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FOREWORD
This document, originally prepared in 1956, was reviewed by industry and commiittee members
between 1983 and [L988. Those who reviewed it generally agreed that the document, with minor
changes, would coTitinue to be a useful industry reference. Changes werg limited tg updating the list of
references as well as to exhibit temperatures in both °F and °C.

Changes made in 1996 were format/editorial only.
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SCOPE:

This SAE Aerospace Information Report (AIR) reviews the precautions that must be taken and the
corrections which must be evaluated and applied if the experimental error in measuring the
temperature of a hot gas stream with a thermocouple is to be kept to a practicable minimum.
Discussions will focus on Type K thermocouples. These are defined in NBS Monograph 125 as
nickel-chromium alloy versus nickel-aluminum alloy thermocouples.
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3. PROCURING AND CALIBRATING TYPE K (CHROMEL ALUMEL) THERMOELEMENTS:

3.1

3.2

Specification

nf Tharmaocounla \Aira-
H—HEeHHROGEHPEe e

A reasonable

engine thermg

the wire shall

Monograph 11

Methods of M

The methods

thermoelemer
the use of a th
thermoelemer

one.

The most wid
together by a

noble metals may be welded with.atorch in the absence of flux. For base met
advantageous

heating to the

Oxy-acetylene

making therm

all traces of flix should be removed. Immersion in boiling water for several mi

for most fluxe

Three method

thermoelectric specification for Type K thermocouple wire to-be
couples is as follows: The temperature-emf relation for thermog
conform to that given in Tables 7.3.2 and A7.1.1 of National Burg
P5.

nking Thermocouple Junctions:

for forming the measuring junction are asdfollows: autogenous W
ts by means of a third material such as.solder, brazing spelter o
ird element through which the thermecouple circuit is completed
ts are individually peened or welded to a solid conductor or dipp

torch or by electrical means without using any other metal to forn

to use a flux to_minimize oxidation. Care should always be exel
very ends of the-thermoelements and to avoid heating them too
, OXy-gas orair-gas flames with small, sharply defined inner con
pcouple junctions. Borax is often used as a flux, and after the w

D.

Ised in making
ouples made from
pau of Standards

elding; joining the
r welding rod; and
, as when the

ed into a molten

bly used method is autogehous welding, in which the thermoelements are fused

n the joint. The
als, it is

cised to limit the
long or too hot.

es are suitable for
bld has been made,
hutes is effective

S Of electric welding are In common use. An arc between two Ce

irbon electrodes

may be used to fuse the ends of the thermoelements together, or the thermoelements may be
used as one of the electrodes with a carbon rod as the second. Still another method utilizes
mercury covered with oil as one electrode and the thermoelements as the other, so that the latter
are arc welded together when brought into contact with the mercury. In all electrical methods,
current and voltage must be adjusted to meet the specific needs. Resistance welding is well
adapted to making butt-welded junctions. The ends of the thermoelements are held in firm

contact and a

surge of current is passed to effect fusion.
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3.2

3.3

(Continued):

In measuring the surface temperature of a piece of metal, it is often advantageous to attach the
thermoelements separately to the metal. This may be done by spot welding or peening the wires
to the metal whose temperature is to be measured. To avoid errors, the points of attachment
should be close enough together that there is no significant difference in temperature between
them.

Twisting the thermoelements at the measuring junction is not recommended, despite the fact that
such a junction may have greater mechanical strength than its untwisted counterpart. Twisting
leaves the exaectlocation-of-thefirst-electricalcontactbetween-the-thermoelements in doubt; it
leaves strains|in the wires which are particularly difficult if not impossible to-rémove from the
Alumel; and aftwisted junction responds less rapidly than its untwisted counterpart to sudden
changes in temperature.

Calibration of [Thermocouple Wire:

All calibration$ must be related directly or indirectly to the International Practical Temperature
Scale (see 1116). In general, the fixed points defined thetein are used only for| primary
calibrations amd the devices so calibrated are then used’for calibrating others for practical
application. V\}ore specifically, type K thermocouples‘are normally calibrated by direct comparison
with a standard platinum-platinum rhodium couple;~As a result of experience gnd common
practice over the years, reference values of emfias a function of temperature have come into
general usage. National Bureau of StandardsS)Monograph 125 Reference Tables for
Thermocouplgs contain identical referenceltables for several combinations of thermoelements,
shown in Table 1.

TABLE 1 - Thermocouple Materials

(¢}

Platinum - 30% rhodium versus platinum - 6% rhodium
Nickel-chromium alloy versus copper-nickel alloy

Iron versus a copper-nickel alloy

Nickel-chromium alloy versus nickel-aluminum alloy
Platinum - 13% rhodium versus platinum

Platinum - 10% rhodium versus platinum

Copper versus copper-nickel alloy

_|
S 0oxemoS

For any given combination of thermoelements, the reference table serves as the goal toward
which performance is directed, and from which unavoidable differences are determined and
applied as corrections. Manufacturers and vendors of type K thermoelements need to know the
thermoelectric characteristics of each alloy individually, in order that batches of wire may be
matched to perform as nearly in accordance with the reference table as the purchaser may
specify. This sort of calibration is usually done by determining the emf of individual samples
against pure platinum. One alloy being positive and the other negative to Pt, the sum of emfs
against Pt is identical with the emf of the type K couple.
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3.3 (Continued):

Those who use type K in making complete thermocouples, and those who use the finished
thermocouples are interested only in the emf of the particular samples of type K employed. In
other words, the calibration which the users need is not of the individual thermoelements against
Pt, but rather of the type K directly.

A calibration of the latter type is made at NBS by welding the junction of a standard Pt-PtRh
couple to that of the Chromel-Alumel couple being tested; by placing this common junction near
the center of a Chromel tube furnace WhICh is heated by passrng current through the furnace tube
itself; and by ta i the range of

temperature which is of mterest Both are Iong enough that their reference jan
at the ice point. Immersion is sufficient to insure against loss of heat by condu
junction. By dsing the comparison method, problems of heat transfer torand fr

ctions may be kept
ction from the
om the junction by

radiation and ponvection do not arise.

the form of a table
elements currently
similar fashion

e couples,

not measured and

It is normally ¢onvenient to express and use the results of suchra calibration in
or chart of differences from the reference curve. While samples of the thermo
used in the manufacture of gas turbine thermocouples are-calibrated in this or
originally, and| are spot checked at one or more stages. in the manufacture of t
deviations of the actual production thermocouples from the standard curve ar¢
hence no corrections can be applied for such differences as may exist from the reference curve
for Chromel-Alumel. Assuming that the calibration of the type K thermocouplelis no farther from
the reference |curve than the thermoelementsivere originally, then the maximum errors that can
arise from not applying corrections are therefore given by the tolerances in the specifications
under which the thermoelements were-purchased originally; namely +2.2 °C (4 °F) up to 277 °C
(530 °F) and £0.42% (£3/4%) of the temperature in °C (°F) above 277 °C (530 °F).

The calibratio
in a tube furng
materials, and
accuracy are
conducted at

PtRh thermocouple
'mocouple

Is degrees of
prations are

n of thermocouple wire by direct comparison with a standard Pt-|
\ce, other methods for calibrating thermocouples and testing the
the precautions which must be observed in order to attain vario
jiven in detail in a paper by Roeser and Wensel (2.1). Such cali
he National Bureau of Standards for the public on a fee basis.

4. CIRCUITRY FQRHIGHEST ACCURACY:

4.1 Lead Wires and Terminals:

Where highest accuracy is sought, it is preferable that the thermoelements extend without a
break from the measuring junction to a reference junction. If this is impracticable, all parts of the
thermocouple and lead circuit which contain alloys that differ in thermoelectric properties from the
thermoelements proper should be kept at a uniform temperature. This is not possible in
thermocouples which have a terminal lead in direct thermal contact with a hot part of an engine.
The only alternative here is to match all parts of the thermocouple circuit in thermoelectric
characteristics, inasmuch as large temperature gradients are bound to exist through the head.
Joints should be made only by autogenous welding, never by use of any brazing or welding
spelter.


https://saenorm.com/api/?name=15842fb53b29bf8d2774f908a3f80e60

SAE INTERNATIONAL

AIR46B

Page 8 of 54

4.2 The Reference or Cold Junction:

A bath at 0 °C (32 °F) consisting of an intimate mixture of shaved ice and water provides the
most convenient and easily reproducible bath for the reference junction. Keeping the reference
junction at the ice point is recommended practice for all accurate thermoelectric thermometry,
and most standard tables apply directly when the reference junction is at this temperature. As
applied to the problem of engine thermocouples, an ice bath should be used in making all
calibrations, in determinations of recovery factor, or when reproducibility better than £1.1 °C
(2 °F) is required in the temperature of the reference junction.

A convenient
capacity) is fir
spaces betwe
sufficiently pu
the Dewar.

For each junc
at the top, is i
each tube to f
several cm (in

ornroficebathisttustrated-nFigure t—Atarge=mouthr Bewar<
5t filled with shaved or finely cracked ice, and enough water is.ad
en the pieces of ice, but not enough to float the ice. Any peotable
re for this purpose. When first prepared, there should beice doy

lion to be kept at the ice point, a small glass tube,.closed at the |
nserted through a hole in the cork for the Dewar.” Enough mercu
Il it for about 2 cm (0.75 in). The cork and tubes are inserted so
ches) below the top surface of the slush.

The actual reference junctions are made by inserting a thermoelement and a ¢

polished with

A file or sandpaper for about 1.25-cm (1/2 in) but not as much as

and each insulated in some manner so that:€lectrical contact between them is

the mercury.
because no o

Excess water
above, at regt
never surroun
several degre
many factors,
downward alo

her point is sure to be at-the known reference temperature.

should be poured off,"and more ice and water should be added,

lar intervals sufficiently short that the bottoms of the tubes conts
ded by water alone. The temperature of the water below floating
bs above the'ice point. Just how often such renewal is required

including the quality of the Dewar and the rate at which heat is ©
hg the'wires and glass tubes.

Cold junctions

referably 1 gt

lded to fill all of the
water and ice are
vn to the bottom of

pottom and flared
ry is placed within
that the mercury is

opper wire, each
2.0 cm (3/4 in),
made only below

There must be no electrical-contact between these wires above the mercury,

as indicated

ining mercury are
ice may be

ill depend upon

onducted

Mmay be made by hard soldering the thermoelements to copper

ead wires, but the

excellent thermal and electrical contact provided by the mercury makes soldering unnecessary.

