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A variety of techniques are available enabling both invasive measurement, where the monitoring
device is installed in the medium of interest, and noninvasive measurement where the monitoring
system observes the medium of interest remotely. In this article we review the general techniques
available, as well as specific instruments for particular applications. The issues of measurement
criteria including accuracy, thermal disturbance and calibration are described. Based on the relative
merits of different techniques, a guide for their selection is provided.2000 American Institute

of Physics[S0034-6748)0)03708-4

NOMENCLATURE o resistance aly
B constant T+ resistance at
c  speed of light (X10° m/s) temperature

h  Planck’s constant (6.62610 **Js) volume

variable volume
speed of sound
isentropic index

E Young’s modulus
E, p blackbody emissive power
k  Boltzmann’s constant (1.3810 22J/K)

EQ® R e <41V

K bulk modulus wavelength

p pressure density

R characteristic gas constant Stefan—Boltzmann constant (56708 W/m?K*)

R resistance frequency

I. INTRODUCTION The range of techniques for the measurement of tem-

Temperature is one of the fundamental thermodynami(f’erat“re is extensive, utilizing such diverse phenomena as
properties. The unit of thermodynamic temperature, also rethermoelectricity, temperature dependent variation of the re-
ferred to as Kelvin temperature or absolute temperature, igistance of electrical conductors, fluorescence and spectral
kelvin (K) and is defined in terms of the interval between thecharacteristics. Additionally, the requirements for a tempera-
absolute zero and triple point of pure water, 273.16 K; kelvinture measurement may allow direct contact with the medium.
is the fraction 1/273.16 of that temperature. In addition to theAlternatively this may not be possible or desirable and a
thermodynamic temperature, the Cels{t6) temperature is  noninvasive method may be used. For convenience the vari-
defined as equal to the thermodynamic temperature minysys measurement techniques can be classified into three cat-
273.15 and the magnitude of 1°C is numerically equal to Iogqries depending on the nature of contact which exists be-

}.(' The current international tempe_rature scale,_ ITS-90, de'Eween the measuring device and the solid, liquid or gaseous
fines a scale of temperature in five overlapping rarges. . .
medium of interest.

These are
(1) Invasive. The measuring device is in direct contact with

(1) 0.65-5 K using vapor pressures of helium, , ) )
the medium of interest, e.g., a thermocouple in a gas

(2) 3—24.5561 K via an interpolating constant volume gas
thermometer, stream.

(3) 13.8033-273.16 K using ratioed resistances of pIatinun(Z) Semi-invasive. The medium of interest is treated in some
resistance thermometers calibrated against the triple manner to enable remote observation, e.g., surface coat-
points of various materials, ings whose color changes with temperature.

(4) 273.15-1234.93 K using platinum resistance thermom{3) Noninvasive. The medium of interest is observed re-
eters calibrated at fixed freezing and melting points, and  motely, e.g., infrared thermography.

(5 above 1234.94 K using the Planck law of radiation. Invasive, semi-invasive and noninvasive temperature
measurements are discussed in Secs. Il, lll and IV, re-
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FIG. 1. Boundary conditions for a chrome steel component with a thermo- Axial |0cati0n, X (mm)

couple installed in a channel filled by ceramic paste.
FIG. 2. Calculated thermal disturbance caused by the installation of ther-
It is estimated that temperature measurement accounfgocouple wires encapsulated in ceramic paste in a chrome steel component.
for 75%—80% of the worldwide sensor marKkeh the selec- ]
tion of a particular method of measuring temperature, con®- Témperature measurement by thermal expansion

sideration may be given to accuracy, sensitivity, life, size,  The expansion of materials with temperature can be uti-
cost, manufacturing constraints, dynamic response, temperfized to measure temperature. Fluid thermometry covers a
ture of operation and robustness. The accuracy of a measurginge of devices from the constant volume and constant pres-
ment technique depends on a number of factors such as caure gas thermometers used in calibration to liquid-in-glass

bration against the absolute temperature scale, thermghermometers. The expansion of solids is used in devices
disturbance due to the method of installation, transducer outsych as bimetallic strips.

put monitoring and instability effects. These aspects are con-

sidered in Secs. lI-IV for the individual categories of mea-1- Gas thermometry

surement discussed and in Sec. V, which provides a guide to The ideal gas law forms the basis of gas thermometry;
the relative merits of the different measurement techniquethe temperature is obtained from a measurement of pressure

that are available. and/or volume. Used directly in this way, the accuracy de-

pends on, among other things, the value of the gas
II. INVASIVE TEMPERATURE MEASUREMENT constant* As a result, a number of methods have been de-
TECHNIQUES vised that eliminate the need for knowing it. The four tech-

Invasive instrumentation involves the installation of a
physical sensor on or within the component, like a turbine
blade or a medium of concern as with an exhaust gas. The
range of invasive instrumentation is diverse: gas and liquid-
in-glass thermometers, thermocouple and resistance tempera- voLuME
T2

REFERENCE CONDITION MEASURING CONDITION

ture devices are commonly known examples. While some of
these devices, such as gas thermometers, are more suitable
for a calibration laboratory, they are included here for com-
pleteness and for their role in defining the accuracy of other D
Sensors.

The use of invasive instrumentation involves a distur- SSES;S:E
bance, which manifests itself as a difference between the I:I
temperature being measured and that which would exist in T,
the absence of the instrumentation. The temperature reached,
for example, by an invasive instrument in contact with a gas [P]
stream is determined by the balance of convective heat trans-
fer from the gas to the sensor surface, conduction in the — SONSTANT |:|

44-'
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D

m\‘

%l

S

BULB
sensor itself and its supports and connections, and radiative  TEMPERATURE

heat transfer between the sensor and its surroundings. Fig-
ures 1 and 2 illustrate the thermal distortion caused by the
insertion of thermocouple wires encapsulated in ceramic [ A 7]
paste in a steel block for steady state conditions. Prior to
installation the temperature profiles would have been hori-  T™wo
. . . BULBS
zontal for the boundary conditions imposed. At the middle of | v, | v, |
T, T2

Kyl

Te

[

[=]

the ceramic filled channel the temperature calculated is 373.6
K. This compares with a temperature of 377.4 K at this lo-
cation in the absence of the thermal distortion. FIG. 3. Schematic of four types of gas thermométetapted from Ref.)5

T
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niques illustrated in Fig. 3 operate on the principle of main-ITS-90 between 3 and 24.5561 'KCorrections to account
taining either a constant pressure or a constant volume and/€or the behavior of the measuring apparatus include

a constant bulb temperature. In Fig.T3, refers_to an accu- 1) the dead space in connection tuBles;
rately known reference temperature, as defined by, say, ) thermal expansion of the gas bulibt2
triple point, andT, is the temperature to be measured. The P 9 '

diagrams on the left side show the schematic arrangemer@ the difference in density of the gas at different levels in

and thermodynamic properties at the reference condition; the pressure sensing tubes; .

those on the right side, at the measuring condition, (4) a thermomoleqular pressure correction to account fpr
The most common method is constant volume gas ther- :e[)“pffga,‘ﬁ})”e differences along the pressure sensing

mometry. For this method, a bulb containing the gas is im-(s) tEeea,lbsorption of impurities in the g&

mersed into a fluid at the known reference temperalyre

and the pressurp, is measured under conditions of thermal

equilibrium and again at temperatufg, from which

%7,21

Gas thermometers are mostly used for measurements in
the range of a few K to approximately 1000 K. At the lower
D, temperatures, better accuracy may be obtained by measuring
T,=T—. (1)  the vapor pressure of a cryogenic liqdfd?*The use of such
vapor pressure thermometry over gas thermometry at tem-
For a constant pressure gas thermometer, there are tvagratures below 4.2 K was recommended by Pavese and
bulbs and one is always immersed at the reference temper&ﬂieur?7

ture T, (where forT,>T,, V,=0). When the sensing bulb The accuracy of gas thermometry measurements de-
is atT,, the pressure is maintained constant by allowing thepends on the care taken and the temperature range. For ex-
volumeV,, to vary. The temperatur€, is then given by ample Pavese and Stélreported an accuracy of 0.5 mK for
temperatures between 0.5 and 30 K. The method is generally
T,= VT, . @) expensive and restricted to detailed scientific experiments,
V-V, calibration and standards laboratories.

