness of the electrical resistence method is very greut. A further advan-
tage of the electricel resistunce method is the avoidance of the cold-

junction errors inherert in the thermoelectric device.
LILITATION OF ELLCTRICAL RELISTAICL LwTHOD

For practicel purposes, the renge of tho eleciric recistance
thermomster covers the field from -200° C. to +900° C. For the measure-
ment of tempsrature by this method, an outside source of current is
necessury, &nd for most commercial instrumentis of the direct-reading
type, a storage battery is used to provide this currert. The cere of
the storage battery under circumstences wlere direct current is not
availcble for charging is one disedventige of this system. This muy
be overcome by the use of dry-cells, tut owing to the inconstency of

he dry-cell voltage, tle remedy is rather worse than the disease.
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CONSTRUCTION AND PROTWCTION OF RuoISTANCL OPIRALS

Flatinum is most generelly us:zd &s the reciztence metale. It
cen be reudily chteined in & chemic: 11y pure stite and is spplicuble 1o
a wide range of temperature. Iridium, palledium, and rhodium have &ll
been suggested tut are not in comzercial usees The cost of platinum is
rather prohibitive and therefore nickel is sometimes uceds Hovwover,
nickel is not recomnended for tempercturec hisher thun 25C° C., owing
to the chanze in the resistunce-temyerature characterictic curve as the
trensition tempercture cf nickel is spproacueds According to Lervind
the equation Log R = a + mt, where "R" is the rceistunce of the nicxel,
"g" and "n" are ccnstanis determinad bty the physical, chemicul and
electrical properties of the nickel, und "t" 1ls the teupercture of the
nickel, holds very closely for the runge from c° to 300° C. for the
resistance cf nicksl. Molten tin was recommended in 1?16 by Bs Fe
Nor®tarup «nd Re. Co. Sherwocdz, who found thet the resictunce-temperature
relation gives a struight-line curve up to temperutures between 150C°
and 1700° C. This matorial is useful, however, only for tem;eraturés
above +231.9° C., the melting point of tin.

One common method of mountinz the resistence wire is that
deviced by Cullerdar. It consists of crosses, serrated mica plates on
which the platinum wire is spirully wound. Thiz form is used by the
Leeds und Northrup Company and by the Cambridge Scientific Instrument
Comp;ny, though in eome cases Leeds &nd Northrup replace the mica frewme

by steatite, a reat-recisting, insuleting ccmpound. vith this form of

1. Electricel Recictince of Mickel to 300°C. Physicel Review 30:522-048

2. Journel of the Franklyn Institute. 1910
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spirel, it is necessury, in crder to prctect the plaiing

a2 from contuninetion
when exposed to hich temperciures, ge.sesy, or acid fumes, to mount it in an
impervious tube such as gluzed porcelain, usuelly protected on the outside
by a tube of iron or nickel. For very hizh temperatures, the Leeds w«nd
Northrup Compeny uses 2 form of ;otenti-l leed thermometer. Hecvy wire

is uced in the coil =nd is frecely curpended betueen ctectite dicks.

v

Cviing to it: very lo~ recictince, specitl precautions wre necesscry wit
this inctrument to cbicin & cetisfeevory dezree of sencitivity.

another tope of cpircl is the' manufeuctured by the Hurovia
Clremicel unA Menufucturing Compuny, In which thle platinum spirel is wound
on & iiin ture of itruncperent quartz wiih wn ouler Jjacket of the sume
material melted down onto the inner corc so thai tre platinum vire 1is
firmly imbe“ded in ke quartz. This conctructicn gives wn instrurent of
very small volume in which ihe recistance wire is thoroushly prctected
from the influsnce of ¢irt and reducing gases. Owing to the small velume
of this instrument, this form of {hermuieier follews tenperaiure chan~es
very repidly and euch spiral cun te accurately cdiusted to a standurd
resistance within approximetcly 0.05 por cent. This standurdizaiion of
tre recicience coll obviutes the necessity ¢f auxiliary munganin or
consiantan coils in the headpicce used wiih cther iypes of recicsiunce
trermoneters. For the most accurate culorimetric work, this construction
is not to te recommended, owing to the slizhl chunges in the conclunts
of the equation. This chance, howevery is not ¢f sufficient magniiude
to impair the accuracy for ordinury luborutory end industrial meusurs-
ments. As mounted for industriul use in a steecl or copper tube, or in
a perforated sheath for zir temperatures, the juurtz-mcunted resisturice
thermometer forms a very rugged und convenient inctrument.