When an ice bath is used, the circuit from there on should be all copper. The use of other
materials in switches, terminals, etc. will cause errors in the presence of temperature gradients.

When it is inconvenient to use an ice bath, a thermally-insulated block of copper, aluminum, or
silver, or a stirred liquid bath may be substituted. In such case, the temperature of the reference
junction must be measured with an auxiliary instrument and taken into proper account.
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4.3 Automatic Cold-Junction Compensation:

4.4

5.

Some accuracy may be sacrificed for the convenience of eliminating the ice bath, and some
indicating and recording instruments have built-in cold junction compensators. When a type K
thermocouple is used with a given instrument, its compensator must be for Chromel-Alumel, etc.
In effect, the compensator adds to the indication of the measuring instrument a value equal to the
emf of a thermocouple with its measuring junction at the temperature of the compensator and its
cold junction at the ice point. Rapid variations in temperature at the location of the compensator
may lead to errors of several degrees. Controlled application of heat within a potentiometer in the
vicinity of the compensator, as for instance by a thermostatically controlled light bulb, will improve

the accuracy gf-cempensation-

When a comgensator is used, the thermoelements should ideally run witheut &
from the meaguring junction to the instrument. Problems of installing parallel t
engines makgq this difficult, and in some cases virtually impossible to-achieve.
thermocouple|circuit between the measuring junctions and the campensator s

material with
junction.

The Selector

If a selector s
should come

circuit, and should itself be of all copper for highest accuracy. When a selecto

copper or bra

INDICATING AND MEASURING INSTRUMENTS:

The emf of a th
junctions, and

temperature dif
determined, the
can be measure

e same thermoelectric properties as the elements’ constituting t

Switch:

vitch is used so that several thermocauples can be read on a sin
petween the reference junction and-the instrument. It is thus usd

brmocouple depends upon the temperatures of its measuring an
ter appropriate calibration, thermocouple emfs may be translate
erences/fthe temperature of the reference junction is known, :
temperatlre of the measuring junction also becomes known. T
d conventionally with appropriate millivoltmeters or potentiomets

iny kind of joint
hermocouples in
Then the entire
nould consist of
he measuring

gle instrument, this
ally in a copper
r switch having

bS contacts is used with a compensated instrument, the switch should be enclosed
so that it is frge from drafts and not subjected to large, sudden changes of ten

perature.

I reference

d guantitatively into
and if the emf is
hermocouple emfs
rs.
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5.1 Analog Millivoltmeters:

Analog millivoltmeters are galvanometer-type instruments with pointers and scales which may
read in millivolts or directly in degrees. Since the deflection of a galvanometer is a function of the
current flowing through it, the reading of a particular millivoltmeter-thermocouple system depends
upon the total resistance of the circuit including the instrument. Thus the instrument reads
properly only when the total resistance is the same as it was during calibration. This requirement
for proper adjustment of the resistances of instrument and circuit is a disadvantage per se, and
such a system has the further disadvantages that its calibration may vary as a result of

(a) unavoidable changes in re3|stance durlng use, as from changes in the temperature of the
thermocouple— #y the various metals
constituting thie circuit; (c) contact reS|stances in connectors and switches; (d)|changes in the
strength of the permanent magnet and of the spring in the millivoltmeter; and (e) pivot friction in
the instrumenf. Since the thermal emf of Chromel-Alumel is approximately 0.04 mV per °C

(0.02 mV per [F), and since the emf of such a couple with reference-junction at 0 °C (32 °F) and
measuring jurjction at 1260 °C (2300 °F) is about 51 mV, it will b&/obvious thaf a millivoltmeter
without suppréssed zero would have to have a very large scale to be readable|to better than 5 °C
(10 °F).

Nevertheless the millivoltmeter is in wide use in cockpits‘where small size and|weight are
desirable, and where the use of standard cells and hatteries is inconvenient or|impractical.

In some gas tlrbine installations, the same thermocouples are connected to a|millivoltmeter in
the cockpit and to a control system. Movement of the meter parts due to manguvers of the
aircraft can g¢nerate emfs within the instrument, which may feed back into andl disturb the control
system.
5.2 Digital Millivolimeters:

Many modern|aircraft use high“impedance digital millivoltmeters. The high impedance eliminates
the need for cpntrolling input resistance.

5.3 Servo-driven Indicators:

This type of indicator is among the most accurate. In basic terms, a servo-motor drives the
indicator. It is often expensive relative to other types but is very rugged.

5.4 Potentiometers:

The potentiometer is an instrument which provides and measures a controllable emf that can be
made equal and opposite to that of the thermocouple. Being a null instrument, readings are
made only when the two opposed emfs are so nearly alike that no measurable current is flowing.
In such a system, the balancing emf is independent of the resistance of the circuit. However, the
sensitivity with which the point of balance can be determined with a given detector decreases as
the circuit resistance increases.
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5.4 (Continued):

6. CORRECTIONY

Conventional potentiometers contain a standard cell of known, constant emf fr

om which

practically no current is ever drawn, and a dry cell which supplies the current that flows through
the instrument. The so-called Mallory or mercury cells have been substituted successfully for

both the standard cell and the dry cell in potentiometers designed for the batte

ry voltages

involved thereby. The mercury cells are more rugged and less sensitive to damage by freezing

and by high temperatures than are the cells in common use.

Potentiometers are avallable commermally in types too numerous to mention, from portable,

manual indica
and others ar¢ callbrated in degrees In the Iatter case, the mstrument reads (
used with theqmoelements of a particular calibration and when the reference’ ju
particular temperature. Some potentiometers have the automatic coldjunctior
discussed in 4.3 of this report.

In general, potentiometers are laboratory instruments, not wellsuited for instal
crowded cockpit of an aircraft.

APPLICABLE TO GAS TURBINE THERMOCOUPLES:

Even when all gf the known precautions have been.taken as to circuitry and inst
when the emf ig known as a function of temperature, errors are still possible. TH
thermocouple can indicate is the temperature.gbits own measuring junction. Th
thermocouple id used to determine the tempeérature of a medium to which its me
attached or in which it is immersed, the difference in temperature between the ju
medium must bge evaluated, or this difference must be reduced to a negligible ar

When a thermogouple is used to indicate the temperature of the working mediur]
engine, major pfactical problems/are involved in trying to determine how much tl
junction differs in temperature:from the gas. Actually, when such a measuring ju
steady state, its|temperature is the resultant of several simultaneous rates of he
between the junction and’its surroundings; namely, (a) the rate (Qk) at which he
or from the jungtion.by conduction along the thermoelements and other solid par

 read emf directly,
orrectly only when
nction is at a
compensation

ation in the

umentation, and
e only thing that a
s, when a
asuring junction is
nction and the
nount.

n of a gas turbine
e measuring
nction attains a
it exchange

At is transferred to
ts of the

thermocouple, this-peing normally from the junction to the cooler walls; (b) the rg

ite (Qc) at which

heat is exchanged by convection between the gas and the junction, this being normally from the

gas to the junction; and (c) the rate (Qr) at which heat is exchanged by radiation,
If the gas velocity exceeds a few hundred meters/s

normally from the junction to the cooler walls.

this being

(ft/s), the junction also receives more or less heat as a result of the conversion of velocity head into
heat wherever the measuring device slows down or stops gas which impinges upon it. This latter
may be called the impact effect, and may be considered to include effects of friction which are
difficult if not impossible to determine separately. Under conditions of rapidly changing gas
temperatures, immersed sensing devices always heat or cool at a slower rate than the gas itself, so
that under changing conditions this lag may be thought of as still another correction which must be
applied to convert indicated temperature into true gas temperature at any instant. The so-called
rate of response or characteristic time of a thermocouple is also of importance in another way

which may be discussed later.
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6.1 Conduction Correction:

Engine thermocouples are attached to walls which are cooler than either the measuring junction
or the gas. Hence there is always a tendency for heat to flow from the junction toward the wall.
As a matter of fact, this rate is normally too slow to be significant, as will now be shown.

For simplicity, consider from Figure 2 that a wire of diameter D projects for a distance (a) into gas
at temperature T4 from a wall at temperature T,,. Assume that the innermost end of the wire is
located where a measuring junction might be, and that the temperature of the wire is T at a
distance (x) from its free end. Let h be the coefficient of heat transfer by convection from the gas
to the wire, aneHet-k-be-the-thermal-conductivity-of-the-wire—Foerfurthersimplicity, let the

constant a represent a group of other constants already defined, so that

a? = 4h/Dk (Eq.1)

By equating the rates of heat flow into and out of element &x of-the wire, the equation
representing the steady state can be shown to be

d*T/dx® = o(T - Tg) (Eq.2)
The solution tp this equation is
T-Tg=Ae" +Be™ (Eq.3)

in which the cpnstants A and B may be.evaluated from the boundary conditions of dT/dx = 0 at
x=0;and T 9Ty at x = a, and in which e is the base of Naperian logarithms. The final result is

Tg — T _ cosh 2x+/h/Dk

= Eq.4
Tg —Tw  cosh 2a +/h/Dk (Fa-4)
or, if T; is the femperature of the measuring junction located at x = 0,
T, - T 1
= (Eq.5)

o L
Ig T\ COSIT ZA NVTIT UK

Only the coefficient (h) of heat transfer by convection is not subject to direct measurement in an
apparatus designed primarily for observing temperature. However, if the mass velocity, specific
heat, absolute viscosity, and thermal conductivity of the fluid flowing around the wire are known,
the value of h can be calculated from empirical equations given by McAdams (2.2).
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6.1

6.2

6.3

(Continued):

Using the methods and equations listed above, numerical values of the conduction correction can
be estimated under assumed engine operating conditions. Figure 3 shows such corrections for
bare No. 22 and 14 gage Chromel-Alumel thermocouple wires and for a stainless steel tube
0.635 cm (0.25 |n) OD x 0. 432 cm (0.17 |n) ID at an assumed Ty - Ty Of 55 °C (100 °F) for mass
flows of 0.40 kg/m*-s (2 Ib/ft>-s), 0.80 kg/m*-s (4 Ib/ft>-s), and 1. 20 kg/m®-s (6 Ib/ft>-s) gas turbine
thermocouples normally consist of thermoelement wires within packed magnesia and outer
supporting tubes, and the thermal conductivity of the assembly is somewhat greater than the sum
of the conductivities of the wires plus the tubes. Nevertheless the conduction correction is

manmarcion af L oo (D 1A\ and mnnarn v ot thn Iowas flonay ratac (g

insignificant a
gas turbine idli
those experie
seems ample
Heat Gain by

The rate (Q.)

in which A; is
guantities hav
dependent up,
Radiation Cor

If the conduct

when the Rat¢

when

The area of th

e STOTT OT- O (& III} o iorc oveT T ac oic TOWHOW-FateS—Y

ing at sea level and to full speed at the flight ceiling. For mass.v
nced in turboprop engines in normal operation, immersion 0f2.5
to insure against significant conduction error.