In a constant bulb-temperature device, one bulb is aI-2 Liuid-in-alass th ;
ways immersed al; and the other always af,. At the - Hlquid-in-glass thermometers

reference condition the variable volurig=0; at the mea- Liguid-in-glass thermometers permit a quick visual indi-
suring conditionV, expands until the pressure reaches halfcation of temperature that can with care be very accurate.
that at the reference condition and so The traditional liquid-in-glass thermometer comprising a res-
ervoir and capillary tube supported in a stem follows the
T2=VT1. 3) designs proposed by Daniel Fahrenheit in 1714. A number of

V, types of thermometer exist including total, partial, and com-

. plete immersion, depending on the level of contact between
In the two-bulb device, the separate pressygreandp, the medium and the sensor

are measured at the reference condition and the common Liquid-in-glass thermometers can be calibrated at a

pressurep at the measuring condition from which number of fixed points and a scale applied to a stem support-
V,T; (P—Pa) ing the capillary tube to indicate the range and value of the
2= Vi (pi—p) (4)  temperature. The accuracy for industrial glass thermometers
depends on the actual device and values range fr@01 to
Use of Egs.(1)—(4) to determineT, of course assumes +4°C2® Laboratory glass thermometers can achieve accu-
ideal behavior of both the gas and the equipment. The pragacy levels of=0.005 °C. Inaccuracy can occur due to non-
tical application is not so simple and for accurate measuredniformities in the manufacture of the capillary bore. If the
ments consideration must be given to both the nonideal nazapillary has a given diameter at the calibration points but
ture of real gases and inherent inadequacies of the equipmevaries in between, then the device will appear accurate at the
used. The behavior of real gases may be modeled using tlealibration points in use but will be inaccurate at intermedi-
virial equation. This can be expressed in a number of waysate temperatures. The design and use of liquid-in-glass labo-
a form appropriate to constant volume gas thermom@ingl  ratory thermometers are detailed by Refs. 25-29. Mercury-
for modifying the gas thermometry equations given abdve in-glass thermometers are increasingly being replaced by
relatively cheap resistance devicese Sec. |l € giving a
_ R_T B(T) (M b digital readout or by thermally sensitive paint devices which
p t~z t~E e ) 5 ) )

v Vv \% \% give an obvious visible indication of the temperatigec.
where B(T), C(T) D(T), etc. are the second, third and “:A)' (Ij\le\./erthelezstrt]h(_are IS sgll ar; ab_undlanf;l(e Off “qlgkld'm'
fourth virial coefficients. These coefficients have been evalud,2>> 9€VICEs and MMeEIr Use, due o simpie fike for ke re-
ated for a wide range of gases at various temperafisess placement, will continue.
for example, Refs. 6-12

Examples of the utilization of constant volume gas ther-
mometry are reported by Guildner and Edsingby, Berry? These devices take advantage of the difference in ther-
Kemp et all® and in Refs. 13—16. It is used to define the mal expansion between different materials, usually metals.

3. Thermal expansion of solids
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Strips of different metals are bonded together to form a bihigher temperature applications, the refractory metals such as
metallic strip and when heated the side with the higher cotungsten, rhenium, some tungsten and rhenium alloys, and
efficient of thermal expansion will expand more causing themolybdenum can be used. Tungsten and rhenium have very
assembly to bent’ 2 This bending can be translated into a high melting points, 3410 and 3280 °C, respectively, and
temperature reading by a mechanical linkage to a pointehave either been used alone or alloyed with other material for
with an accuracy of approximately1 °C. An advantage of thermocouples. Such metals oxidize easily and must not be
these devices is that they do not require a power supplyexposed to oxidizing atmospheres at high temperatures or
Their use as temperature controllers is widespread. oxidizing agents. Nonmetals such as carbon, boron, and car-
bide and boride compounds are generally brittle and have
, , low tensile strengths. Practical thermocouples using honmet-
B. Thermoelectric devices als can result in relatively large composite rods.
Thermocouples are frequently referred to as the work- The number of thermocouple material combinations
horse of temperature measurement with different devices cavailable is extensive; the characteristics of over a 150 were
pable of monitoring temperatures between270 and tabulated by Kinzi€® The criteria for thermocouple selec-
3000 °C. Thermocouples are commonly used because dion include cost, maximum and minimum operating tem-
their low cost, simplicity, robustness, size, and temperaturg@eratures, chemical stability, material compatibility, atmo-
range. Their sensitivity is adequate for many applications aspheric protection, mechanical limitations, duration of
is their speed of response but they are less accurate thaxposure, sensor lifetime, sensitivity, and output &mf.
resistance temperature devices; they require an independdbéscriptions of the various commonly available standardized
measurement of junction temperature and extension cablésermocouples are presented in Table I. It should be noted
can be expensive. The basis of these devices is the Seebdtlat only typeE, T, andK thermocouples have proven them-
effect. This is the production of an electromotive fofeenf) selves useful for cryogenic uséThere are several special
in a circuit of two dissimilar conductors experiencing a ther-gold—iron alloys that supplement the tyfgen the cryogenic
mal gradient. region. The properties of a variety of thermocouples for
The variation of thermoelectric power is illustrated in operation at more elevated temperatures are presented in
Fig. 4 which gives the emf generated by a thermoelementable II.
relative to platinum with one junction held at 0°C and the Variations in the homogeneity of the alloys used for
other at an increasing temperature. This chart can be used thermocouple cable have resulted in the use of standards for
aid the selection of combinations of materials in the desigrdefining thermocouple wire conformity see, for example,
of thermocouples. Often the goal is maximum thermoelectridiRefs. 46—48. For typ& and N thermocouples class 1 ther-
emf in which case a thermocouple pair should be selectednocouple wire material conforms t61.5°C or 0.00%F for
one with a large positive and one with a large negative emfT>375°C; class 2 thermocouple wire material conforms to
The thermocouple materials must however be chemically=2.5°C or 0.007% for T>333°C.
compatible and Miedentdand Pollock* have provided in- Practical monitoring of a thermoelectric emf requires
formation on many suitable alloy combinations. some form of circuit The circuits in Fig. 5 withT,;>T,
Thermocouples can be categorized as noble metal, bad&ustrate the modifications to the basic circuit to form a prac-
metal, high temperature or refractory metal, and nonniétal. tical measurement circuit. Figurd& shows the generation
Noble metals are relatively inert, although platinum, for ex-of a thermoelectric emf in a circuit formed by two homoge-
ample, oxidizes at 600 °C. Their use in thermocouples stemseous but dissimilar metals experiencing a thermal gradient.
from their chemical stability and thermoelectric powsee The introduction of a third metal in the circuit, as illustrated
Fig. 4). Certain base metals such as copper, iron, nickelin Fig. 5b), does not change the thermoelectric emf pro-
aluminum, and chromium, as well as their alloys with addi-duced if there is no net thermal gradient across its junctions.
tional impurities, can be used to produce materials, e.g., coriFhe circuit shown in Fig. &) uses an extension of the prin-
stantan and Chromel, with desirable thermoelectric characziple illustrated in Fig. &) where a conductor that does not
teristics, particularly for low and moderate temperatures. Foexperience a net thermal gradient does not contribute to the
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TABLE |. Standardized thermocoupléRefs. 36 and 39-42

Stability
over the
Temperature temperature Standardized
range Output range letter Common
(°C) (uVI°C) Cost  specified designation name Brief description
—262-850 15 at—200°C Low Low T Copper/a copper TypeT, copper constantan, thermocouples are useful for
60 at 350 °C nickel alloy the —250-350°C range in oxidizing or inert
(constantan atmospheres. Above 400 °C the copper arm rapidly
oxidizes. Care needs to be taken to avoid problems
arising from the high thermal conductivity of the copper
arm. As one lead of this thermocouple is copper, there is
no need for special compensation cable. Note that
constantan is a general term for a copper nickel alloy
with between 35% and 50% copper. The thermoelectric
characteristics of each alloy will vary according to the
alloying proportions. Although constantan is used in type
T, J andE thermocouples the actual material for each is
slightly different.
—196-700 26 at—190°C Low Low J Iron/a copper Type J thermocouples are commonly called iron
63 at 800 °C nickel alloy constantan thermocouples and are popular due to their
(constantah high Seebeck coefficient and low price. These can be
safely used in reducing atmospheres from 0 up to 550 °C
beyond which degradation is rapid. The maximum
temperature for continuous operation is 800 °C.
—268-800 68 at100°C Low Low to mid E Nickel chromium Type E, Chromel constantan thermocouples give high
81 at 500 °C alloy (chrome)/a output for the range of-250-900 °C. They are ideally
77 at 900 °C copper nickel alloy suited to temperature measurement around ambient
(constantan because of the large Seebeck coefficient, low thermal
conductivity, and corrosion resistance.
—250—-1100 40 from 250 to Low Low K Nickel chromium The typeK thermocouple is commonly called Chromel—
1000 °C alloy (Chrome)/nickel Alumel. It is the most commonly used thermocouple and
35 at 1300 °C aluminum is designed for use in oxidizing atmospheres. Maximum
alloy (Alumel) continuous use is limited to 1100 °C although above
800 °C oxidation causes drift and decalibration. Note
that the typeK thermocouple is unstable with hysteresis
between 300 and 600 °C, which can result in errors of
several degrees.
0—1250 37 at 1000 °C Low Mid to high N Nickel chromium Type N thermocouples have been developed to address
silicon the instability of typeK (Ref. 39. These trade linear
(Nicrosil)/nickel response for stability and an algorithm is required for
silicon magnesium conversion between the generated emf and temperature.
alloy (Nisil) The voltage temperature curve for tyfehermocouples
is slightly lower than that for typ& thermocouples.
1001750 5at1000°C  High High B Platinum-30% Type B thermocouples can be used continuously to
rhodium/platinum-6% 1600 °C and intermittently to 1800 °C. However, due to
rhodium a local minimum in its thermoelectric emf, this thermo-
couple exhibits a double value ambiguity between 0 and
42 °C. However the emf below 100 °C is very low and
little concern need be given to cold junction com-
pensation.
0—1500 6 from High High S Platinum-10% Type S thermocouples can be used in oxidizing or inert
0 to 100 °C rhodium/platinum atmospheres continuously at temperatures up to 1400 °C
and for brief periods up to 1650 °C.
0—1600 10 at 1000 °C High High R Platinum-13% Type R thermocouples give similar performance to type
rhodium/platinum S but give slightly higher output and improved stability.