wien measuring at hizh temperatures, the resistance of the



leads to the theruometer, grodusting fromn the hizh temgercture to be
measured dowm to the compearatively cool headpisce, reguire specizl pre-
cuutions to &void tne introduction of errors. In the quurtz thermoumetcr
above described, this scurce of error is elimincted by terminating the leads
immediately above the spirul and continuing the electricil connection with
the headpiece through heavy metul rods of lo temperature coefficient.
The method orizinzlly suggezted by Siemens and adopted by Lecds and liorth-
rup Company tor indusirial use consists of a third lead or the swne wire
connectead to one of the thermoweter leads. This loop is cunrected in
;eriaé with ihe buluncing rheostat or resistunce in the tridje end accur-
etely compensates for the lead recictence when zero-doflecticn instrwaents
ure usede In un instrument which is calibreicd aguinst & very accuratoc
stendard, this method is unnecescury since the difference in resiolance
of the two bridge arms is compencated for in the calibrztiion.
CCLLCH TUTLS OF LLEASURING APPARATUDS

Any of the usuul .ethods of meucuring elsctricul resisiunce
mey te applied to resistancs thormomeirye. For precision work, where hijh
laboratory stundurds of accurwucy ure reguired, either the Kelvin double
bridze mey be used or the potentiul drop meacured wcrocs tiie terminals
of the thermometere. A very censitive arruncenent ic the thermouneter
bridze designed by the Governnmentel Bureau of Stand&rdsg and manufact-
ured by the Leeds and lorthrup Company, usinz a four-load trermcmetor to
cozpensate for the tempureture rise in the thermometer leudce.

For most indusiriwl inctrumernts, however, the method in
generul use is almost entirely some modificetion of the Wheatstone

bridge. All of the recictunce coils of ihe bridze ere of fixed velues

3. Bulietin of the Purcau of Stendurds 13(4):547-001. 1916
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and the variations in the thermomeier tepcriture are graduated on the
zalvenomcter scale. By selecting the correspending resistonce velue fer
the adjacent arm of the bridge, the temper:ture scule is =0 arranged as
1o begin at eny desired value of tempercturee.

The cther systoem in use is tret of the okmmeter. This
method is used comewhat by tre Leeds end liorthruy Compuny. In it « vari-
able resistance, thxt of the thermumeter, is baliunced cziinst o known
resistunce by msanc of u zero-point gulvenometer re:dinz. The temperature
scale iz usuully indiczted by & diel and pointer on the recistance box.
For temperature indicatinz in chop practice, Leeds and liorthrup uce a
slide-wire bulencing recictence griducted in desrees of tewgerature with
a center-zero voltmeter ¢s an indicatore. The clide-wire resistance is ad-
justed to correspond to the temperature desired and tle indicator shovs &
deflection, plus or minus, as the tenmgereture is higher or lower thun thet
for which the b:r.lincing resicstunce is cete

In the direct-rezding type of instrument, & recording gclva-
nometer is often substituted for tne inaicuting type, very wmucn similar
to the recording devices used with thermocouples in heat-treatmeni furnaccs.