Convection:

at which heat is gained from the gas by convection is given by th
Qc = hA(Ty-T)

the area of the junction through whieh heat is added by convecti
e been defined previously. As peinted out in the previous sectio
pn the mass velocity.

Fection:

on correction is negligible, a steady state is attained by the mea
(Qc) of heat gain by convection equals the rate (Q,) of heat loss

Qc=Qr

e measuring junction of a thermocouple is small compared to th

surroundings

hich correspond to
elocities as high as
cm (1 in) or more

e familiar equation

(Eq.6)

bn, and the other
N, his strongly

suring junction

by radiation, i.e.

(Eq.7)

at of all the

vhich it can "see". Hence, little, if any, of the energy radiated by

the junction is ever

reflected back to it regardless of the ability of the surroundings to reflect. This means that the
surroundings act as a black body, without regard to their surface emissivity.

By integrating Planck’s radiation law over all wavelengths from zero to infinity, the rate (Wy,) at
which energy is radiated over all wavelengths per unit area of a black body surface is

W, = oT*

(Eq.8)
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6.3

6.4

(Continued):

in which a is the Stefan-Boltzmann constant and T is the absolute temperature, expressed in
Kelvins or degrees Rankine. The ratio of the radiant flux density from an actual junction (Wj) to
that of a black body (W) at the same temperature is called the emissivity (&;) of the actual body.

Hence

4

Wit = o¢t TJ

and the rate gt which a junction having an area A; and temperature T; loses he

simultaneousI

net rate of he

Since Q. = Q,

The differencq
Its value for a
junction, the g
and upon the
surrounding W
emissivity of t
locating it in al

gains heat from surroundings at temperature T,, at the rate of

t loss by radiation is thus

4

4
Q =0e A (T =Ty

at a steady state,

hAG(T, — T)) = og, A (T‘j1 ~T4),0r

4

og, Aj 4 )
w

-T
Y h A,

Ty -

p Tq - T; is obviously the correction which must be applied for heg

oefficient of heat transfer by convection which is dependent upo
difference-if the fourth powers of its own absolute temperature 3

ne junction, as by pressing a small shield of silver, gold or platind

higher tempe

Impact Effect:

atares than the walls.

At is og; A, T4

(Eq.9)

j.lt

bE A TC‘V, and the

(Eq.10)

(Eq.11)

(Eq.12)

t loss by radiation.

junction of given.configuration is seen to depend upon the emissivity of the
h the mass velocity,

nd that of the

alls. Thus the correction for radiation can be decreased by decrgeasing the

m around it, by

region of high mass velocity, or by surrounding it with radiation $hields which attain

In a gas at rest, temperature is a measure of the mean kinetic energy of random motion of the
gas molecules. However, in many gas streams which find current application, the directed
velocity is appreciable as compared with the mean velocity of random motion. In such cases the
two temperatures of interest are the static temperature, T, which would be indicated by an error-
free instrument moving with the gas, and the total temperature, T, which would be indicated by
an instrument immersed in the gas after it is brought to rest adiabatically. These two

temperatures

are related through the familiar equations

T - Te = V?/2gJC,, and TYTs = 1 + M® (y - 1)/2

(13)
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6.4 (Continued):

in which v is directed velocity, g is the gravitational constant, J is the mechanical equivalent of
heat, C, is the heat capacity at constant pressure, M is the Mach number, and y is the ratio of the
specific heat at constant pressure to that at constant volume.

Typical values of the difference T, - T for air with C, = 0.24 Btu/lb °F (310.148 joules/kg °C), as a
function of velocity, are as follows in Table 2:

TARHE2
Velocity Velocity T -Ts Te-Ts
m/s ft/s °F °C
0 0 0.0 0:0
32.8 100 0.8 04
65.6 200 3.3 1.8
98.4 300 7.5 4.2
131.2 400 13 7.2
164.0 500 21 11.7
198.9 600 30 16.7
229.7 700 41 22.8
262.5 800 53 29.4
295.3 900 67 37.2
328.1 1000 83 46.1

A stationary instrument attains neither.T; nor Ts when immersed in flowing gas} but rather some
intermediate Value, T;, which depends upon how completely the directed kineti¢ energy is
converted intg thermal energy Wupon impact. The capacity of an instrument for|effecting this
conversion is |ts recovery factor, r, defined as

r= (TJ - TS)/(Tt - Ts) (qu4)

6.5 Rate of Respgnse:

The rates of resporise of acuaillg elements-to-sudderrchat 1G€S i temperature are of practical
concern to those who are interested in observing transient conditions (as during engine
acceleration), and to those dealing with control systems actuated by devices sensitive to gas
temperature. To the former group, the amount by which the measuring junction lags behind the
gas temperature at any instant can be regarded as a correction which might be applied to obtain
the temperature at the same instant. To those interested in controls, the absolute value of the
indicated temperature may be of less importance than the time between a sudden change in gas
temperature and the development of a usable signal from the measuring junction as a result
thereof.
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6.5 (Continued):

When the temperature of a gas is increased instantaneously from T, to T,, the increase (AT) in
the temperature of an immersed object with time (t) thereafter by forced convection is given by

the equation

AT = (T,-T)@ -e™)

(Eq.15)

in which e is the base of Naperian logarithms and t is a constant. It is apparent that T must have
the dimension of time, and that at time t =1, AT/(T, - T;) =1 - 1/e = 0.632. Thus T is the time

required for tt
subjected inst
constant) of tf

Actually Tis n
transferred to

numerical vallie of t is significant only when the flow rate is specified. The coe

somewhat wit
values of T va

7. LABORATORY

Since the perfof
extent, be predi
National Bureau
already calibrats
known, but for v
combustion.

Emmersed ubjecttoundergo 637296 of any temperature thang
antaneously, and thus defined is referred to as the characteristic
e object.

Dt characteristic of the object alone, but of the object and the ratg
it. The latter varies with the coefficient of heat transfer to the ob

N temperature, and there is some difference of-opinion as to whe
[y significantly with the values of T, and T, Selected for the meas

EVALUATION OF THERMOCOUPLE PERFORMANCE:

mance to be expected of an individual thermocouple in an engin
cted from laboratory tests, a description of facilities used for this

of Standards (2.3) may be 0f interest. These facilities are used
bd for conventional service; i.e., for which the emf-temperature r¢
vhich additional information is required as to performance in flow

As indicated sc
supplying comp
system in whic

a variety of con

ematically in‘Rigure 4, this supplementary facility consists esser
essed air40.-a gas turbine can-type combustor with afterburner,
test insttuments and standard instruments can be immersed an
rolled operating conditions.

e to which it is

time (time

b at which heat is

ect, so that a
fficient also varies
ther observed
urement.

e can, to a large
purpose at the

for thermocouples
blationship is

ng products of

tially of blowers
and an exhaust
d compared under

tches for

installation of the test and reference instruments which, because of the configuration of the exhaust
system, receive no direct radiation from the flame. It supports a mechanism, to be described later,
for determining response rates. Thermocouples are peened into the walls to indicate the pipe
temperature, and external thermal insulation is applied if desired. Similarly constructed test
sections 7.6 cm (3 in) and 15.2 cm (6 in) in diameter are available, and temperatures up to 1093 °C
(2000 °F) can be provided at mass velocities up to 3.1 kg/s m* (15 Ib/s ft°) in the 15.2 cm (6 in)
section and up to approximately twice this figure in the 7.6 cm (3 in) section.

The lower flow channel in Figure 4 is an air line, used for determining recovery factor, and is
described in more detail in 7.2. It is also used for quenching specimens in thermal shock tests.
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7. (Continued):

Fuel and air rates, pressures and velocities are measured by conventional means. Water cooling
of valves is accomplished by internal sprays, and the lines downstream of such sprays are sloped
to prevent unevaporated water from influencing the temperature of the gas in the test section.

7.1 Correction for

Radiation and Conduction:

For determining the combined correction for conduction and radiation, it is desirable to have a
comparison instrument free from losses by either of these processes. Such a laboratory standard

for use in flow

thermocouple
silver tube 13
shield is a sta
thickness, wo
peened into it
section from t

In operation, the outer shield is heated electrically until itsctemperature is unifo

that indicated
junction by co
operation of s
routine calibrg
standards, co
gold, or platin

For calibratior]
downstream f
read when the

mna-agasacic chown in Cinpira &
Rg-gases-is-shewn-i-igure-b-
junction surrounded by two coaxial tubular radiation shields.-Th
97 x 2.54 x 0.10 cm (5.5 in long x 1 in OD x 0.04 in) wall thickne
nless steel tube 16.51 x 4.44 x 0.08 cm (6.5 in long x 1.75\n OO
ind externally with a tapped heating element and having three th
5 inner surface. The assembly is mounted coaxially.in the 15.2 g

ne central hatch shown in Figure 4.

It cansiste accantialbhz aof 2 cantr
H-CORSISTS-E5SSEeHttay—0—a-6EHty

by the thermocouple at the center. Undeethese conditions, loss
hduction and radiation is prevented by the shields. It is apparen
liIch a unit requires considerable time-and care, and that it is not
tions. Hence, it is used only for calibration of more convenient s
nsisting of Chromel-Alumel thermocouples with pressed radiatior
im.

, such secondary standards are installed at equal distances ups
om the laboratory standard. Under various operating conditions
latter is adjusted as already described to read true gas temperg

is kept sufficig
secondary st

heat loss alonjg the test'section. The gas temperatures at the locations of the
standards are|obtained by applying the corrections for axial gradient to the te

ntly low that impact corrections are small and known. The sepa
ndards, when-read differentially, give the axial rate of temperatu

al, bare

e inner shield is a
5S. The outer

x 0.03 in) wall
ermocouples

m (6 in) test

rm and equal to
from the central
that proper
convenient for
econdary
shields of silver,

tfream and

the former are
ture. Gas velocity
rate sets of

'e decrease due to

secondary

by the laboratpry standard. Wall temperatures are subject to some control by gpplying more or
less thermal ipsutation, and by dropping the gas temperature suddenly from a high value to that

WE)erature indicated

chosen for a particurar ran.