thermoelectric emf. This circuit can form the basis of a prac-0 °C. The circuit is mounted at the location of the measuring
tical thermoelectric measuring circuit as shown in Figd)5 instrument’s input terminals where the resistance tempera-
where additional electrical elements are added to monitor thiure device can sense that temperature. The measuring instru-
potential difference. For this circuit to provide meaningful ment can be a digital voltmetgDVM) or the amplifier/
results the temperatuile, must be known and is often called analog digital converter combination of a direct readiimg

the reference junction temperature. In some laboratory cortemperature temperature controller or readout. The input
ditions, an ice water bath or Peltier cooler is used to maintainmpedance of the voltage measuring instrument has to be
T, at 0°C. In the vast majority of applications, however, alarge compared to the resistance of the thermocouple and its
reference junction voltage correspondingT is provided extension wires. This condition is easily met in practice and
by an electronic bridge circuit incorporating a resistance temwill prevent a significant current from flowing through the
perature device; it is usually, but not always, adjusted taircuit, which could cause other thermoelectric effects and/or
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TABLE Il. A selection of thermocouple materials for operation at higher temperatures.

Temperature
limit Output(mV) Oxidizing Reducing
Material (°C) at 1000 °C atmospher® environmertt Source
SiC-SiC 1760 500 Yes Yes Kinzigef. 36
W-CuNi 2200 14.5 No Yes Michalsldt al. (Ref. 43
W97Re3-W75Re25 2500 18.226 No Yes Michalskial. (Ref. 43
c-C 1760 25 Yes, short time Yes KinziRef. 36, Duffey et al. (Ref. 49
Cc-w 1800-2500 32 Yes Yes Kinzie(Ref. 36
W-Mo 2400 —1.46 No Yes Michalsket al. (Ref. 43
SiC-C 1900 300 Yes, short time Yes KinZigef. 36, Duffey et al. (Ref. 49
Ir-Rh 2200 5 Yes, short time Yes Michalséi al. (Ref. 43, Duffey et al. (Ref. 44
W-Re 2300 15 No Yes Duffegt al. (Ref. 44, Villamyor (Ref. 45
W-Ir 2200 14.25 No Yes Michalslét al. (Ref. 43
ZrB,—ZrC 2980 10 Yes Yes Kinzi¢Ref. 39
CbhC-zrC 3300 Duffey et al. (Ref. 44

40,, H,0, CO, or CQ.
H,, Ar, N,, inert or vacuum.

cause an IR drop across the thermocouple and its leads. Volivhen using thermocouples include cable specification, spu-
ages produced by metallic thermocouples are not high, gemious intermediate junctions, cold junction temperature mea-
erally about 10—-8QuV/°C, however, a DVM with a not un-  surement, voltmeter sensitivity, and cable difft’ If a wire
common resolution of 1@V can resolve 0.25 °C for a type is subjected to high temperatures or stresses the lattice can
K thermocouple. become modified. Drift caused by annealing of thermocouple
Many applications require the thermocouple wires to bematerials used in high temperature applications is a common
electrically or chemically isolated from the environment or problem. Recalibration may not compensate for this, since
medium of interest. Examples of insulation materials includethe thermal gradients along the thermoelements in the labo-
PVC for temperatures between30 and 105 °C, Teflon for ratory calibration may be different from the thermal gradi-
—273—+250°C, glass fiber for-50—400 °C, and polyimide ents in the application.
for —269-400 °C. Alternatively, a metal sheath encapsulat-
ing a mineral insulation such as magnesium oxide whichC. Electrical resistance devices

igggigslggg %‘E ﬁinchaglg/téﬁla;f;l}rei Lh;r:rggcggrﬁleevggnusb.e The temperature dependence of electrical resistance is
ing all-ceramic shea%hs The F;xternal noise effects of electrif-undamem&II o the operation of many devices. The resistance
g ' f a conductor is related to its temperature because the mo-

cal and magnetic fields on low emf outputs can be of greagon of free electrons and of atomic lattice vibrations is also

significance. Twisted pair cable can be used to cancel spurj

: T emperature dependent. Any conductor could in theory be
ous emfs. Grounding of thermocouple circuits is therefore an . .
) . g ) ) used for a resistance temperature deViR€D). But practical
important consideration and was discussed by Benedict an . . . .
1 52 ; . considerations of cost, temperature coefficient of resistance
Russa! and by Claggetet al®? The requirements of electri-

cal or chemical isolation and good thermal contact are ofter(la large value leads to a more sensitive instrumetiility
. . . . good to resist oxidation, and manufacturing constraints limit
in conflict, giving rise to thermal disturbance errors.

Major contributions to the uncertainty in measurementthe ch0|ce.. Copper, gold, nickel, platmum-, and silver are
the most widely used. The relevant properties for these ma-
conductor A terials are given in Table Il Cppper_is sometimes.used

C >T2 for the range—100-100°C and is relatively cheap. Nickel

and its alloys are also relatively low in cost, and have high

. °°"d“°é°'B . urrent resistivities and high values of temperature coefficient of
o T C = = >T resistance. However the variation in electrical resistance
1 3 3 . . . o .
© £ with temperature is nonlinear and sensitive to strain. The
8 _ resistivity of platinum is six times that of copper, it is rela-
A [ —|
o T ! cl TABLE III. Val istivi ici
a . Values of resistivity (at 293 K) and temperature coefficient of
B W - T resistance for a variety of materigRef. 55.
3
T T2 Resistivity Temperature coefficient of resistance
A c e Material Qm) (K™Y
tenti T
o nE L s Copper 1x10° 3.9x10°7
B c =— Silver 1.6x10°8 4.0x10°°
Ts Nickel 59x 108 6.0 1073
YT, Platinum 1x 1078 3.85x10°2
Gold 2.4x<10°8 3.4x10°°

FIG. 5. Thermocouple circuit formatiofafter Ref. 36.
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tively unreactive and because it has a well-established

temperature coefficient of resistance it is a common choice

for temperatures between260 and 962 °C. But some de-  resstance

vices are capable of operating beyond this ratigé.For

cryogenic applications, certain carbon radio resistors make

excellent inexpensive temperature sensors. The resistance-

temperature characteristics of germanium, rhodium—iron al-

loys, and ruthenium oxide make them particularly suitable

for cryogenic applications. resistance
Resistance temperature devices can be highly accurate. ®*™" —

They are also widely used in industrial applications. oaad - output

The particular design of the sensing element depends on

the application, the required accuracy, sensitivity, and ro-

bustness.

power (a) Fixed bridge
supply

power (o) 3 leg

) Power (c) 41eg
resistance supply

element

bridge

1. Platinum resistance thermometers lead output
resistance

The highly accurate devices used for defining tempera-
ture standards must be used in carefully controlled laboratory
conditions! These are referred to as standard platinum resis- , . , ,
tance thermometer’SPRTS. They are used in defining the _ However, for the high precision required in SPRT de-
international temperature scale between the triple point of/ceS conforming to ITS-90, up to a 15th order polynomial is
hydrogen, 13.8023 K, and the freezing point of silver,N€c®Ssary. _ _ _
1234.93 K, within an accuracy of 2x 103K at the lower Vanous options are avallablg for measuring the electri-
end of the scale and:7x 10 3K at the upper end of the cal resistance of a RTI_D dependl!’lg on the deswgd accuracy
scale! These must be manufactured using high purity plati-a_nd some of these are |!Iustra_1ted in Flg.. 6. In the fixed bridge
num and great care taken to ensure the assembly is strafffcuit the value ofR, is adjusted until the current flow
freel® The sensing element for a SPRT typically consists of"ough the bridge output, if a galvanometer is used or the
a coil of fine gaugdaround 0.075 mm diajrplatinum wire voltage read, is zero. Ungjer these conditions the valuR, of
wound onto a structure made from either mica or pure quart2duals the unknown resistance and the temperature can be
glass®®5” SPRTs compatible with ITS-90 are constructeddeterm'ned from a calibration equation, such as(Bgor (7)

from platinum with a temperature coefficient of resistance oft20ve. This circuit suffers from inaccuracies in accounting
3.986x 10" 3/K at 273.16 K!8 for lead wire resistance and is not used for accurate measure-