All in all, the resictunce thermometer cver the range for
which it is applicuble provides the most convenient and reliakle method
of temperalure determination, particularly where the meesureiients are
required at one central point or some distance from thre heat. They
posses, zenerally speaking, groalor freedom from errors liable to be over-
iooked in other types of instruments. With ressonuble care in use, they
arc little subject to disturbances in operation, cun te ce.librated for any
tempercture rengs desired, and with suituble protection almost any degree

of sensitivity can be secured for any desired temperuture runge.
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TEMPLATURS CCHTROL

Iie meening of temperature cunirol cun be externded to cover
not only the contrcl of temperature but also tie conlrol of processes
throuzh & knowledce of the temperwturo involved. The list of industries
in which temperature control is used in one viy or wnother vould cover
nearly the entire industrizl field. GSuffice to say thet temperature

control enters into the menufacturing of neurly ell commerciul producise
GII'ERAL DISCULSION OF Tho PROsLuM

So.1e of the foctors enternis into the difficulty cf temper-
ature regulstion wre: Incenstoncy of the hewot supply, veriation of
internzl absorption or zeoneration of heat, vuriction of hcgt losc by
radiation, and the unsteady supply or composition of the materiel to
be heated. As euch of these items is closely associated with temperature
variation, there is 1little room for doutt that heat control is best
accomplishied with and through & knowledge of the temperciure and the
temperiiure variaticnse Therc are concected with this prcblem four
gonerel questions: How are the tomperature and its vuriations 1o be
best detormined; where (in whet pert of tre furnace, drying rack, or oven)
is it to be determined; what is the test way in vhich the temperalure muy

be indicated so that it will eid in control; cun automailic temperature

control be eccompliched?

WVICS USHD FOR CONTROL
Automeiic Alarm. =- An ordinary gzelvenometor movement cun be

fitted with two contacts on pivoted erms, between which the meter poirter
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swings. No relay is necessary for the c¢riill current :nd voltege
required to opercte a bell or cther clurm=-signil device. The automutic
alarm cannot be used in &n instellation where very ccocurite temocrature
control is necescury, cince it merely warns of too hish or too low
temzeratures and reguirec monuzl adjusiment of the heeting units.

Menucl Signelinge =- The developrient cf manual signaling hus
teken place, for the most part, in heat trectment plents huving extensive
pyrometric inctallationc of such proportions thai a central pyrometer
station is nececsary. With such un inctalletion, only the thermocouples
or other thermometric devicez and the cipnzl lirslits ere loccted in the
furncco rcoms Colcred li~*ts ure used to flash the condition of the
furncco tempoerature to the operctor at the furncce. Here aguln cccurate
temperature resgulation iz impocsible.

Automstic Signzling. -- Automatic sienaling iz, in fuct, &
combinztion of autometic alarm end monual ciznrling. The temperature
iz controlled monually as in the foregoing methods.

Autemctic Temperaiure Control. == The devices for zutcnmatic
control of temreruiure mcy be clisses as two gensrcl typee, mechinicel
znd elcc*triccl. The mechinicil dovices are those operatineg on the
thermcstitic princizle and are ordinarily operatcd by means of movement
of timetallie springe, or the thermel expension of rods or fluid
columns. The clectric devices, in genernl, ure operated on the ihermo-
electric prirciple. Tho hkeatins of & juint betwcen two discimidaer
zmetals jenoretes an eloctrometive force which is meacured by a pctenti-
ometer or a wheatclons bridse. The control equipment in such a device
mey tecome very compliceted in an effort t¢ incure conirol within very

close limits of the given tomperature.



PlubulT KETHODS OF CONYROL

At the present time there are on the market instruments for
the control of temperature which are quite accurate in their operation.
Of these devices, there seens to be two general types of thermometric
metrods in use, one being the mercury colu.an ancd the other the theruo-
couple. Threse devices are manufactured by natioually known firume and
be discussed, boih with regard to their operation and their advauntuges.

liiergesell Brothers, of Philadelphia, manufzcture a regulating
device known as the "Thermo-Rezulator", consisting of & mercury column
or thermometric instruments vith contects so pluced as to e inserted
in the mercury column, «nd an associated, speciezl relay. The Thermo-
Regulator responds to temperature variations es suall &s 0.05° C. It
acts through a speciully constructed relay without the necessity of
using batteries, receiving its operating voltage &nd current from the
comaercial electric linese. The mercury is edjustable to operate the
relay &t any degreec or fraction of a degree from -179 to 150° C. The
adjust.aent of the thermometer is the undesirwble festure. The thermom-
eter is so consiructed as to huve & mercury resevoir at the bottom and
elso at the top of tne ylass steme To increase the ogerating range of
the instrument the lower bulb must bte heated, driving some of the mercury
into the upper resevoir. When cooled to the working reange, the mercury
breeks contact with the upper electrode &t the temperature desired. For
a lower setting, the instrument is heated in z horizontal position until
the mercury thread mukes contact with the pool in the top storzge bulb.
For any setting, accuracy is determined by the operator's ability to
measure the temperzture of the bulb by means of & certified standurd

thermometere.