The corrections applicable to the secondary standards are obtained by subtracting the values
which they indicate from the true gas temperature indicated by the laboratory standard, after
taking due account of the effects of impact and axial heat loss. Such corrections are determined
at various temperature levels, flow rates, and for various values of the temperature difference
between the gas and the walls of the test section.
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7.1 (Continued):

The corrections applicable to gas turbine thermocouples are determined in the same way, the

test couples being installed where the laboratory standard was before. True gas temperature is
obtained by applying the proper corrections to the indications of the secondary standards. Gas
temperatures are currently varied from 538 to 871 °C (1000 to 1600 °F), wall temperatures from
427 to 760 °C (800 to 1400 °F), at mass velocities of 0.41, 0.82, 1.23 Kg/s m?

(2, 4, and 6 Ib/s ft%).

Typical values of the combined co

turbine therme

iation of a bare, loop-type gas

TABLE 3
Bpre, Bare, Bare,
Loop-Type Loop-Type Loop-Type Stagnation-Type\* Stagnation-Type Stagnation-Type
Cduple Couple Couple Couple Couple Couple
Corrgctions Corrections Corrections Corrections Corrections Corrections
tq be to be to be tobe to be to be
Addef to the Added to the Added to the Added to the Added to the Added to the
Indicated Indicated Indicated Indicated Indicated Indicated
Tempegratures Temperatures Temperatures Temperatures Temperaturgs Temperatures
at Mass at Mass at Mass at Mass at Mass at Mass
Velgcities Velocities Velocities Velocities Velocities Velocities
in Ibfs ft* of in Ib/s ft* of in Ib/s ft7of in Ib/s ft* of in Ib/s ft* o in Ib/s ft* of
Gas  Wall 4 °F 4 °F 6. °F 2 °F 4 °F 6 °F
1500 1400 PO 14 1 25 17 14
1500 1300 B7 26 21 47 32 26
1500 1200 b2 36 30 66 45 37
1500 1100 b4 45 37 82 56 45
1500 1000 /6 52 43 94 65 53
1400 1300 18 13 11 22 15 12
1400 1000 50 42 34 70 48 39
1300 1200 16 11 9 20 14 11
1300 1000 B9 27 22 50 34 28
1200 1100 13 9 8 17 12 10
1200 900 3 23 19 42 29 24
1100 1000 11 8 6 14 10 8
1100 800 27 19 15 36 25 20
1000 900 10 7 6 13 9 7
1000 800 17 12 10 22 16 13
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TABLE 4
Bare, Bare, Bare,
Loop-Type Loop-Type Loop-Type Stagnation-Type  Stagnation-Type Stagnation-Type
Couple Couple Couple Couple Couple Couple
Corrections Corrections Corrections Corrections Corrections Corrections
to be to be to be to be to be to be
Added to the Added to the Added to the Added to the Added to the Added to the
Indicated Indicated Indicated Indicated Indicated Indicated
Temperatures  Temperatures Temperatures Temperatures Temperatures Temperatures
at Mass at Mass at Mass at Mass at Mass at Mass
Velpcities Velocities Velocities Velocities Velocitie ] Velocities
in kf/s m? in kg/s m? in kg/s m? in kg/s m? in kgls,mf in kg/s m?
Gas Wall 0.41 °C 0.82 °C 1.23°C 0.41 °C 0.82 °C 1.23°C
815.6 760 1341 7.8 6.1 13.9 9.4 7.8
815.6 704.4 20.6 14.4 11.7 26.1 17.8 14.4
815.6 648.9 28.9 20 16.7 36.7 25 20.5
815.6 593.3 35.6 25 20.6 45.6 31.1 25
815.6 537.8 422 28.9 23.9 52.2 36.1 29.4
760 704.4 10 7.2 6.1 12.2 8.3 6.7
760 537.8 333 23.3 18.9 38.9 26.7 21.7
704.4 648.9 8.9 6.1 5 11.1 7.8 6.1
704.4 537.8 24.7 15 12.2 27.8 18.9 15.6
648.9 593.3 1.2 5 4.4 9.4 6.7 5.6
648.9 482.2 1.3 12.8 10.6 23.3 16.1 13.3
593.3 537.8 6.1 4.4 3.3 7.8 5.6 4.4
593.3 426.7 15 10.6 8.3 20 13.9 11.1
537.8 482.2 5.6 3.9 3.3 7.2 5 3.9
537.8 426.7 9.4 6.7 5.6 12.2 8.9 7.2
7.1 (Continued):
These values|show-that the radiation correction is important, and that it depenfs strongly on the
mass velocity| the temperature level, and the difference in temperature betwegn the junction and

7.2

its surroundings. While it might at first be thought that the correction for a stagnation probe

should be less than for a bare junction because the stagnation chamber is in effect a radiation
shield, the above values show that the decreased flow rate over the junction in the stagnation
chamber has a greater effect than does the radiation shield.

Determination of Recovery Factor:

The lower flow channel in Figure 4 is a 30.5 cm (12 in) pipe terminating in a calibrated 10.2 cm

(4 in) nozzle which discharges air from the compressor directly into the atmosphere. A heavy
aluminum spool at the nozzle exit is used for mounting instruments for determinations of recovery
factor. A heating coil on this spool can be used to bring its temperature to equality with that of
the test instrument, thus preventing heat loss by conduction along solid parts of the instrument.
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7.2 (Continued):

7.3

In the 30.5 cm (12 in) pipe, the velocity is low and the temperature T, and T are nearly alike and
directly measurable. The test instrument indicates a temperature T; at the discharge of the
nozzle. The thermal properties of the air are known, and the velocity past the test instrument is
known from the calibration of the nozzle and the measured pressure drop across it. The
expansion is nearly adiabatic, and the value of T, measured just upstream of the nozzle applies
also at the test instrument. Thus the value of T4 can be calculated from Equation 13, and all the

guantities needed to calculate the recovery factor from Equation 14 are known

. Measurements of

this type must be made with considerable care, because the differences among T, T, and T; are

not great.

Recovery factprs for gas turbine thermocouples, as determined in air at appro
temperature, @re normally within the range 0.7 to 0.8 for bare, loop-type,-V-typ
junctions, and from 0.9 to 0.99 for stagnation types.

Figure 6 illustfates the combined effect of radiation and impagt.upon the tempg
a typical, barg Chromel-Alumel thermocouple (r = 0.65) in flewing gas at a pre
atmosphere when the surrounding walls are at a temperature (T,,) of 537.8 °C
curve in each|rectangle gives T, for the gas, one its Tg,.and the third shows thg
attained and ipdicated by the measuring junction. The'upper set of curves apy
constant at 815.6 °C (1500 °F) and the lower whef~T; = 815.6 °C (1500 °F), th
more realistic|case. In both cases, the effect of\radiation decreases and that @
with velocity, ¢ausing the thermocouple in the_present example to indicate exal
temperature df the gas when the velocity is-approximately 243.8 m/s (800 ft/s)
presented primarily to indicate the maghitude of the error that can arise from r
unless proper|corrections are applied.

The desirability of attempting to.determine an average stagnation temperature
upstream opehings in a stagnation probe is open to serious question.

Determination] of Characteristic Time:

Apparatus whjch has’proved suitable for determining characteristic times undg

imately room
e and twisted

prature attained by
ssure of one
(1000 °F). One
temperature (T))
lies when Ts is
b latter being the
f impact increases
Ctly the static

This figure is
hdiation and impact

by having several

r conditions

simulating those-prevailing in engines is shown in Figure 7. An Inconel tube, H

eld in position

around the test instrument by a release plate, provides a flow channel for cold
removing the release plate, the Inconel tube is removed suddenly by a spring,

air. Upon
thus exposing the

instrument to the stream of hot exhaust gas which had already been established in the test
section. During the downward movement of the tube, which requires only about 0.01 s, the
supply of cold air is stopped automatically. In this way, a test instrument at a known, moderate
temperature (controlled by the rate of air flow through the Inconel tube) can be exposed to
exhaust gas at any chosen temperature and mass velocity within the capability of the test system.
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7.3 (Continued):

The rate of response of a thermocouple is recorded with a direct-inking oscillograph. Since an ac
amplifier is used with the oscillograph, it is necessary to first chop the thermocouple emf. The
amplified emf determines the amplitude of the record, the envelope of which represents emf as a
function of time. For thermocouples in which emf varies nearly linearly with temperature, it is not
necessary to know the amplification factor, and although the initial and final temperatures are
usually measured with other instruments, these need not be known.

Typical curves showing the variation of the characteristic time of bare thermocouples with the

size of the wir,

andaiath flow rata ara chaowmn in Cionira @ Mara datallad dicerie
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The measuring

acteristics of temperature-sensing elements for use in gas turbi
bnces (2.4) and (2.5).

E MEASURING JUNCTION:

unction should be immersed as far as is practicahle, to reduce t
g the thermoelements, insulation, and supporting tube. Locating
ion of high mass velocity is advantageous because the rate of h
nction by convection increases approximately as the square roo
pgions of transonic flow, as mentioned’inr the following paragrapf
junction by radiation and conduction;ithe temperature of the jun
N which it is immersed more closely as the mass velocity is incre

to locate a measuring junction in a region where the gas velocit
rection. Location in regions-where the Mach number is between

e between the gas.and the junction.

locate a measuring junction so that it can "see" the flame. Obs
pre importantfor flames having a high emissivity for total radiatio
carbon, than for more common flames which radiate only a few
Id be, emitted by a blackbody at the same temperature.

sions of the
e engines will be

e heat loss by
the measuring
Pat transfer from

| of this rate. An

. For a given rate
ction approaches
nsed.

may vary in either
0.7 and 1.0 should

ause unstable, local shoek waves may cause undesirable changes in the rates of

erving this
n, such as those
ercent of the total

unction should never be located in a region where it can be stru

ck by liquid fuel. A

junction so plac

ed will read low whenever It IS wel.

In ground tests under simulated altitude conditions, it is essential to have a pressure-tight seal
around the thermoelements, so that no ambient air can leak along these. Leaks there can greatly
increase the heat loss from the junction by conduction and possibly cool it by direct impingement.
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8. (Continued):

9.1 Common—TenIninaI Systems:

It is highly inadvisable to attempt to measure temperature by locating the measu
thermocouple in a region of continuing chemical reaction, such as in the primary

ring junction of a
combustion zone.