The strain free designs of a SPRT would not survive thdnents. In the three-leg RTD circuit, the lead resistance of the
shock and vibration encountered in the industrial environMiddle leg is common to both halves of the bridge. Its resis-

ment. The industrial platinum resistance thermomé&geRT) tance cancels out when the bridge is balanced and reduces

typically comprises a platinum wire encapsulated within glead wire error considerably. The four-leg configuration

ceramic housing or a thick film sensor coated onto a cerami@!Ves the best performance, eliminating lead wire resistance
surface. The actual sensing element of an IPRT is furthefincertainties. With a four-wire RTD, in which two leads are
protected from the environment by a metelg., Inconel™ connected to each end of the sensor, one can connect a con-
sheath. The achievable accuracy for a commercially availStant current supply to two of the leads and use a DVM to
able IPRT is of the order 0£0.01—+0.2 °C over the range M€asure the voltage from the sensor’s other two leads. If the
of 0—300 °C38 input impedance of the DVM is 100 M or higher, there is a

Standard®-L have been produced for PRTs. The latter"€dligible loading error from evea 1 K) RTD and negli-
defines two classes of accuracy for PRTs: Taneasured in gible lead-wire resistance errors. The output sensitivity for
°C, these are class A devices where the accuracy is withiff 100€ PRT fed l"”th a current of 1 mA will typically be
+(0.15+0.004T|) and class B devices, with accuracy 400 #V/°C at 0°C. It is possible to use ac supplies
+(0.3+0.008T]). with bridges, potentiometers, and four-wire current/voltage

Platinum has a reasonably linear resistance—temperatuf¢yStems and this has the advantages of easier amplification
characteristic and assuming a linear relationship for the rang@nd avoidance of spurious dc signals. The inductive ratio
0-100°C results in an error of less than 0.4°C at 50°C_br|dge, for example, is an ac method incorporating precision
Standaréft defines a quadratic or cubic for modeling the wound reS|sto_rs for th(.a. ratio arms. It is. capable of high ac-
temperature—resistance characteristic depending on the teffdracy and high stability. Methods using both dc and ac

FIG. 6. Resistance temperature device circuits.

perature range. For example l:éridgesII were reviewed by Wolfendalet al®? and by
onnolly!
Rr=Ro[1+AT+BT?], for 0<T<850°C, (6) A SPRT used for interpolating the 1TS-90 must be
Rr=Ro[1+AT+BT2+C(T—100T3], calibrated at the defined fixed points. Procedures for condi-
=Rl ( )T tioning the PRT and achieving fixed points were outlined
for —200<T<0 °C. (7) by Connolly®* IPRT devices can be calibrated by means
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of comparison with another device or against a number ohese, iron, copper, cobalt, magnesium, titanium, other met-
fixed points. For temperatures betweerl0 and 250°C, als, and doped ceramics. They are manufactured by sintering
comparison can be made against another thermon(ieter particles in controlled atmospheres. Thermistors can have
example, a SPRTin a stirred liquid bath containing, both positive or negative temperature coefficients. A typical
say, silicone oil, water, or alcohol, depending on the tem+esistance temperature characteristic i€)/D.01°C. Ther-
perature range. For higher temperatures fluidized beds andistors are commercially available in bead, disk, rod,
heat pipe furnaces are more suitable. The ice point of watewasher, and flake form. Beads as small as 0.07 mm in diam-
provides a reference temperature with an uncertainty oéter on leads of 0.01 mm diameter are possible. These de-
0.002°C, assuming appropriate procedures are followediices can be encapsulated in epoxy resin, glass, or be
There is an alternative calibration poimow preferregt the  painted. Stable thermistors are available using mixed metal
commercially available water triple point cell with its lower oxides for temperatures less than approximately 250 °C. For
uncertainty?® temperatures above 300 °C the refractory metal oxide de-
Errors inherent with a PRT include self-heating, oxida-vices are appropriate, while for temperatures of the order of
tion, corrosion, and strain of the sensing element. In order td00 °C, devices utilizing zirconia doped with rare earth ox-
measure the resistance a current must be passed through ttes can be used. For low temperature applications, nonsto-
device and this can result in local heatitigvlinimizing the  ichiometric iron oxides can be used.
current and ensuring good thermal contact between the sen- To a first approximation the temperature can be deter-
sor and surrounding medium reduces self-heating errorsnined from the relationship given in E¢g) as follows?’
Platinum although considered relatively stable can oxidize at 1 1
elevated temperaturé®’ The combined effects of changes ~ R,=R, ex;{l—B(—— _” ®)
in the overall composition of platinum due to oxidation and T To
thermally induced strain have been investigated by Trftly. whereR, is the resistance af, andB is a constant for the
Errors equivalent to several degrees were reported as a resplirticular thermistor material.
of repeated cycling above 500 °C. The resistance characteristic of a thermistor expressed
The PRT is suitable for use at low temperatures as idenpy Eq. (8) is negative and nonlinear. This can be offset if
tified by its use for the ITS-90 down to 13.81 K. Below 20 K desired by using two or more matched thermistors packaged
the sensitivity drops off, but there are other resistance dein a single device so that the nonlinearities of each device
vices with favorable characteristics at low temperatures sucbffset each other. Thermistors are usually designated by their
as rhodium iron, doped germanium, and carbon resistorgesistance at 25 °C, with common resistances ranging from
Above 30 K, rhodium iron alloy(0.5% iron in rhodium 4704 to 100 K. The high resistivity of thermistors negates
provides a similar resistance—temperature characteristic e need for a four-wire bridge circuit. The accuracy of these
platinum. Below 30 K, the sensitivity drops to a minimum devices can be as good #9.01—+0.05 °C’® although com-
between 25 and 15 K and then rises again giving a thermommercial applications often result in an accuracy of the order
eter with good sensitivity at low temperatufés® Germa-  of +1°C. The disadvantage of thermistors is their suscepti-
nium resistors are commercially available and have a relability to decalibration and drift due to changes in the semi-
tively wide temperature range, 0.05-325 K. Dopedconductor materials.
germanium is commonly used with commercial devices,
typically consisting of a chip of the semiconductor encapsu-
lated h @ 3 mmdiam 8.5 mm long cylindefe.g., GR-200A, D. Semiconductor devices
from Lake Shore Cryotronics Inc.Germanium RTDs are For applications in the temperature range 65—
particularly suitable for temperature measurements in th@sg°C where a stable device with an accuracy of about
range of 0.05-30 K, giving sensitivities of approximately 0 g°C is desired, a junction semiconductor device can be
10°-10° /K at 1 K. Certain types of carbon radio resistors ysefyl. Junction semiconductor devices such as transistors
from Allen—Bradley have been identifiefollowing the  and diodes exhibit temperature sensitive characteristics that
original work of Clement and Quinnéh) as having a useful can be exploited for temperature measurement. A band gap
resistance—temperature characteristic at low temperaturegp|tage referend@ can be used to generate a temperature
Other RTDs widely used in cryogenics include rutheniumsensing output proportional to absolute temperature. One
oxide thick film resistors, Cernox zirconium oxynitride sen- gych device, the LM335, is a two terminal integrated circuit
sors, and carbon glass thermometers, which consist of fibeggmperature sensor that behaves like a Zener diode with a
trapped in a glass matrix. All three types are commerciallygjtage output of 110 mV/°C. Another device, the LM35,
available and were developed to minimize high magnetiGehaves like a three terminal reference and has an internal

¢ ~76 . . .

field effects on the thermometefs. offset so that the voltage is zero at 0°C, with the device
] output being 10 mV/°C and an accuracy ©0.8°C. The

2. Thermistors AD590 is a two terminal device that acts as a constant cur-

If accuracy is less critical, then a cheaper form of resistent element passing a current ofu\/°C. The temperature
tance temperature device than platinum resistance thermomange of these devices is limited by the silicon transistors
eters is the thermistor. Thermistors consist of a semiconduaised. For the AD590 the temperature range-55—150 °C.
tor whose resistance is sensitive to temperature. Moderihe advantages of these devices are their linearity, simple
thermistors are usually mixtures of oxides of nickel, manga<ircuitry, and good sensitivity.
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noise effects, all the instrumentation should be electrically
shielded and proper grounding techniques (#8ékhe diode
current supply should have a single ground, generally at the
------ GaAlAs voltmeter, which then requires a floating current source. A
] current between 1 and 1Q@A can be used but it generally
Si needs to exceed 10A in order to overcome noise problems.

. However, this can cause problems associated with self-
N S heating at very low temperatures.