_ The General Rudio Company, of Cambridge, kussuchusetts, is
the maker of & temperature control box which esploys a thermometric device
of the above type. This epparetus controls the temperature within the box
to within + 0.1° C. agrinst chunges in room temperature from 11° to 20° C.
The oporating temperature within tne box is frou 40° to 60° C., & very
limitel renges. This renge, however, is sufficient for the use for which
the device was desizned, i.e.y, the increese of frequency stubility of a
piezo-electric osciliutor by controlling the temperuture of the quartz
crystal.

The General Radio Compeny also menufacture a temperature con-
trol box fitted with & bimetallic thermostate. This unit has the same
operating runge but tre accurccy in thie cese is much lecs, being + 1° c.

Another type of control unit is thut employed by Leeds and
Forthrup Company, of Philedelphia, &nd the Brown Irnstrument Compiny, also
of Philadelphia., These manufacturers use thermocouples to mezsure the
teamperature by the generation of en electromotive force, created by heating
a union of two dissimilar metals. The controlling device consists of &
form of potentiometer end sufficient associated equipment to muke the
operation entirely automatic. rhe undesirable features of this method
are that the thermocouple generstes very smull electromotive forces, the
thermocouple unit has & nzturel tnermcl leg, the control equipuent is
rather couplicuted, and & relicble source of direct current, usually a
primary cell, is necessary in tne operation of the aevice. The thermo-
couples in geueral use are constructed of two wires, one of iron and one
of constunten, which ere joined tirmly at the "hot" or measuring end.

The greatest electromotive force generated by any coinuerciel thermocouple
is &bout 50 millivoltse. Further, the thermocouple is not sensitive to

. . . v m- o -
smell temperature changes or quick varistions of tomperatures This 1is
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due to the naturel lag of tine unit. The thermocouple also nust be
associated with a cold-junction coupensetion device which is a correction
epplied to the thermocouple system to compensate for chunges in roou tem-—
perature end the temperature of the thermocouple leads. The edvuntage of
this device is that & record is made continually of the temperature of
the thermocouple. This is & part of the complicated mechanism previously
mentioned. ‘The device is much more reliable at high temperatures. The
usuel type of thermocouple is designed for the range from 1509 to 1600°¢C.
end is not easily adapted to the lower temperature rznge. The control
device is accurtte to epproximately one-hulf of one percent of the range

or azbout 1.5° in a 300° renge. This accurecy is not sufficient for this

problem.
TELPuAATURE CONTROL WITH RiOIOSTALCH ThailiOlaTRY

In & previous section of this puper, the electric resistunce
thermometric device has been discussed. The problem wkich is the subject
of this peper is the adaptation of the electric resistance method of
temperature measurement to the field of temperature control. It has been
made evident that the last word hes not been written in connection with
this subject. Therefore, attention is again directed to the simplicity
of the device.

Llectrical resistance thermometry is cne of the most accurate
and simplest devices known for temperwuture determination. Since several
other thermometric devices havé been used in the control of hLeut, it is
only natursl to believe thut this device might be similarly used. Sorie
of the difficulties &nd opinions arisingz in the connection with this
subject will be discussed.

In the first place, by using a form of Vheztstone bridgoe,



it is poscible to meesure continucusly the recistence of « coil even
wien its resiciwnce 1s chinging due to hett or elongution. Tiis fuct
is the busis of the construction of this thermometric device. Therefore,
2 recistance coil must first be procured.

The resictance coil which cun be used is one of platinum.
Any leboratory insiruwaent minutictiurer cun construct & plietinum resist-
ance thermometer similar to the originel device of Cullendar, or even one
of the wore mdvinced desisns such as the calorimetric thermometer
designed by tre Bureau of Standurds.