While gaseous reactions are believed not to be catalyzed by Chromel-Alumel, or their oxides, the
mere fact that the reactions are continuing indicates incomplete mixing and the absence of
equilibrium distribution of energy among the translational, vibrational, and rotational states of some

of the gas molecules. Very large gradients are to be expected in reacting gases

, SO that, for all

these reasons, no single translational temperature characterizes such gases. Also, a probe in such

a location may act as a flameholder, and thereby give erroneous temperatures.

PARALLEL THERMOCOUPLE NETWORKS:

The temperaturg distribution over any given cross section of the gas stream in a
is not uniform. Some of this nonuniformity is unavoidable, and it is notuncomm
make the gas hptter at the tips than at the roots of the turbine blades. Since the
not uniform, m
value is highly desirable. This can be done by connecting in parallel a number g
distributed acrogs the section in some definite pattern. However, the direct meal
meaningful avefage temperature from a single observatigh of the net emf of the
parallel requireg certain specific precautions (2.6). If these are observed and if |
are applied for nadiation and impact, the average temperature of the junctions w
gas temperaturé more or less closely, depending.primarily upon the magnitudes
temperature angl velocity within the gas stream{and upon the relative locations o
respect to thesq gradients.

In addition to th|s averaging feature, another marked advantage of connecting th
parallel is that aJl but one may fail without rendering the system inoperative. Thi
desirable in conftrol systems for gas turbine engines, since reliability is essential
conditions so sgvere that the possibility of mechanical failures during service mu

The two distinct

the ladder-type ystems:

gas turbine engine
bNn to purposely
gas temperature is

suring it at several locations in an attempt to obtain a representative, average

f thermocouples
surement of a
mocouples in
Droper corrections
[l approximate the
of the gradients in
f the junctions with

ermocouples in
5 is particularly
under operating
st be anticipated.

types ofnétwork currently in use on turbojet engines are the conmon-terminal and

In this arrangement, all thermocouples are connected directly to a pair of terminals at which the
network signal is measured, as shown schematically in Figure 9. By employing Kirchhoff's laws,

it can be shown that the emf of such a network is

E- eq(rors ...1y) +es(rrary ... 1) +——+ e, (fry ... 1h—1)

(Y SR RS o N RN A 1 SR (Y

(Eq.16)
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9.1 (Continued):

where E is the output of the network and e4, e, ... e, and ry, 1, ... I, are the emfs and resistances,
respectively, of the individual thermocouples. From the above equation, it is apparent that when

the equation r

Thus when th
will indicate th

If the resistan
The relative w
resistances of
rh=10,rn=1

In engine ther

r=ry=ry--—-r, (Eq.17)
educes to
+e, te, +———+
E=S17%2 T€s €n (Eq.18)
N

b resistances of all branches between the common terminalstare
e true arithmetic average of the emfs of the individual thepmocoy

ces of the thermocouples are not equal, a weighted<average emt
eights of the individual thermocouple emfs are then inversely prg
the thermocouples. For example, consider afour-junction netw:

1,r;=1.2and r, = 1.3. The output of the network will be
e + eiz + 673 +ei4
E= 11:.42 13
11 1
1+-9+ — +—
M 12 13

mocouple networks employing the common-terminal system, the

resistances aife generally made equal by adjusting the physical dimensions (wi

diameter), or
thermocouple
of those whic

The practical
thermocouple
of constructin

Dy inserting resistances in the individual thermocouple circuits. S

5 become open(circuited, the network will continue to indicate thg
continue tofunction.

.

difficulty~of running lead wires from a pair of common terminals t
5 distributed over the periphery of a gas turbine engine is obviou

equal, the network
ples.

will be indicated.
portional to the
brk in which

(Eq.19)

thermocouple

re length or

hould any of the
 true average emf

b each of many
5. Thus, difficulties

circuits which

s inherent in

) @harness having multiple leads may outweigh the disadvantag
req&#ee&ﬁ—a—&h@e&%eads&—ﬁ—ﬂa&%&%ﬁladde%&yp&s@stems.
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9.2 Ladder-Type Systems:

The inherent simplicity of using a single pair of leads to which individual thermocouples are
attached at intervals along the leads has led to the ladder-type network shown schematically in
Figure 10. The electrical characteristics of such a system may be summarized as follows (2.7):

Only when the resistances between the branch points are zero and when all thermocouple
resistances are equal do the individual junctions exert equal weight on the net emf. If the
thermocouple resistances and those between the branch points are all equal, the two junctions
adjacent to the measurlng termlnals have the most welght and their relative weight increases
with the numberoHurctisrs—Fhe-greatertheresistance-of-the-thernocoup as compared with
the resistanc between branch pomts the more closely WI|| the emf of the petwork approach the
average of the i
position of thg measuring terminals with respect to the junctions and of;the jungctions with respect
to the temperature gradients, even if the average of the temperatures.of the individual junctions is
always identigal with the average gas temperature. It is advantageous, in ladder-type networks,
to keep the refistances between branch points small compared.with the resistances of the
individual thermocouples.

Because so many factors influence the weight which anvindividual junction may exert on the net
emf, it is very [laborious to solve the general equations:applicable to such netwprks, and more
useful to workl out expressions for specific cases iniwhich certain simplifying conditions are
assumed. Th|s method has been followed in the detailed analysis of ladder-type systems given in
reference (2.7).

It is possible, by varying the resistances of the individual thermocouples in a Igdder-type system,
to weight the putput of each according-to its distance from the measuring termjnals and thus give
equal weight o each. More specifically, let

n = numbar of junctions to-the left of the measuring terminals;

n = numbar of junctigns to the right of the measuring terminals;

Ra, = resistgnce.of-any harness section to the left of the measuring terminalg;

Ra'y, = resistance of any harness section to the right of the measuring terminals;
Rt, = resistance of any thermocouple to the left of the measuring terminals; and

Rt' = resistance of any thermocouple to the right of the measuring terminals.
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9.2 (Continued):

If the junctions are to have equal weights, the following relations must exist among the
thermocouple and harness-section resistances:

Rty =Rt -y +(M -DRay, )

Rt m' = Rtl(m- -1 + (m' _1)Ra.'(m- -1

(Eq.20)

(Eq.21)

Rt Rag
Rtn+ n__n, . -n

nn' n' nn' n

The above equations may be applied as follows:

Decide on the
on wire diame

Ra . Depen

the individual

resistances Ra, and Ran. , two cases:may be recognized, name

a) Assign a value to the sum (Ra, + Rar'].).

1. Assume values of Rt; and Rti .

2. Working from the outside in, calculate the resistances of the other ther

and R

b) Assign va

b, using<Egquations 20, 21, and 22.

n'’

ues\to Ra, and Rar']..

(Eq.22)

number of thermocouples, their spacing, and thelocation of the|lead wires. Based
ter and length, assign values to all harness-segtion resistances ¢xcept Ra, and

ding upon whether it is desirable to assign,a‘value to the sum (Rjg, + Rar']. ), orto

Y:

mocouples and Ra,

1. Letting Rt be used on the side of the network having the most thermocouples and Rtn'T

be used on the side having the lesser number of thermocouples, assign a value to Rt;.

2. Determine all values on the side of Rt;.
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9.2 (Continued):

Rt, N Ra,

n

3. Determine the value of
4. Calculate Rtr;., using Equation 22.

5. Calculate Rt'(y-1); Rt'(y-2); etc. down to Rti, using Equation 21.

Although this mmethod for correcting the averaging characteristics of a ladder-tyype thermocouple
and harness gystem can give accurate averaging for any value of the ratio*of thermocouple
resistance to harness-section resistance so long as all the thermocouples are functioning, it is still
advantageouq to keep this ratio high for the sake of the accuracy ofithe averaging process when
one or more df the couples have failed.

Mathematical [computation of the circuitry errors of parallel-thermocouple netwprks is
cumbersome,|and it is often convenient to use instead arnelectrical analog for fthis purpose.

9.3 Electrical Anajog for Parallel-Thermocouple Networks:
A schematic diagram of such an analog is shown'in Figure 11.

The thermocduples, represented between points a; and by, a, and b,, etc. havg resistances ry; +
rs1, 12 + I42, €tC., the value of ry being-kept at 1% or less of r;. The emf of thg thermocouple is
simulated by the potential drop across T4, which is applied to each thermocoupje by a separate
45-V dry battgry through a high, variable resistor. The resistances r, 4, 31, 22| etc. simulate the
lead resistances of a ladder-type network.

For any particular network,~assumed resistances, and assumed temperatures,| the analog
provides a comvenient megans for determining the net output of the system from which the circuitry
error can be derived'simply. The analog is also convenient for determining the net resistance of
the circuit, whjch isJaborious to compute for ladder-type systems with many jupctions.

9.4 Connections Between Thermocouples and Harness:

In most current engine thermocouple systems, the couples may be attached to and detached
from the harness as desired. It is important that the attaching means do not become sources of
variable resistance or of spurious emfs. The connections must also be removable after extended
periods of service at relatively high temperatures.
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9.4 (Continued):

10.

10.1

Since the thermocouple terminals are normally subject to gradients in temperature during engine
operation, it is particularly important that no metals differing significantly in thermoelectric
properties from the thermoelements themselves should form part of the electrical circuit at the
thermocouple head. All parts of the Chromel circuit should be of thermocouple grade Chromel,

etc.

It is desirable that the Chromel terminal be welded to the Chromel thermoelement and the

Alumel terminal to the Alumel thermoelement. If hard soldering or brazing must be used, the
guantity of solder or spelter in each joint should be kept to an absolute minimum. It is preferable
that contact between each lug and its terminal be made at a shoulder on the terminal rather than

through threa

s Ovide coatinas-chatldd ha ramovaed-taoleava briaht matal curf
SXee-c0atGS-SHotheBeTere Y e atoree-BHgH e eSurt

ces where

primary electr
corrosion.

Where conne
terminal, etc.,
when heated

make them of
developed.