(4]

H

Voltage (V)

N

-

E. Fiber optic probes

° 8 8 8 8§ g 8 8 8 8 8 In order to monitor surface temperatures or gas tempera-

Temperature (K) tures such as in observing combustion processes it is possible
to use an optical fiber to channel thermal radiation into a
FIG. 7. Characteristic voltage temperature relationship for GaAlAs and Sigrrow wavelength band from the location of concern to a
semiconductors. . . . .
measurement sens®t.Typical fiber optic sensors include
those based upon optical reflection, scattering, interference,
1. Diode thermometers absorption, fluorescence, and thermally generated radiation.
The forward voltage drob across mn iunction in- One commercial system marketed consists of a cavity built
creases with decreasir? tem perature I?o_r séme semicond onto the end of an optical fiber as illustrated in Fig. 8. The
tors. the relationshi be%weer?volta e’ and temperature is ;tfiackbody emitter is integrated onto the tip of a single crystal
' P g P apphire optical cavity joined to an optical fiber. The cavity

. e ; closely approximates a blackbody and the optical fiber trans-
a corresponding sensitivity of approximately 2.5 mV/K. Themits the radiant energy to a photodiode or photomultiplier.

two most commonly used semiconductors for thermometryyy;q o agres the intensity of the radiation emitted at a par-

are GaAs and Si. The typical voltage sensitivities for thes%icular wavelength and converts the signal using the laws of

gg;g(\;vezbagtejt Igl;sga\t\?ﬁe:qn tkftlag%ot\./vg?dr jg:f{:;nea; te:ggg;zt:f adiant emission. These devices can measure temperatures
’ 9e app ‘Trom above 100°C to approximately 4000 °C. Different

I\;’ti:)hnesrf?a;igtr?“ilc gzrl(zfggzre?ﬁixogagi thgi:jaé;reiJghethods for various applications are available: phosphor
lower ouFt) ut thgn éaAs diodes but haveg 'be’tter stabilitgan ped fiber optic temperature sensors for the measurement

P o Y f blackbody radiation and interferometric sensors for the
are cheaper and more easily interchangeable. Generally re

i . . 1 rement of ph ifferen ween transmi n
tifying diodes are used and these can be potted in a sm rﬁleafsu ement of phase differences between transmitted and

. . . . eceived laser light? The accuracy of these devices is de-
container. Commercial versions are available, for example

the 1.25 mm in diameter and 0.75 mm high DT-420 devicependent on the type of sensor used. For a sapphire rod device

o 5 o 1 -
from Lake Shore Cryotronics. Zener diodes have also beeﬁt 1000°C> an accuracy of 1°C is reported, but the accu

used to indicate temperat A& racy i.s limited to the accuracy of the temperatuere standard.

The virtues of diode therr.nometers are their low price For high temperatgre probe$00-1600 °G, Ewarf® has re-
simple voltage temperature relationship, a relatively Iar’g?)orted on_the design of two types: a Water-cooled low tem-
' perature fiber and an all ceramic construction probe. A book

FSrIT::?ii;atl:tra?art?/neglﬁaiAf ?1032hgict)i\:}feda:)raiéi];zrcengz t?;tr;hognby Grattan and Zhaff§serves as a comprehensive introduc-
j : y hig Y y tion to this technology.

+50 mK & and simplicity of operation with a constant cur-
rent source and a digital voltmeter. Measurements down t
1 K do however require careful calibration. Errors can occu
if the supply current is not a true dc but has an ac component The electric permittivity of certain materials such as

due to, say, noise induced in the circuit from improperstrontium titanate can be highly dependent on temperature
shielding, electrical grounds, or ground lodpd.0 minimize  over a certain range. A practical sensor can be formed from

most linear; in silicon this occurs between 400 and 25 K with

. Capacitance thermometers

metallic thin film

b'cﬂ?%“" ceramic coating
carbon coating
optical fiber

detector -
‘ /Iens
protective ceramic film w Ik " ﬂI - !
T nion — FIG. 8. Fiber optic temperature probe for a thin
liah shield film blackbody sensotAccufiber/Luxtron Inc. or a
cove g ° ] Fabry—Peot interferometric encapsulated sensor.
resonant film /'
optical detector
beam splitter namrow band filler P
fiber’
pedestal
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encapsulated samples of the matefwth a capacitance of a a small thermometer and Hewlett Packard has produced a
few nanofaradsand lead wires to a bridge circuit energized commercial quartz thermometénodel 2804 A.

at approximately 100 V. Capacitance thermometers provide

gOOd SenSitiVity beIOW 100 K but the Output Voltage becomeq_ Paramagnetic and nuclear magnetic resonance
irreproducible after thermal cycling, so calibration againstthermometry

another type of sensor is often necessary. Capacitance ther-

mometers do however exhibit virtually no magnetic field de- . . ! o
s the ratio of magnetization to the applied magnetic field,

pendency. They are thus useful as control devices in high> "™ v with t ‘ defined b
magnetic fields where other types of device may fail or pro_varles inversely with temperature as detined by

For many materials the magnetic susceptibility, defined

duce erroneous signd&The permittivity—temperature char- C

acteristics have been studied for a variety of matefai¥’ X=7 ©)
Commercial devices are available from Lake Shore Cryoton- i . . .

ics Inc. where x is the susceptibilityC is the so-called Curie con-

stant, andr is the absolute temperature. The procedure used
in paramagnetic thermometry involves placing an appropri-
G. Noise thermometry ate sample of material, which is in close thermal contact with
the medium of interest, between the coils of a mutual induc-

The fundamental principle exploited in noise thermom- brid A Hartsh wal induct brid
etry is the random voltage generated by Brownian motion ofance bri 9e. arﬁo orn mutual Inductance bridge was
used by Duriewet al.~" More recently a ratio-transformer

conduction electron® The method, the measurement of =~ >~ Y
rsion has been utilizéd! The sample must be a paramag-

the mean square Johnson noise voltage across a resistor, ré{ﬁ-

resents one of the few practical alternatives to gas thermonﬂﬁt'C r.natenJ?hI ISUCh as .cerlcl:JI\r;Amagnesmm nitre@IN),
etry for the precise determination of thermodynamic tem-cromic methy ammoniunt ), Or manganous ammo-

perature. The sophistication required for the instrumentation'!™M sulfate MAS). CMN is the most common and is useful

to do this has limited the technique to mostly standards labodt temperatures up to 4.2 K and in particular for the measure-

3 4
ratory applications. This is in part due to the small value ofment of *He and 'I'l% temperaturesisee e.g., Refs. 112-
noise voltagesfor T=1 K, 7 uV across a bandwidth of2 115. Klemmeet al.*° reported on the development of new
MHz, with R=1 MQ)® f;\nd also the need to eliminate or materials, PdMn and PdFe, that allow high resolution mea-

compensate for other types of noise. Except at low temperas-urements in the range 1.5-3 K with application to measure-

tures the accuracy obtained from noise thermometry does n ents in outer space. The reproducipility of this mgthod can
match that from other, often easier, methods such as thec better than 0.5 mK below 50 K with an uncertainty of 1
RTD. mK in the range of 18—54 K’ The overall uncertainty also

In principle the temperature range of application of noisedepends on t_he bridge circuitry and the stability and accuracy
thermometry is wide, from a few mK to over 1500°C. The O (€ associated constants. Cétasas demonstrated this
type of circuitry used depends on the temperature range ar{HethOd for measuring temperatures up to 90 K.
was reviewed by Kampéf?! by Blalock and Shepartf? and
by White et al1°® For low temperature measurements, at lesd!l- SEMIINVASIVE TEMPERATURE MEASUREMENT
than 1 K, two types of absolute noise thermometers havd ECHNIQUES

proved useful according to Souletal !> Both measure the Some temperature measurement scenarios permit the ap-
noise voltage generated by a resistor using a superconductifjcation of a temperature sensitive material to a surface. The
quantum interference devi¢8QUID). In one type the resis- yariations in optical properties of the surface coating can
tor is inductively coupled to the SQUID. In the other, a re-then be observed remotely. These surface coating methods
sistive SQUID(RSQUID), the resistor is connected directly gre classed as semi-invasive here since the technique in-
across a Josephson junctitwo superconductors separated yolves modification of the component of interest and there-
by a thin insulating layer Menkel et al'® reported on fore some disturbance to the temperature field. A number of
the use of a RSQUID device for temperatures up to 4.2 Kheat sensitive materials exist, including thermochromic lig-

Macfarlaneet al'°® have for the range of 10-50 K. uid crystals, heat sensitive crystalline solids and paints, and
Above 273.15 K there are two options. The first com-thermographic phosphors.