The tlree resistance units of the bridge circuit can be any
commercial type, the resisternce of eachi being accuretely determined.

ow, consider vhut means nay be usged for the conircl of tne
temperature. Tne galvanoseter ordinarily ucel with the wheatstone bridge
can be fitted with contucts to close or open a circuit at the desired tiue.
The recistance of the thermometer coil will increase with en increuse of
its temperature. This causes en unbelanced condition iu tle bridge cir-
cuit &nd a current will flow in the g:lvenometer circuit. This current
energizos the ccil of thre gelvenometer causing ke conticts to opem or
close & local circuit whick will shut off tic hLestiny device. As tue
teapercture of thc thermomeler coil decreascs, tne resictance of the coil
also decreases. After a condition of balence hus been reached, the re-

z a current

(&)

sistance of the thermometer coil continues to decrease, causin
to flow throuzh the gulvenometer circuit in the opposite direction to
the first current. This will cuuse the contacts on thie gelvenometer to
close and the heatinzy element will be turned on. By plucing & munual
control on the neating elcment in addition to the automatic device, the
temperature can still further be adjusted until the electrical conirol

device is very constant und the opening wnd closing of the coentrol
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circuit occurs infrequently. llowever, without the menuwl control, this
device will operete very effectively.

A source cf direct current is required to supply tre bridge
circuit with the necessary current for its operation. The current flow
through the thermometer coil hes a direct effect on the operation of the
entire device. The direct current mey be oblained from suituzble pri-

mery cells or from a rectifier cperuting from alternating currente.



PART IV

THi EXrLRILLLTAL DEVICE

COLCTRUCTION

The construction of tlie tempercture contirol cquipment mey

be considered as consisting of three distinct parts: +the resistunce

thermometer, thre VWheautstone bridge, anl the control ejuipuent. Any one
of these three cen be used separately although the iheatstone bridze and
tre recsistence thermometer have a correlated relation, the baluncing
resictance arm. The discussion of the apperztus will be considered in
the ebove order.

The construction of the resistance thermometer is determined
by the type of service for which it is to be used wund the tempcruture
renge to which it is to be subjected. This lewves &« wide field of choice
as to the type of construction. The resistance thormoiceter used in this
particuler device ves patternel after Callendar's original thermometer,
consisting of & cross of mica plates wound with the resistunce spirzal.
The temperature range covered by this device is from 0° to about 100° c.
Therefore, in an effort to reduce the cost of equipment and still retain
meximum operating efficiency and accuricy, nickel wire was used in place
of the platinum spir:l of Callendar's recistince tnermometer. Nickel
wire serves equally as well as plutinum if the temperature of the resist-
gnce coil does not exceed 3C0° C. Between 300° and 400° C. lies the
trensition point where the slope of the temperature-resistunce curve
changes. When the slope of this curve changes the velue of "a", the
temperature coefficient of resistcnce, also changes. The use of nickel
wire lends & grezter recistance change per degree temperature change

then does pletinum, hence for the ranze covered in this instence the
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therimcmster and bridge is sensitive to suiwller chenzes of tewpereture.
Tre fiber end pieces viere edded to the micea frime to obtain rigidity of
the frame. The brass mounting rod end fiber head were &dded for conven-
ience and to fucilitate electriccl connecticons.

The nickel wire used was supplied by Driver-Harris Company,
of Harrison, New Jercey. This wire hes & resicstance of 0.940 ohms per
fcot und a diazmeter of 0.CO080 inch. Tre temperature-resistince curve
is shown in Plate IV.

The Wheatstone bridze is & modificction of the conventional
types having two retio arms of equal resistznce and in the octher two arms
the thermometer coil and its bulancing resistince. The two retio arms
and the bzlancing resistince euchn have a resicztunce of twenty ohnse.
Heaviside, in his "ZIlectricel Fepers," shows that meximua sensitivity of
the bridae circuit is obtuined when the resistince of the thermometer coil
and the three arms are all equal to each otlier. Due to the veriution of
the thermometer coil resistince and the ettendant chunge of the baluncing
resistance, this relation does not at all times exist. However, the
veriation in recistance over the entire runge, froa 0° to 100° C., is
smell enough thot the sencitivity of the bridge may be considered
precticelly constant. Any decrease in sensitivity is compencatea tor in
the celibration of the device.