POSSIBLE Ef
PERFORMAN

Mechanical

In the devel
two-hole po
thermoelem
within the st
the mechan
thermoelem
of supportin
of construct

P

cal contact is made. All flux should be removed to preclude gall

would be preferable except for the well-known tendency of like n
or long periods. If the terminal nuts must be remaovable, it is pro
materials other than Chromel and Alumel until means of prevent

FFECTS OF FABRICATION ON GAS TURBINE THERMOCOUHR
CE:

Working:

ppment of turbine enginegs,it' was logical that conventional therm
celain tubes for insulation should be tried first. In this type of co
ents have some freedom of movement within the insulator and tk
pporting tube. When these couples were used in operating gas
cal vibrations,often proved great enough to produce a rapid grin
ents, particularly at the end or at a break in the porcelain insulatd
j the thermjoelements over their entire lengths soon became apy
on long-used in sheathed electrical heaters for cookstoves was §

Such heater

anic action and

Ctions are made by threaded studs and nuts, Chromel-futs for the Chromel

netals to seize
bably necessary to
ing seizure are

LE

bcouples using
uple, the

e latter can move
turbine engines,
ling away of the

r. The necessity
arent, and the type
suggested.

s¢-ahd more recently most production-type gas turbine thermoco

uples, are made by

surrounding The wires Tirst with packed magnesia (MgO) and then with a refatively thick-walled
tube of Inconel or stainless steel. The packing of the MgO between the wires and the outer

sheath is done by various proprietary processes, all of which yield stock which can be cut into
the desired lengths for thermocouples.

Good MgO has a specific resistance of about 10® Q/cm at 1000 °C. This is approximately
halved for each 100 °C additional temperature rise. Fused and heat-treated MgO, with only
traces of such undesirable elements as sulfur and iron, is available commercially. Crystals of
MgO are cubic, and this shape is maintained in the crushed material. Because of this shape,
the particles can be packed tightly and the packed material will stay in place where the outer
sheath ends.
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10.1

10.2

(Continued):

Regardless of the method used to pack the MgO, the purpose is always to compact it so that
the stock may be cut at will without losing the insulation from any open end, even under
conditions of extreme mechanical vibration such as are experienced in engines. This requires
firm packing indeed, with hydrostatic pressures that may approximate 7031 kg/cm®

(100,000 ps

i) needed to reduce porosity to about 15%.

In packing to the desired density, the thermoelements may be subjected to considerable
mechanical working, as would be the case if the diameter of the sheath were decreased and

the total len

ath-of tha ctack \wara incraacad csubhetantialbhs hyvy drawina thratiah
gtH-o—tHE-Ste e e reHHEHEeaSe a-SHpBStetary— Y- Graviig+Hough

dies.

It is well knd
changed by
work-harder

required to rlestore the performance to within the limits given in3.1. Itis a ro
hether or not this has been achieved, because appropriate lengths of the stock may

determine w
be calibrate
be available
before it is d

Because ga
subjected to
the perform

Since MgO
possible effe
combustion

Moisture, Fu

Foreign sub
some cases
penetrates t
warm-up an

wn that the temperature-emf relation of a Chromel-Alumel therm
mechanical working and thereafter by heat treatment. If/the the
ed in the production of the packed MgO stock, subseguent heat

| accurately by conventional methods (2.1). However, the only t
for determining the density of the packed MgO is direct weighin
pened and of the same metal parts after the MgO has been rem

5 turbine thermocouples are normallysshort, and because their h
uncontrolled temperature gradients during calibration and in ser
hnce of complete units is a prablem which is discussed separate

cannot be made impermeable by packing, there is considerable

pcts upon thermocouple ‘performance of moisture, salt spray, fue
that may be absorbed through the exposed end of the insulation
el, and Sulfur in-the Magnesia:

on the:thermoelements themselves. If moisture, or particularly
he MgO, the resistance between thermoelements and to ground

ocouple can be
moelements are
treatment may be
utine matter to

pst which seems to
) of a section
oved.

pads may be
vice, evaluation of
y in Section 11.

nterest in the
and products of

stances imthe MgO may have an adverse effect on the insulation resistance and in

balt spray,
may be low during

ddhereafter return to a satisfactorily high value. Obviously some

kind of seal to

prevent suc

1 absorption would be highly desirable.
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10.2

(Continued):

If fuel enters the MgO while the couple is cold, it will exert a harmful effect only if it breaks down
subsequently by thermal cracking to leave carbon in the pores of the MgO. Carbon so
deposited in the insulation of thermocouples in operating engines and in the laboratory can
virtually short out the measuring junction and render the couple useless. Carbon has seldom, if
ever, been found within about 0.3 cm (1/8 in) of the exposed end of the MgO, even when the
insulation is completely black farther along. This indicates that the fuel can escape as vapor
from this region before it cracks. Based on this evidence, a "fix" for the carbon problem is to
bore small holes through the sheath on approximately 0.64 cm (1/4 in) centers. This treatment,

Wh||e undec'rnhla fram tha ctandnaint of machanical stranath aof tha tharmace
S frere—H-EHHE-SEH eGP OO e eHaHEa—SHe RGO HeHeHHe6

puple, has been

found effect
it can crack|
thermocoup

In laboratory

through a hgated specimen of packed MgO stock without depositing any car

samples did
completely

exploratory
on the poros

that the porI

It is well kngwn that Alumel is subject to intergranular corrosion at elevated t
that such agtion is accelerated in the presence of sulfur. The changes which

physical stru

without effe¢t upon the thermoelectrie’behavior so long as the electrical circu

Other foreig

effect on Aldmel, but this is not fully verified.

If a bare Chromel-Alumeélithermocouple is exposed to products of combustio

containing

depending ypon the-concentration of sulfur, the temperature and the acceler

subjected.

engines; it i$ areal problem today in other types of turbines which burn oil cd

ve in preventing carbon formation by letting absorbed fuel escay

e.

Such a remedy may not be successful if fuel penetrates as-far

tests, it has been possible to maintain a continuouys flow of fuel

e as vapor before
hs the head of the

under pressure
bon. Itis surmised

sity of the MgO was abnormally high in such.samples. In similar tests, other

form carbon and still others appeared to have the MgO packed
revented fuel penetration under the modetate driving pressures
esults point up the need for a nondestriuctive test which will yielg
ity of the MgO in the packed stock and in complete engine thern

cture of the alloy cause.it\to’become weak mechanically, but the

elements such as.lead and vanadium have been suspected of

Ifur, theexposed Alumel will break in a relatively short time, its

hereds not enough sulfur in present day jet fuels to make this a

lo a degree which
used. These
guantitative data

nocouples.

Pmperatures, and
occur in the

y are virtually

it is not broken.
producing a similar

n of a fuel
actual life
ations to which it is
problem in aircraft

ntaining much

more sulfur than is alfowed in JP fuels.

If sulfur by accident contaminates the MgO used in making packed thermocouple stock, a small
amount will cause the Alumel to fail in the manner already mentioned at points within the
packed stock. Such failures will not occur in a short time unless the stock is heat treated. The
failures are areas of incipient separation, without mechanical strength, but difficult to detect by
measuring electrical resistance. The obvious solution of this problem is to use MgO containing
not more than a few parts per million of total sulfur (such material being available at reasonable
cost) and to guard against sulfur contamination during the fabrication of the packed MgO stock.
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10.3

Terminal Connectors for Thermocouples:

As mentioned previously, in an ideal circuit the Chromel and Alumel wires would be continuous

from the me

asuring junction to the reference junction. In practice, however,

it is more

convenient and economical to make a separate unit including the measuring junction, so that it
may be installed and replaced easily on an engine. Several distinct types of terminal

connectors i

a.

n current use may be described as follows:

One of these has the Chromel and Alumel thermoelements extending through a braided pig

tail to Chromel and AIumeI Iugs respectlvely Usually these lugs are attached to the wires

b. Inalesy
tempera
keep do
overheal
differend
much m
must be

c. The mos
correspd
head. B
all weldg
the thred
by the n
and the
minimun
currently

; that aII qux is removed after brazmg that the amount of S|Iver
and that it not be allowed to run along the wires or beyondthe |

familiar type, the lugs are attached directly at.the thermocouple
ure gradients across the joints between the:wires and the lugs 3
vn. Welding is therefore preferable to brazing, and care should
ing either thermoelement; against getting a "cold weld" because
es in the mass of wire and lug at the-point of attachment; and ag
btal melted during the welding operation. As before, any flux wh
removed completely, and all lugs should be clean when they arg

t common type involves-threaded studs of Chromel and Alumel,
nding thermoelements, ‘and firmly attached to the insulation use

t flow into the
used be kept to a
oint on each lug.

such terminals, it is important that all lugs be clean and bright when they are bolted

pt to a practical

head, and

re more difficult to
be exerted to avoid
of possible

ainst getting too
ch might be used
bolted together.

welded to the
1 in making the

ecause large temperature gradients through this type of head arg normal in service,

should be autogenous. It is believed that the following precauti
ided studs should include a shoulder against which the mating IU
it; the thermeelements may, to advantage, be run through centr
velds canthen be made in a region where the temperature grad
N; rolling-the threads, instead of die-cutting them in the conventio

bns are worthwhile:
g can be pressed
hl holes in the studs
ent is likely to be a
nal way, is

believed to decrease the probability of seizure during service. Qbviously the

shoulde

sten the studs should be clean and bright when the thermocoup

es are installed.

d. Pin connectors have also been used. The use of metals other than Chromel and Alumel in
such connections may cause errors in the presence of temperature gradients. Plating to
prevent oxidation may be necessary to maintain good electrical contact but is undesirable
from the thermoelectric standpoint. However, by making the coatings very thin the
temperature gradients across them can be kept down. The need for an acceptable method
for evaluating the performance of pin-type connectors of all types is recognized.

Pressure-type contacts between buttons of thermoelement material, one having a flat and

the other a curved surface, with the pressure applied by the nuts which hold down both the
thermocouple and the leads to it, are a recent development in this field.
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11. TESTING GAS TURBINE THERMOCOUPLES:
11.1 For Initial Calibration and Stability After Use:

As mentioned in 10.1, where adequate lengths of material are available, the packed MgO stock
can be calibrated in exactly the same way as the thermocouple wire itself (2.1). After the
material has been fabricated into thermocouples for engines, the problem becomes more
difficult for two primary reasons, namely that such couples are normally short and that most
types have some kind of a head which may embody in the electric circuit materials not identical
thermoelectrlcally with the thermoelements themselves To compllcate the picture further, the

: : and therefore

AN appreciable
lem of losses by
d couple to that of
ably in a metal
the same

ts reference

junction in ige.

If the thermgelements of the engine couple could-be run to ice, a direct comparison could be
made with the calibrated couple. Actually it is\not to be expected that the thermoelectric
behavior of the Chromel and Alumel used.for making terminal posts, or of that available for lead
wires, will b¢ identical with that of the wiré-used in making the measuring jungction. Hence, it is
not possible[to make a rigorously exactcalibration of the engine couple. It, therefore, becomes
a matter of finding an acceptable, approximate solution of the problem in thel form of a test
method that{will determine whether or not a couple is suitable for use in an gngine.