pares the measured open-circuit Johnson noise voltaige o
the unknown temperaturecross a sensing resistor to that of A Thermochromic liquid crystals
a reference resistor. In the second, the temperature is ob- Liquid crystals have proved useful for experimental in-
tained by measuring the open-circuit Johnson noise voltaggestigations and medical applications where the range of
and the short circuit Johnson noise curréfit. temperature variation of interest is limited. Liquid crystals
are substances with a molecular structure intermediate be-
tween that of a crystalline solid and an isotropic liquid. They
possess some of the mechanical properties of liquid and the
The phenomenon utilized in quartz thermometers is theptical properties of crystalline solids. Of particular rel-
highly reproducible variation of the natural vibration fre- evance to heat transfer studies are the cholesterichiral
quency of piezoelectric quartz sampl85. Agatsuma nematid liquid crystals, which are optically active since they
et al1%81%have reported the packaging of a YS cut crystal inreact to changes in temperature and shear stress by reversible

H. Quartz thermometers
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changes of color. These cholesteric crystals are popularly 1E+09 1 VSRR
called thermochromic liquid crystals. Due to their organic E 1E+08 o siblé specirum
nature, they degrade when exposed to ultravilat) light &= 1.+07 1 5800K LI ¢ AmaxT=2898um K

and are prone to chemical contamination. The practical solu-; 1.E406 "~‘ N

tion to this problem, one adopted by manufacturers, is 105 g0 / /’\T\\\‘\

encapsulate the crystals in polymer spheres. The encapsu-ﬁ: 108 / / /1000K ~ \\\g&

lated thermochromic liquid crystals are commercially avail- @ 1 E403 4000K |/ /f/*:lt:\‘\

able in the form of a water-based slurry that can be paintec§ " [1 1/ /4 UL

or applied with an airbrush to the surface of interest. g ! /8°°K L \§§\
The observed color of a liquid crystal is a function of § &' '7L2°°?K } | TN

several variables including the orientation of the crystals, the § £+ / / 300K Ve N ‘KQ\

spectral nature of the light illuminating the surface, and the g 1.E01 / / / / 100K \\:\

spectral response of the sensing device. The molecular ori § 1.E02 / /| \,;__:

entation of thermochromic liquid crystals is altered by tem- & 1.3 200K 50K n

perature and manifests itself in a variation of the spectral  1gos [ /11111 I/ 1|

reflectivity. The colors can be recorded by means of a video
camera and can be stored in terms of the primary colors: red
green, and bludRGB). The frames can later be digitally Wavelength, A(um)
analyzed using a computer and frame grabber and the data
converted from RGB to values of hue, saturation, and inten-

sity (HSI). Comparison of the hue values with calibration ) ) ]
results gives the surface temperature for each pixel locatiorf@ints are available for continuous operation at temperatures

Descriptions of thermochromic liquid crystal techniquas- ~ ffom 120 to 400 °C or discontinuous use from 40 to 1350 °C.

plication, calibration, the recording and measuring systems! N€ accuracy is approximately5 °C.

and the an?llgs)shave been gi;/éan by Camti by Hippen-

steeleet al,™ and by Baught: . IV. NONINVASIVE TEMPERATURE MEASUREMENT

The data reduction technique for thermochromic l'qu'dTECHNIQUES

crystals was detailed by Irelaret al 1?1122 The rate of ther-

mal response of crystals, which is dependent of their viscos- Invasive or contact instrumentation must be capable of

ity, can be of the order of 5 ms to secortd$The accuracy survival at the temperature concerned. In high temperature or

of liquid crystals is the subject of debate; an accuracy ofthemically reactive applications such as flames or plasmas,

+1 °C for the range of~-40-283 °C is quoted by Michalski invasive instrumentation can degrade with time; above the

et al® material limits, it can disintegrate completely. Noninvasive
methods are not bound by this constraint. In addition nonin-
vasive instrumentation can be useful in determining the tem-

B. Thermographic phosphors perature of moving components without the need for telem-

etry or slip-ring systems. Both temperature measurements at

Thermographic phosphors can be used to indicate temmy joint anq the variation over a region, by scanning, can be
peratures from cryogenic levels to 2000°C. The technique, ;e - Most noninvasive technigues measure temperature
exploits the thermal depe”d‘?ﬂce of phosphor ﬂuorescencrgom the electromagnetic spectrum. Infrared devices are sen-
and generally involves depositing a thermogrgphm phOSp,ho§itive to that part of the spectrum. Optical techniques such as
such as ¥Os:Eu ona surface ar_1d obser.vmg it remotely V12 apsorption and emission spectroscopy, scattering and lumi-
an pptlcal detection system. This technique can offer seNnShescence, according to Galleey al,?’ are sensitive in the
tivities of 0.05°C and an accuracy of 0.1%-5% of the Cel'visible region mostly because lasers are used as part of the

Slus temperature readinf: One of the merits of this tech- v g10m One notable exception is acoustic temperature mea-
nique is its independence of emissivity. The feasibility of

0.10

Q
e
-

10.00
100.00

FIG. 9. Planck’s distribution.

1125 c}ng a laser, high quality optics, and specialized data acquisi-

has been demonstrated by Tolgha tion equipment.

A. Infrared thermography

C. Heat sensitive paints Temperature measurement systems based on monitoring

If an application merely requires an indication of the thermal radiation in the infrared spectrum are useful for
maximum temperature attained, then the use of nonreversiblaonitoring temperatures in the ranges from 50 to 6000 K.
heat sensitive crystalline solids may be suitd8feAt a par-  An infrared measurement system comprises the source or
ticular temperature these melt. They are commercially availtarget, the environment, the medium through which the radi-
able in a variety of forms including crayons, pellets, andant energy is transmitted, usually a gas, and the measurement
paints and have been used for indicating temperatures on gdsvice. The measurement device may include an optical sys-
turbine blades and in rocket motors for several decadedem, a detector, and a control and analysis system.
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All matter emits radiant energy or thermal radiation as alABLE IV. Commonly used infrared detector materials.
consequence of its absolute temperature. The known elec”%aterial
magnetic spectrum extends from gamma rays with wave-
lengths of the order 10?m, x rays, ultraviolet, visible light, ~ Al20s 0.2-5 Michalskiet al. (Ref. 43
and infrared to microwaves and radio waves with wave- €2k 0.13-9.5 Hackfortf{Ref. 129

Wave bandum) Source

. e 1-12 Michalsket al. (Ref. 43
Iength; of hundreds of meters. The portion c_)f the spectrum |, 1-3.8 http:/Awww.egginc.com
extending from approximately 0.1 to 1@0n which includes InSb 1-55 http://www.vigo.com
a portion of the UV, the visible, and the infrared spectrum, is KBr 0.2-32 Hackforth(Ref. 129
given the term thermal radiation. Within this band only KCl 0.21-25 Hackforth(Ref. 129
0.7-20um is used in most temperature measurements be- 2S¢ 2-5 htp:/fwww.rmtitd. ru
the devices available are not sensitive enough beyon 1 0-2-4 Michalsidet al. (Ref. 43
cause gn beyontq, 0.4-5.2 HackfortH(Ref. 129

about 20um. zZns 8-12 http://www.mortoncvd.com
The variation of thermal radiative power with wave-

length for a blackbody is given by Planck’s distribution, Eq.

(10), and is illustrated in Fig. 9 for blackbody temperaturesinfrared. Thermal detectors offer wide spectral response by
between 50 and 6000 K. detecting the emitted radiation across the whole spectrum at
2 he2 the expense of sensitivity and response speed. For higher
E. .= w/m3). 10 temperatures, devices with a narrower spectral bandwidth are
e )\S[exp(hc/)\kT)—l]( : (0 more suitable.
The fraction of blackbody emission in a spectral band ~ Bolometers are thermal detectors in which the incident

between\; and\, is given by thermal radiation produces a change in temperature of a re-
sistance temperature device, which may be a RTD or a ther-

fngmdx—fglEmd)\ mistor. Bolometers can however be comparatively slow with
oT? - (11 time constants of 10-100 ms. An alternative to the use of a

resistance temperature device in a thermal detector is to use a

Equation(11) is useful in determining the proportion of thermopile. A thermopile consists of a number of series-
blackbody emission between two wavelengths. This informaeonnected thermocouples arranged such that the local heat
tion can then be used to determine whether a particular ddtlux generates a temperature difference between each pair of
tector has an appropriate spectral sensitivity and whether thlaermocouple junctions. In an infrared thermal detector, the
optical path transmits this radiation. Radiation detectors cathermopile is arranged so that half of the junctions are main-
be broadly grouped into three categories: disappearing filaained at a constant temperature by being in contact with a
ment optical pyrometers, thermal detectors, and photon atomponent with relatively large thermal inertia. The radiant
guantum detectors. energy heats the other junctions, generating a thermoelectric