In order to control the bridze circuit and obtuin & belanced
conditvion, une vilencing recistence must be made veriuble. This ey be
done in either of two ways. ‘'ne recistecnce wey be a rhecstct wnd virisble
in itself, or the resicicnce in both thre bilince arm end the thermoueter
arm mcy be chenged simultzneously by @ forw ot potentiometer, the contect
of which is connected to the yrlvinometer circuit. The latter method

waz edopted end the potentiometer was so construcied that as the resistunce
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in the thermometer &arm vies decreased, thie balunce resistance was increused
et the sume rate. The use of this metlod of veriation of the bulancing
resistence lends to distinct advantzjes: one, it avoides the necessity of
a heevy contoct on the veariuble resistance to heavy the current in tie
first mentioned method of variation, and two, it docrecscs the resistance
velue necessury in thre variubtle unit. As the tomperature viries from C°
to 19 C., tie recistunce of the thermometer coil increuses according to
the lew:
Ry = Ry [1+ alt -0)

where " t" is the resistance at "t°" and ”RO" is the reslstence at 0°,
"a" 1is the tewperature coefficient of resistunces DBy using the potenti-
ometer, the variaeble resistance is decrewses both in value end in size
of conteet point. ‘ien the teuperature of the thermometer coil is 09 C.,
the contact is at the left end of the slide wire. The resistince of the
bulence arm is then "R." and the resistince of the thermometer arm is the
sum of the resistince of the thermomeier coil, "Ro", and the resistunce
of the slide wire, "Rg". At 10C° C. the contuct is =t the rizht end of
the clide wire. The resistance of the bolunce arm is then Rc + RS and
the résistance of the thermometer arm is R, 1+ a(l00 - 0) « Then for
these two conditicns, since the ratio of the ratio arms is 1:1,

Rg = Rg ¥ Ry »

Rg + Rg = Ry[1 + a(lov - 0)] .
Solving these two equations simultaneously, the resultent necessary
resistance of the thermometer coil &nd of the slide wire potentiometer

is determined.

Re
Ro * 177 50a

50 Rg
Rg = 50 R, =

1 + 50a
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The slide wire resistunce wie constructsd in circular form
for convenience and compaclness. A scile wa: used which was divided
into one hindred end fitted with a vernier which made it postible to
rec.d to O.1 of a scule division or 0.0Cl of the total recistence of the
slide wire. This scule was used primurily for ease in calibration.

The bridge circuit, as well &s the thernometer connecting
head, was equipped with termintls for compensiting leads. The purpose
of these leads is to compensate for the recistance of the leads to the
thermometer coil from the thermometer coil arm of the bridge circuit.
The leads themselves huve appreciitble rezistance tnd by using sinmilar
leads between the tuo seis of coumpensating leud termincls that resistence
is belanced in the baluncing arm of the bridge. The bridge circulit used
in {ihis device is showm in Plate I.

Tne control circult might be &ny of the usual conuercial
types used in connection with thermoelectric devices. These types of
control devices employ & gulvinometer moverent and associuted equipment
wiich will function a&s & gulvinometric control. In this particular
inst:nce, two types cf control devices were considered: one, a gulvino-
melric relay sensitive to very small cmounts of current, wnd second, &
vecuum tube cmplifier with a reley sensitive to 0.075 milliumpere in the
plate circuit of tne tube.