As a beginnjng, the apparatus shown schematically in Figure 12 has been tried at the National
Bureau of Standards.

Calibrated Ghromel-Alumel thermocouples A;C;, A,C, and A;C; are attached, either by spot
welding or mechanically, to the measuring junction, to the Alumel terminal, ahd to the Chromel
terminal, regpegtively, of the engine couple under test. The latter is mounted on a metal
tempering plate (Copper in the present equipment) which IS drilled To permit circulation of water
or air throughout its interior. The assembly is then lowered through a central hole in a copper
block within a vertical tube furnace until the underside of the tempered plate rests on the top of
the furnace through thin insulators. Means for protecting the copper comparator from oxidation
and for supporting it vertically are not indicated in Figure 12.

Each of the six leads goes to an ice bath, where it connects with a copper wire. The latter go
through appropriate switches to a Brown-Rubicon Electronik potentiometer indicator on which
the smallest division is 2 pV. A manual switch is connected so that the following leads run to
the potentiometer:
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111

(Continued):

1. A;-C; for the temperature of the measuring junction

2. A,-C; for the engine couple, using as leads NBS Chromel and Alumel

3. A,-C, for the temperature of the Alumel terminal

5. A;-A; fo

As-C; for the temperature of the Chromel terminal

csnuriaus-amfc in tha all Allmal cirennit
SPHHHOUS-eHHSHtHe—a-AHe—-GH-GHHE

6. A;-Csfo

Switch point
each circuit
readings 5 &
However, th

A typical rur
temperature

readings with the switch on positions 1 through 6-Successively. Shut off the

air full blast
plate, the cu
thermocoup
rates as ma
temperature

In the test ry
been made
have been U
otherwise b

The temper

spurious emfs in the all-Chromel circuit
s 5 and 6 are desirable but not necessary. Their readiigs show

nd 6 is within a few microvolts of the difference between reading
e latter differences alone tell nothing of the source of the errors.

can be made as follows. Heat the furnace until a previously sel
is indicated by A;C; with water flowing‘through the tempering pl

and repeat. After each change in‘the amount of cooling supplieq
rrent to the furnace must be reset and sufficient time must be al
e head to reach a steady state. Repeat this process at as many
y be desired, ending with-ahead temperature as high as the limi
which the test couple .must withstand on an engine.

ns made to date readings with the switch at points 1-2-3-4-5-6-
n the order stated at 10 s intervals and the averages of each pa
sed in makifigrthe final computations. This greatly reduces any
b caused by a steady drift in the furnace temperature.

hture 0f common measuring junction of couple A;C; and of the tg

to what extent

s responsible for errors. Taking proper account of{polarity, the difference between

s1and 2.

ected, steady
ate, and take
water, turn on the
| to the tempering
owed for the
different air flow
ing zone

b-4-3-2-1 have
r of such readings
errors which might

st couple is

obtained by

applying the calibration correction to A;C;. Rates of heat gain a

nd loss by this

junction due 10 conduction and radiation are immaterial, SO long as a steady state prevails
during the readings. In other words, the corrected temperature obtained with couple A,C; is
also the temperature of the measuring junction of the engine couple regardless of the process
of heat exchange by which this steady-state temperature was reached.
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(Continued):

When the tempering plate is water cooled, the output of couple A,C; approaches the emf of the
engine couple between the ice point and the known temperature of its measuring junction. The
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only error that can be included here involves the difference in thermal emf of the Chromel and
Alumel in the engine couple and that in the calibrated couples over the temperature interval
from the ice point to the lowest attainable head temperature. Where good materials are used,
this uncertainty is normally much less than 0.55 °C (1 °F), and therefore completely negligible
for present purposes. Nevertheless, the wire used in making couples A,C, and A3C; should
have a calibration which is as close as possible to the standard curve. For these couples, a

e YW, NaVA £ 41
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couple is un
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5 does not deviate from the standard curve by more than 30 g\.

they could be transferred conveniently from one test couple to g
ot welded to an appropriate Alumel washer and A;C; ta~a Chrom
b apply calibration corrections to either of these, as‘the head tem
ccurately.

htion to date of the test equipment, runs have’been made for eag

measuring junction the head temperature was varied from abou
5 538 °C (1000 °F), the latter being@s hot as the head would get
e tempering plate and with the copper comparator at 815 °C (15

can best be shown by plotting the difference (A;C; (corrected) - 1
verage head temperature,(average of A,C, and Az;C;), as is don

buples tested. For all couples tested to date, curves of this kind
of the furnace temiperature, as can be seen in Figure 13.

ouples whosetbehavior is shown in Figure 13, the one which gav
pwer set'of' data under no conditions deviates from the standard

ementioned tolerance. It could therefore be reasoned with logic
acceptable and that the latter highly satisfactory for all limiting zd

. Wire used in the

nother, couple
el one. Itis not
perature need not

h test couple with

Ng junction at several temperatures in the'range 482 to 843 °C (900 to 1550 °F),

93 °C (200 °F) up
without any
DO °F).

\,C3 (uncorrected))

b in Figure 13 for
hre sensibly

e the upper set of

s from the{standard curve by more than the tolerance of £3/4% allowed for the wire

curve by more than
that the former
ne temperatures

on three different

up to 538 °C
days.

(1 000 °F) The QafiQfar"rnry r‘nuplp was run at 815 °C (1 500 °E

The test method and apparatus can be readily reproduced by any one who wishes to use it.

Experience with it to date indicates that engine-type couples in general are precision devices in
which considerable confidence may be placed. It has been difficult to find one couple (namely,
that shown in the upper part of Figure 13) whose performance seems unacceptable.

In several instances, a few degrees of permanent change were experienced upon first heating
the head to about 538 °C (1000 °F). There has not yet been any evidence that similar
permanent changes occur in subsequent tests, although no couple has been cycled more than
four times. Errors greater than any of those shown in Figure 13 may be introduced during
periods of rapidly changing head temperatures.
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11.1 (Continued):

For bare gas turbine couples, the method could be applied without spot welding the test couple
to A;C;. If the readings on the all-Alumel and all-Chromel circuits are dispensed with, then the

11.2

two measuring junctions might be brought into good thermal contact by placing them together
within a short length of copper or silver tubing and flattening the latter in a press. Even when
spot welding is used, couple A;C; can be filed or ground off, leaving the test couple essentially

unharmed.

The method seems applicable equally to new and to used couples. For couples of the total

temperaturetype—the-staghation-chambermust-be-cut-away-te-permitattaching the calibrated
couple.

No precise ¢ontrol is required on the water or air flowing through the g&émpering plate. A Variac
and ammeter provide adequate control on the furnace. On the othér hand, the method requires

about a day

selected samples but not for production testing.

In the equip
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steel or Incd
separate pla
center, flang

All parts of t
Inconel and
be harmful t

With Comm

The reliabilit
maintaining
circuits with
instrument.

to set up and test one couple, which means that it4s appropriate

this plate, silver should be used to avoid gxidation. It seems pro
nel might also be used despite their poerer conductivity. It is ob
te will have to be provided for each-type of thermocouple mount
e mounted couples with threaded\terminal posts have been tried

he present copper comparator block except the bottom face are
this latter should be similarly protected against oxidation. Coppée
p the furnace tube and to'the thermoelements.
ercially-Available Equipment:

y of thermocouple systems for gas turbine engines involves, am

put breaks, high resistance to ground, and proper performance b
The.ibstruments needed to check each of these are more or les

for evaluating

Mment used to date, the tempering plate is ofccopper. If high thergal conductivity is

bable that stainless
vious that a

ng. Only off-

thus far.

surrounded by
r oxide is likely to

bng other things,

the necessary agreement as to thermoelectric behavior with a stiandard curve,

y the indicating
5 conventional, and

they may bg

combined in various ways for convenience. Typical combinatio

s capable of

making some or all of the aforementioned checks are available under the trade names Jetcal
and Veritherm.

By proper use, single thermocouples or groups of couples connected in parallel may be tested,
in some instances without being removed from the engine. A key part of such systems is an
electrically heated comparator block for each thermocouple. The comparator may be made
portable, in which case it must have a built-in heating element and a standard thermocouple or
resistance thermometer. The comparator is designed so that the measuring junction of a
thermocouple to be tested attains the temperature indicated by the standard sensing element.
If the latter is a thermocouple, as many of the standards as desired may be connected in
parallel if equal resistances are maintained between branch points.
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12. REFERENCE DATA ON CHROMEL AND ALUMEL AND ON THE TEMPERATURE SCALE:
12.1 Composition:

Chromel and Alumel are nickel-base alloys that were manufactured by the Hoskins
Manufacturing Company since their invention in 1906 by the late A. L. Marsh, upon whose
many patents the Company was founded.

Chromel is nominally 90% Ni + 10% Cr, and Alumel is 94% Ni + 3% Mn + 2% Al + 1% Si, but
both, like most other alloys, also contain many minor and trace elements. Because the
thermoelectrieproperies-of-any-alloy-are-very-sensitive-to-cempesition-changes, each element
must be very closely controlled in the manufacturing process. This is dope gy the use of virgin
metals of krjown composition, careful control of melting practices in indliction furnaces, and the
supervision pf only the most experienced melters. Even then, sizeable quantities of the metal
are not suitgble for processing into wire which will meet the close Jitnits of the thermocouple
guarantee.

A few minor|changes have been made in the alloys to improve their service performance, and a
few others tp compensate for changes in raw material compositions, but essgntially the alloys
have been dhanged very little from what they were originally. Nor can they be changed to any
great extent|and still meet the thermoelectric requirements.