The disappearing filament optical pyrometer is similar toemf.
a refracting telescope, the difference being that an electri- Pyroelectric detectors are manufactured using crystal
cally heated tungsten filament is placed in the focal plane ofvafers such as triglycerine sulfate or lithium tantalate, which
the objective lens and a red filter is located between the lamproduce surface electric charges when heated. The electrical
and the eyepiec¥® The pyrometer is sighted on the target signal corresponds to the removal of charge by conducting
and the image is formed in the same plane as the lamp filaelectrons deposited on the crystal. A change in the tempera-
ment. The magnified image of the lamp filament is superimture of the crystal due to the absorption of radiation in a
posed on the target. By adjusting the current through theertain time period produces a change in the polarization
filament, its luminance or brightness can be matched to thatharge. The detector produces an electrical signal propor-
of the target. The red filter ensures that the image is nearltional to the rate of change of charge and therefore cannot be
monochromatic so no color difference is observed and th@sed to measure a continuous heat flux. However, addition of
image appears to disappear against the target. By viewing @ mechanical chopper system allows steady state flexibility
blackbody at known temperatures calibration of the devicewith the chopper being used to interrupt the radiation from a
can be obtained. The accuracy of commercial devices can liarget at a fixed frequency. Types include blackened and mir-
+1°C at 775°C and=5°C at 1225°C. For temperatures ror choppers. Pyroelectric detectors have a wide spectral re-
above 1300-1400 °C, a gray absorbing filter may be placedponse similar to bolometers and thermopiles but have a
between the lamp and the objective lens to extend the rangéaster response time. The accuracy of these devices is good,

Thermal detectors convert the absorbed electromagnetiaf the order of 0.2% over the temperature range.
radiation into heat energy, causing the detector temperature Quantum, photon, or photoelectric detectors measure the
to rise. This can be sensed by its effects on certain physicalirect excitation of electrons to conduction states by incident
properties, such as electrical resistance used by bolometegghotons. Types of quantum detector include photoemissive,
thermoelectric emf, used by thermocouple and thermopil@hotoconductive, and photovoltaic. Photon detectors respond
detectors, and electrical polarization used by pyroelectric deto individual photons by releasing or displacing electrical
tectors. The principal application of thermal detectors is forcharge carriers by the photoelectric efféeacuum photo-
measurement of low temperatures where there is limited reeells, photomultipliers photoconductive effect, photovoltaic
diant flux and the peak of the Planck curve is well into theeffect, or photoelectromagnetic effect. Photon detectors have
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gas or monochromatic
lens flame light source
background camera <é> lens
source .
lens splltt&;te .
knife ) mirror
i
FIG. 10. Schlieren method for determining gas temperature.
A1

much higher spectral detectivities than thermal detectors and mirror : } : splitter
have faster response. Quantum detectors are not perfect how- 7 rJ plate
ever because some of the incident photons are not absorbed ?.Zf,,‘; .
or are lost and some excited electrons return to the ground screen
state. FIG. 11. Interferometry technique for gas temperature measurement.

As listed in Table 1V, there are infrared detectors that are

sensitive across the range of the thermal radiation spectrurand detected by the thermometer, uncertainty of the target
The sensitivity of a detector decreases with the area thamissivity, and errors caused by the thermometer itself. In
receives photons. In addition the sensitivity of photon detecorder to reduce the effect of uncertainty in the emissivity on

tors varies with wavelength. As indicated in Fig. 9, at a giventhe temperature measurement, a narrow bandwidth is
temperature the majority of the radiation emitted from adesirablet34

body occurs across a finite band of wavelength. Depending o
on the temperature range to be observed the detector and the Refractive index methods

spectral characteristics of the optics can be chosen so that |n compressible flows the density varies with velocity
their sensitivity matches this. The required spectral range ofyfficiently to give measurable results in the variation of the
a detector dictates the type of material to be used. Quantumfractive index, and the temperature can be inferred from
detectors are more spectrally selective, more sensitive, andlis. For incompressible flows, such as free convection,
faster than thermal detectof¥. %2 where the velocity is relatively low, the density and hence
Thermography or thermal imaging involves determiningrefractive index are directly related to temperature. Methods
the spatial distribution of thermal energy emitted from thefor observing this density variation include schlieren, shad-
surface of an object. This technique allows mapping of theswgraph, and interferometry techniques. In these methods,
temperature distribution and can be used in conjunction Wiﬂl‘ight and dark patterns are formed by the bending of light as
software analysis to provide quantitative information. Ther-jt passes through a region of varying density.
mographic teChniqueS are used in the detection of bOdy tem- A typ|ca| arrangement for schlieren photography is illus-
peratures, satellite imaging, and in automatic guidance Sygrated in Fig. 10. Here a light source such as an arc lamp is
tems. One commercial systefavailable from Infratechhas  focused onto one edge of a wide slit and through the gas or
a range of-30-2000 °C with a sensitivity of 0.05°C and an flame normal to the plane of flow. A camera behind a second
accuracy of=0.5% of the full range, although the accuracy knife edge is focused onto the test object and can record
can be improved with detailed knowledge of the target andjeviation of the light due to changes in the refractive
environment emissivities. index!3%13¢ The range of measurement is approximately
The principal criteria to be considered in the selection offrom 0 to 2000 °C, with a sensitivity of the order of 0.1°C
an individual infrared temperature measurement system ingnd an accuracy of 10% of the range. Tomographic or tem-
clude the temperature range, atmospheric conditions, spectrgérature mapping utilizing schlieren methods has been re-
sensitivity range, optical signal strength, desired signal Ievelported by SchwarZ®’ In the shadowgraph method, the linear
maximum acceptable noise, cooling constraints, the spectrgisplacement of a perturbed light beam is observed, rather
pass band, field of view, the resolution, speed of responsghan the angular deflection as in the schlieren metfivth
stability, the reference standard, geometry, and cost accorghe interferometry technique, Fig. 11, two parallel beams of
ing to DeWitt and Nuttet** light are split and one pair is passed through the region of
Noise or random fluctuations present in detectors placghterest. The other pair follows an equivalent path but avoids
limitations on the lower limit of the temperature range andthijs test section. The splitter near the screen is used to project
affect the overall precision. The noise can be considered tghe beams onto it for optical recording. Light and dark pat-

arise from two sources: detector noise Originating in the deterns are formed as a result of phase shifts between the in-
tector itself and radiation noise due to the random variationgerference and measuring beams.

in the rate at which a heated surface emits photons. The noise
equivalent power gives an indication of the smallest amoun
of radiation that can be detected and is equal to the amoun
of incoming radiation required to produce a signal equal to A useful technique for mapping the temperature distri-
the noise. The accuracy of a radiation thermometer dependsition in flames or gases, described by Hall and BontZyk

on attenuation of the radiation between the target and thand Uchiyameet al,**° at high temperatures is absorption or

thermometer, background radiation reflected from the targedmission spectroscopy. Atoms will emit electromagnetic ra-

. Absorption and emission spectroscopy
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aperture
lens stop %afn ‘;r photodiode
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gas or lens lens
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i ; ated
FIG. 12. Line reversal technique for gas temperature measurement. dgtection lens
diation if an electron in an excited state makes a transition to photomultipler
a lower energy state. The band of wavelengths emitted from soval tube spectrometer
a particular species or substance is known as the emissior| computer — ,yerager L

spectrum. Emission spectroscopy involves measurements o
this emission spectrum and can be achieved by utilizing af!G. 13. Schematic of the usual experimental setup for the measurement of
atom cell, a light detection system, a monochromator, and mperature by scattering methodef. 154.

photomultiplier detection systefi® Conversely atoms with

electrons in their ground state can absorb electromagnetic o )
radiation at specific wavelengths; the corresponding wavelinewidth of the scattering!* Rayleigh spectra can be ob-

lengths are known as the absorption spectrum. Absorptiofined using continuous wave and pulsed lasers to excite the
spectroscopy relies on measurements of the wavelength d8ow. In Rayleigh scattering, the collected signal will typi-
pendence of the absorption of a pump source such as a tuf@lly be a factor of 10 smaller than the pump signal from
able laser due to one or more molecular transitions. In ordethe laser, making it susceptible to corruption by other pro-
to evaluate the temperature, it is necessary to fit the observésses such as Mie scattering, optical effects, and back-
spectrum to a theoretical model, which normally involvesground radiation. Also, in order to analyze the spectra, it is
prior knowledge of molecular parameters such as oscillatousually necessary to know the individual concentrations of
strength and pressure broadened linewidths. The temperatuifee species in the flow. The range and accuracy for Rayleigh
can then be calculated from the ratio of the heights of twoscattering are 20—2500°C and 1% of the Celsius reading,
spectral lines utilizing the Boltzmann distribution. The typi- respectively. Applications have included plasn{&#scom-

cal accuracy for these techniques is of the order of 15% obustor flames#* sooting flame$#® and supersonic flows®

the absolute temperature. If a molecule is promoted by incident radiation from the
ground state to a higher unstable vibrational state, it can
D. Line reversal either return to the original state, which is classified as Ray-