The use of tre gelvonometric relay is not warrcnted, since
the current flow throuzh the gelvunometer circuit due to & chunge of
temperature of 0.01° C. is too smzll to affect even the most sensitive
of gelvinometric relayse. Maxwell, in his Treatice on Electricity end
tognetism, shows thut the current in the gr.lvinometer circuit is

i, =& ( - r.r,)
g T p Mef3 T T1a



where D = rryr. + ryr {(rs + ry) + rrl(rg +r;) t rr:(rg + rg)
+ (r+r;+ ro)(rory + rry + rgr4),
r end r, = tle resistince of ihe ratio aras,
r3 = the reciciincs of the btelusncing arm,
ry = the resictince ¢f the thermometer coil erun,
r = the recistunce of tho d.c. supggly circult,
Pg = the rezictence of 1he gudvenometer circuit, cnd

E = the batlery or deoc. supply woltage.

o3 . 1, . 1, s F LN
Since the only varicble in the rijhi hand member of the wbove ezuuiicn

is rgs und its veriction is szell for 0.01° G. chenge of temperature, the
gelvenometer currcnt is very znelle In order to use this cppuratus to
cenirol temperature within ¢.01° C., some obher mewns of detecting suall
curreat chrunges in tlhe gulvincmeter circuit must be uced.

£y, in the zulvancmeter circult, itncre is pluced & recisicnce,
sty of 10C0 ohnc, the smell current throush that recistoince will cause &
megsurable volte e drope The second device consideored, the vicuuwa tube
voltege waplifier, cin realily detect and cmplify this small voltoge drop
when it ie applied to the grid circuit cf the averige receiving type
redio tube. This chinge in grid volitige will ceuce w corrcoeponding
chinge in plate current, which could be made to flow through a recistince
in the plute circuit, cousing @ larzer voltage drop thun that in tue grid

circuit. Dy ucing severtl stugez of suplificuticn it is possible to

. s . 1 v . L i
incresce this plate curreut chungs until it has reached o sufficient
ve.lue to operete a sensitive reluy. Tus nunter of sti.ges necessary are

determined by the current necessury toc operate the relay ond the
-

amplificeation per stuge of the amplifying tubess This method requirss

an extonsive outley of equipment and is very critical wt the point of
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plate-current cut-off =nd, therefore, is not prectici.l in the cou erciwl

seuse. Hovever, it is en effective metlod and «ill lend itself rewdily to

the probtlem,

A typical vecuum tube cupiifier circuit is shown in Plate .

m
1

The vacuun tube wuplifing device used in connecticn with the
resistence thermcuetry equipment designed for thie thecis did not incor-
porate the usuwl undesircble feztures of the wvereze vacuum tube volt-
nmeter which is binsed to ths plute-current cut-off.

Plete IIT chowe tho schematic diagruia of the umplifier device.
The vucuum tube used wus the type '28Y, munufictured by the Re C. A. -

Victor Corpcretion. It's charazcteristics are &s follows: ‘

Herter voltoz Z¢5 volts AC or DC
Hertor current 1.75 umperes

Plate voltoze %5 90 135 180 volts

3rid voltaze (C-bics) 0 =4.5 -9 =-13.5 volts

Plate current 4 5 569 6 milliumperes
Flete reszistunce 1C0CO 10000 S00C  SO0CC ohuas
Armplificetion fuctor 9 9 9 9

liutuznl conductince 9C0 $00 1000  100C micromhos
Undistorted Power Output 30 73 104 milliwatts

Approximate direct inter-electrode cepuecitances:

Grid to plate 3¢3 ppfe
orid to cathode 3¢0 jy-fe
Plate to cathode 2.8 puf.

The grid circuit is so designed thet the biws voltege on the
grid of the tube muy be udjusted to give the most sctisfectory operation
and the maximum chunge in plate current for & given currcnt applied to

. o . crs o q
the grid input terminclse The velue of the grid resistance 13 not critical
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and allows furthoer adjustment of {he grid circuit. The characteristics
of the tube are such that a smull dircct current, wien upplied to the
grid input terainwcls, causes & change in plate current which is very
lerge in proportion to the current in the grid circuit. The battery and
potentiometer designuted by "D" in Plete III serves to bulecnce out the
effect of tre normul plate current throush the output circuite With tais
addition, the plate current muy be udjusted to any desired veluee

Tre edvintuge of this device over the usuel vacuum tube volt-
meter biacsed to the plate-current cutl-off are (1) the adjustment of the
bulince battery-potentiomoter circuit is very much less criticel then the
edjusiment of the grid voltige necessary to bias the tube exactly to the
cut=off, «nd (2) the tube is operuiin: on the striizht-line part of the
grid-voltoge--plete-current curve, which gives & muxinum vulue of cinpli-
ficetion. The volimeter biesed tc the cut-off must operate on the lowver,
curved portion of the grid-veltuge--plate-current curve, giving a much
emcller emount of wmplificution for ¢ given chenge of grid volte fe.