12.2 Processing:

The alloys gre cast into iron molds, hot-rélled and then cold-drawn to wire sizes. Each stage of
processing has its effect on thermal,emf. The final anneal is, of course, designed to yield the
best combination of uniformity and stability. The wire may be supplied eithef with an oxide or a
bright finish] and in many applications either could be used with identical results. However,
there are special conditions under which one or the other may be preferred. |Originally only an
oxide finish vas used because of its dielectric properties, and perhaps some|degree of
protection from certain atmospheres. However, with new applications the bright finish has
found more jand more~usage, particularly because of recent findings for Chrgmel of reactions
between thg oxidesand metal in closely confined spaces.
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12.3 Physical Properties:

Some of the physical properties of the thermoelements are as follows:

TABLE 5

Chromel

Alumel

Melting Point

Coefficient of thermal expansion,

68 to 212 °F, parts per million

1427 °C,; 2600 °F

1399 °C,; 2550 °F

per °F 7.3 6.7

Heat capacity, calories per

gm °C of Btu per Ib °F 0.107 0.125

Specific|gravity 8.73 8.60

Tensile $trength, annealed,

Ib per in 95 000 85 000

kg per cn® 6 679 5976

Tensile $trength, work

hardenefd, b per in® 165 000 170 000
kg per cm? 11 600 11 951

Curie temperature -120 °C; -184 °F +170 °C; +3

Magneti

C at room temperature

No

Yes
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12.4

TABLE 6

TABLE 6A - Coefficient of Resistivity

Temperature Temperature Chromel Chromel Alumel Alumel
°F °C Microhm-cm Ohms/cmf®  Microhm-cm  Ohms/cmf*
68 20 70.6 425 29.4 177
200 93 72.6 437 34.4 207
400 204 75.6 455 40.9 246
600 316 78.5 472 44.4 267
800 427 80.6 485 47.0 283
1000 538 841 506 497 299
1200 649 85.4 514 52.4 315
1400 760 87.6 527 55.0 331
1600 871 90.4 544 58.0 349
1800 982 92.6 557 608 336
2000 1093 94.8 570 63.5 382
! cmf = circullar mil ft
TABLE 6B - Thermal Condagtivity
Temperaturg Temperature Chromel Chromel Alumel Alumel
°C °F Watts/cm °C Btu/ft h °F Watts/cm °C Btu/ft h °F
100 212 0.190 10.98 0.296 17.10
200 392 0.209 12.08 0.318 18.38
300 572 0.228 13.18 0.350 20.23
400 752 0.247 14.27 0.381 22.02
500 932 0.266 15.37 0.412 23.81
Stability in Service:
Chromel angl Alumel‘thermoelements may be used from -184 °C (-300 °F) tq about 1260 °C
(2300 °F) in|oxidizing atmospheres. High-temperature life is short in reducing and in alternately
oxidizing anf reducing atmospheres. Regardless of the nature of the surrounding atmosphere,

Alumel und

eratures for

rgaes changes in crystal structure when maintained at high tem

extended periods of time. These changes have a minor influence upon the thermoelectric
properties of the alloy, but render it considerably weaker mechanically. Sulfur is known to
accelerate intergranular corrosion in Alumel considerably, but even this process does not
change its thermoelectric behavior significantly.

Atmospheres that are oxidizing to chromium and aluminum but reducing to oxides of nickel can
cause rapid corrosion. This is particularly true for Chromel and this process can cause the emf
at a given temperature to be much lower than the reference value.
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12.4

12.5

12.6

(Continued):

The stability of Chromel-Alumel thermocouples in an oxidizing atmosphere is discussed in the
Bureau of Standards Research Paper RP 1278 (2.8). For example, from Figure 9 of that
report, an 8 gauge Chromel-Alumel thermocouple operating at 871 °C (1600 °F) would be in
error by about 1.67 °C (3 °F) after 1000 h service at that temperature. An 18 gauge
Chromel-Alumel thermocouple would be in error by about 1.67 °C (3 °F) after 400 h and about
3.33 °C (6 °F) after 1000 h, and a 22 gauge Chromel-Alumel thermocouple would be in error by
about 1.67 °C (3 °F) after 100 h and by about 3.89 °C (7 °F) after 1000 h at 871 °C (1600 °F).

These cond
is no limit to
most comm
sulfide gas.
Alumel by Ig
the chromiu
approximate
the Chrome
Marginal atr]
by oxidation

These corrg
protection tu
refractories,

HONS, OXIdiZINg T Cclear air, are iaeat for Chrome-Atumet Servica.

how bad a thermocouple can be under severe corrosive conditig
bn corrosive agents is sulfur, particularly in a reducing atmesphe
It will corrode both Chromel and Alumel, and will causg fapid br
calized penetration. Atmospheres that are marginally oxidizing,
M or aluminum but reducing to the oxides of nickel,«Can cause rg
temperature range of 815 to 1038 °C (1500 to2900 °F). This ig
, and it can cause large negative errors in this:alloy, giving a low
nospheres can actually be produced from airby partial consump
in a restricted space.

sive conditions have characteristically been combatted in the pa
bes. When the tubes have been-¢lean and free from sulfur-bea
etc., in their interiors, and have-been of the proper diameter-to-|

permit adeguate ventilation of the interior-by outside air, they have served ag

Applications

where response is of prime importance preclude the use of larg

Thermocouple Lead Wire:

Chromel an
thermocoup
22°C (x4~

| Alumel leadwires are of the same nominal composition as Chr
e wires. They will conform to the standard curve for thermocouy
) up to.204 °C (400 °F).

However, there
ns. One of the
re as hydrogen
pakage of the
that is oxidizing to
pid corrosion in the
particularly true of
emf reading.
ion of the oxygen

5t by thermocouple
fing oils,

ength ratios to
equately.

b protection tubes.

bmel and Alumel
le wire within

The Interna1iona| Practical Temperature Scale:

To measure any temperature, it is first necessary to have a temperature scale, and for this
purpose the International Practical Temperature Scale of 1968 (2.9) is in almost universal use.
This scale is based upon a number of fixed and reproducible equilibrium temperatures (fixed
points) to which numerical values are assigned, and upon specified formulas for the

relationships between temperature and the indications of certain instruments calibrated at these
fixed points. Within the range of interest in gas turbine engines, the following fixed points are of
importance:
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TABLE 7
Fixed Point Temperature  Temperature

Ice Point 0°C 32 °F
Normal boiling point of water 100 212
Normal boiling point of sulfur 444.600 832.28
Freezing point of silver 960.8 1761.4
Freezing point of gold 1063.0 1945.4

12.6

(Continued):

For interpolating between the ice point and the freezing point of antimony (61

temperature

in which R; 4
respectively
steam and S

specified, bdit these need not be detailed here.

From the frg
formula

in which E is
measuring j
measured v
thermocoup

The International Praetical Temperature Scale of 1968 above the gold point

temperature
deg for the
above the g

t is defined by the formula
R = Ro(1 + At + BtY)

ind R, are the resistances of the platinum resistafce thermomet
and A and B are constants determined from measurements of I
ulfur points. In addition, other characteristicsof the resistance t

ezing point of antimony to the gold peint, the temperature t is de

E=a+ bt + ct?

the emf of a standard Rt*PtRh thermocouple with reference jun
inction at temperatute t °C. The constants a, b, and ¢ are calcu
hlues of emf at the antimony, silver, and gold points. Again, the
e is further stipulated, but other characteristics need not be revig

of this-point, upon Planck's radiation law, and upon an acceptec
tonstant ¢, in that law. The optical pyrometer is used for purpos
pld-point.

80.3-630.7 °C),

(Eq.23)

pr at t and at O °C,
esistance at the
hermometer are

fined by the

(Eq.24)

ction at 0 °C and
ated from
standard

pwed here.

s based upon the
value of 1.438 cm
ps of extrapolation

PREPARED BY SAE COMMITTEE E-32, ENGINE CONDITION MONITORING
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LOCATE SUITABLE VENT HOLE IN

250 MIN—» fa— UPPER AREA OF PILOT COMPARTMENT.
906 +.020 FURNISH REMOVABLE PLUG
.209 MIN STRAIGHT— |«
.688 MIN . +.002
FULL THD 17683995 7682095, —3.252 Z1000
WALL OR PLUG.
TYPE OF PLUG AT A S8 2ANE-3 344R
AND METHOD 57, ,/ 4 STUDS
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< 2.188R ¥
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e [ | |™\¢ 3000 REF \ r 1768 +.005
7 g s 1
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ggk's#%ucnom am -
——
2’,‘3{’.‘@'35 le— 036 max FACING ENGINE PAD
LUBRICATION. .969 _| GASKET SPLINES MUST RUN CONCENTRICALLY
ENGINE MIN WITH THIS DIAMETER WITHIN .006
gELRu(')ITED —»] ‘F'—'f—‘s% FULL INDICATOR READING
- LOCATE SUITABLE DRAIN HOLE IN LOWER
T POy AREA OF PILOT COMPARTMENT,
L§CATION o SEAL FURNISH REMOVABLE PLUG
OPTIONAL
219132
SPLINE DATA
6 SPLINES EQUALLY SPACED. / 7
SURFACE HARDNESS: Z / SHAFT SPEED
ROCKWELL Ch8 MIN // 7 7 2500 TO(3800 RPM
7 : 7 AT NORMAL RATED
7 7 ENGINE [SPEED
7 BREAK //
PAD OUTLINE AYDIMEN= 77 g%ﬁﬁSAx -010 R MAX %
SIONED IS A BAIC MIN % : 4 /////
AREA REQUIREMENT % ) ' ) X
{
L——7oo o0
-700 -lo0s UNLESS OTHERWISE SPECIFIED
- g75 3:998 .| |ALLOWABLE TOLERANCE ON:-
: T FINISHED DIM IS +.010
STRENGTH:TO BE CAPABLE OF DRIVING A CONTINUOUS LOAD REQUIRING ANGULAR » 7 ¥ 90
200 POUND-INCHES TORQUE AT ANY ENGINE SPEED AND OF WITH~ CASTING » v +.030
STANDING 800 POUND-INCHES STATIC TORQUE WITHOUT DAMAGE FORGING THICKNESS 1S +.060
TOTHE DRIVE SHAFT OR OTHER ENGINE PARTS -.000

FIGURE 1 - Recommended Reference Junction at Ice Point


https://saenorm.com/api/?name=15842fb53b29bf8d2774f908a3f80e60

SAE INTERNATIONAL AIR46B Page 41 of 54

m
o4
[,
W
&) (-]
W
g "
w /-
= —
p
Q © N @ < °°
m
-
w / HH
o ~E
» z
3 "
- / z‘
S B B I
AN =
o
Q @ o © - o- %
xz
-
&
”a
o
[
('S
2 o~
7. [ 2]
S \/
4
- /
o~
e — — -
__‘—‘——/—/
o

S ) ™ © - o
4,00 <™ -% wos i NI vowM3 NOLLSNGONGD

FIGURE 2 - THERMOCOUPLE IN GAS STREAM
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FIGURE 3 - Effect of Immersion on Conduction Error. Curves 1 and 2 Apply for Bare
No. 22 and No. 14 Chromel-Alumel Thermocouples, Respectively; Curve 3
is fora 0.25in OD x 0.17 in ID Stainless Steel Tube
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FIGURE 4 - Composite Diagram of Supplementary Test Facilities
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