The plete current output terminzls tre connected 10 & sensi-
tive rcluve It is recomuended thet & dece milliammeter be connected in
serics with tho relay et ¢ll times to «llow the operctor to edjuct the
output current frcm time to *ime &5 the temperature of the cithode with=
in the tube chinzesz. The reluy used wus a Wieston Photronic Cell Reluy
which oporuted on 0.075 milliwmpere to cpen the extern:l circuit. A
0-1 milli.mpere meter wes used in scries with the reley to cllov tie
necessary wdjuctiaents to he rewdily wede.

Another type of control device which mirrt be used is the
- es Py + the Genercl mlectric Compiny, of
"Thyretron", a tube menufectured by the Generew

3 . 3 ~ e i e TS r-,-r‘i
Schensctady, Mlew Yorke. This type of vicuwa tube is eccentielly 2 g d

C
ifi 1.vine smente, cne of which 1s
controlled arc rectifier, huving unree or riore eleme ’



tre concrol priu, vwnilcu are encaosed in 8 gus or vipor silled glass shell.
I3 g ¥
Tre tube most suited for this protlem is the Tuyratron, Type FP-04, known

es & low grid current gliotron. This tute is a four clement vacuum tube
speciully decimed to heve & very hizh input resiziurce wnd o very low
dece grid currcnte 1t is exceedingly uceful for ncwcuring or emplifying
very smell currents, or volt: 'vs in very high resistince circuitse The
FF-54 has been cerefully consiructed to insure nizh lewxigo recsictince
from the conirol orid 1o the ollier elements of %le tube. TIncsmuch s the

license notice dees nct include licence for the use of ¢

e tubs in tuesis
investiguticns, 1t could not be incorperated herein. Alditiondl infor-

metion cuuncsrning thic vacuwa tube mey be had from the Generel wlectric

Compuny.
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simultuneous equutions on page 31

4

of the thermoneter colil were otteined.

Ro
R, [1 + a(i00 - 0)]

£ twuerly ons, @ wus given &s

0.006375 ohm per desree tempereture rice per ohi. Therefore,
An = .
<C Rg T &,
20 + Rg = Ry[1 + 0.005375(100))
20 = Rg = Ry
20 + R, = 1.S375 R
S 0
A0 = 265370 Ro
R, = #7i57; = 15.8 okms ut 0° C.
~ o

Rg = 20 = R,

=2 - 15.(‘

= 4e4x ohms

To limit tre

(e
e

{ihe thrermometer coil wucs
0° C. and the slide wire
The range of tempercture
shown by substitution in

Rg
20

t

rance somewhct more thun previously estlmuted
conctructed with & recletunce of 1640 ohms &t

«S5 0liilse

w

was censtructed with w resistance of

for these values is from 0° C. to 80° C., &s
tte formule

+3g = R L1 + a(t - o)

s

=
rRel

+ 3455 = 16445[1 + 0.005374
&
5

Ce
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The Resictunce Thermowmeter Cocil

Vire Pure (98.87) Yickel, Driver-llarris Compwny.
Size IYCC 32 1"‘!0 ELYid Sc 5'.‘:,;;0.
Diameter 0.0080 inch.

Resistence 0.940 oh per foot.

Length 175 feet.
Total resistunce 16.45 ohms at 0° C.
Tenmpereture coefficient of recistince 0.005375 from 0° to 100° C.

Temperuture Resistince Duta

Temperaiure Resistunce
0° 16445
20° 16.71
lcc® 23480
200° 3444
3uu° 4547
4000 5849
500° CheT
60G° 9ok
700° 7443
&0oeo 7961
9000 &&.2
1000° G0.0
Coil dimencions: width 1 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>