) . leigh scattering as discussed above, or to a different vibra-

The line reversal method, Fig. 12, can be used t0 Meg;qn5) state, which is classified as Raman scattering. This

sure the static temperature of a gas in the temperature ranggor form of scattering gives rise to Stokes lines on the
from approximately 1000 to 2800 K with an accuracy of ypqoneq spectrd? Alternatively, if a molecule is in an ex-

?ppro;]qma;elyiflls K. Applll((:attlonf] ha\{e mci;JdEd (I:(ombus— cited state, it can be promoted to a higher unstable state and
lon chambers, Tlames, Tocket exhausts, and Snock Waves. o, subsequently return to the ground state. This process is

comparison continuum of known brightness temperature i%

allowed to pass throuah the aas of interest and compare Iso classified as Raman scattering and gives rise to an anti-
: P roug 9 mp tokes line on the observed spectrum. Raman scattering in-
with the spectral line. If the temperature of the gas is less

: . volves the inelastic scattering of light from molecules. There
than the temperature of the brightness continuum, then the . o
line will appear in absorption, that is, dark against the back®'® two basic methods for determining the temperature by

: ' Raman scattering: the Stokes Raman method and the Stokes

ground. If the temperature of the test section is higher than - : )
the comparison brightness temperature, the spectral line wiLP anti-Stokes ratio method. The Stokes Raman method is

appear in emission or bright against the backgrotifid*! ased on measurements of the density of the nonreactive
The temperature of the gas can be determined by adjustir‘%DeCIeS assuming ynlform pressure and |0_Ieal gas conditions.
the temperature of the brightness continuum until a reversa he Stokes to ann_-Stokes ratio method involves measure-
of brightness occurs. ment of the scattering strengths of the Stokes to anti-Stokes
signals of the same spectral line. The temperature can then
. . be calculated utilizing the Boltzmann occupation factors for
E. Spontaneous Rayleigh and Raman scattering the lines in questioh?® This process is generally only suit-
An alternative technique for monitoring temperature inable for high combustion temperatures due to the relative
gases is the observation of spontaneous Rayleigh and Ram@gakness of the anti-Stokes sigh#l.The uncertainties in
scattering. Scattering in this context is the absorption andemperature measurement utilizing Raman spectroscopy
re-emission of electromagnetic radiation by atoms and molwere discussed by Laplaet al**° Figure 13 illustrates the
ecules. Rayleigh scattering is the elastic scattering of light bgxperimental setup for measuring temperature by scattering
molecules or very small particles less than aboutn8in  methods. The range and accuracy for Raman scattering are
size. Rayleigh scattering can be used to measure the densigpproximately 20—2230°C and 7%, respectively. Applica-
If the pressure is constant, then the temperature can be dgens have included reactive flow! flames!®? and atmo-
rived from the ideal gas law or by resolving the Doppler spheric temperature observatit.
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FIG. 14. Coherent anti-Stokes Raman scattef&g
after Ref. 164 andb) after Ref. 154.

Nd:YAG
laser | ®,
beam
™
® 1 trap .
1 ® lens lens \/ fiter
mirror\% /\\ V O I spectrometer
beam gasor lens
splitter flame beam
trap
(b)
F. Coherent anti-Stokes Raman scattering gine exhaust$! low pressure unsteady flow& and super-

Coherent anti-Stokes Raman Scatterif@ARS) in- sonic combustion’

volves irradiating a gas or flame with two collinear laser
beams, a pump beam at frequeney and a probe beam at G. Degenerative four wave mixing
w,. The temperature range of this method is from 20 to

) i i 0
2080 Cbant;j thefaccurac;_/ IS a%prommatelthrf). The PUMREARS but has three input beams. The difference is that all
and probe beam frequencies andaw, are such thai, ~w; three, and hence the output signal as well, have the same
'S _equal 0 th? V|b_rat|onal frequency of a Raman active tranfrequency. Advantages over CARS are that phase matching
S_'t'on (_)f the |rrad|ated_ molecules_, S0 th‘?‘t a hew source OLonditions are satisfied, the process is Doppler free, beam
light will be generated in the medium. This beam consists 0faberrations are lower, and signal levels are greater. The use

monochromatic plane waves superposed onto the PUM@ yhis technique for measuring flame temperatures was re-
beams with a frequency of« —w,. It is generated as the Ported by Herringet al165

result of scattering of the probe laser beam by the gas mo
ecules that are being driven synchronously and coherently by _
the pump beam. As the signal appears on the high frequendy- Laser-induced fluorescence

side of the pump, i.e., an anti-Stokes spectrum, and because | aser-induced fluorescencelF) is the optical emission

it is observable only if the molecular vibrations are Ramanfrom atoms or molecules that have been excited to higher
active, this generation mechanism is called coherent antbnergy levels by absorption of laser radiatt8h®It is used
Stokes Raman scatterind. CARS permits noninvasive local o measure concentration and local temperature in flames by
temperature measurement in gases, flames, or p|d§ﬁ138-exciting molecules and atoms in specific species, for ex-
Since temperature is related to the rotational state of the molkmple, NO, SiO, OH, N, and G. The range of application
ecules, the anti-Stokes lines increase in intensity with inof LIF is between 200 and 3000 K and the accuracy of the
creasing temperature. This is caused by photon—molecul@ethod is approximately-5% at 2000 K. The excitation
collisions in which the incoming photon captures some rotasource for molecular LIF is typically a tunable dye laser in
tional energy from the molecule and arrives at the detectothe visible spectral regiov00—900 nm Studies in the near
with higher energy and hence higher frequency. A schematigltraviolet (400—10 nm and near infrared700—-1215 nm
diagram of a CARS system is shown in Fig. 14. It uses aare becoming more common as near-infrared lasers and
Nd:YAG laser, which is split to provide a pump beam andfrequency-doubling methods improve. LIF has been applied
also to pump a dye laser to generate the second tunabkxtensively to combustion measurements in fldffemnd the
beam. More recent applications have utilized a XeCl excimetensity in an engine cylinder at different locations was mea-
laser in place of the Nd:YAG laser because the former givesured by Andreseret al’®® to infer the temperature field
increased flexibility in the laser repetition rate, which can befrom an analysis of the number and type of molecular colli-
moderated to match periodicity in the application, for ex-sions. LIF was used to analyze the liquid-phase temperature
ample, engine speed. CARS is generally suitable to highlyn diesel sprays by Megahé® A semi-invasive LIF tech-
luminous or particulate laden systems. Applications have innique for the measurement of surface temperatures by em-
cluded flamed®”1%® spark ignition engine combustion bedding crystals of a temperature sensitive phosphor into the
chambers® combustion and plasma diagnostté$jet en-  surface of a material was described by Gesal!"*

Degenerative four wave mixinOFWM) is similar to
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TABLE V. Guide to temperature measurement technique identificélidA—not availablg.

Minimum Maximum Low
temperature temperature Transient High Stability/ thermal Commercially Relative

Method (°C) (°C) Response capability Sensitivity Accuracy signal repeatability disturbance available Cost
Gas thermometer about269 700 Slow No A standard Yes Yes No No Very high
Liquid-in-glass —200 600 Slow Yes 1°C +0.02—+10 °C (ind) Yes Yes No Yes Very low
thermometer +0.01 °C(lab)
Bimetallic strip —73 540 Medium Yes *1°C Yes Yes Yes Yes Low
Thermocouple —270 2300 Very fast Yes +10 uV/°C +0.5-*+2°C No Yes Yes Yes Very low
Suction pyrometer —200 1900 Very fast Yes +5 °C of reading Yes Yes No Yes Mid to high
Electrical resistance —260 1064 Fast Yes 0.0/°C The standard above 13 K Yes Yes Yes Yes Mid to low
device
Thermistors —100 700 Fast Yes 10 mV/K +0.01-+0.05 °C Yes Yes Yes Yes Mid to low
Semiconductor devices —272 300 Very fast Yes *1% *0.1°C Yes Yes No Yes Low
Fiber optic probes —200 2000 Fast Yes 10 mv/°C 0.5°C Yes Yes Yes Yes Mid to high
Capacitance —272 —170 Fast Yes Good Poor Yes No Yes Yes Mid
Noise —273 1500 Fast Yes Good Good No Yes Yes No High
Chemical sampling 5 2100 Slow No *25 K No Yes No Yes Mid
Thermochromic liquid —40 283 Medium Yes +0.1°C +1°C Yes Yes Yes Low to Mid
crystals
Thermographic —250 2000 Very fast Yes ~0.05 °C 0.1%-5% Yes Yes Yes Yes High
phosphors
Heat sensitive paints 300 1300 Slow No *5°C Yes Yes Yes Yes Mid
Infrared thermometer —40 2000 Very fast Yes ~0.1°C +2°C Yes Yes Yes Yes Very high
Two color 150 2500 Very fast Yes 1°C/mV +1%(*+10 °C Yes Yes Yes No Very high
Line scanner 100 1300 Very fast Yes +2°C Yes Yes Yes Yes Very high
Schlieren 0 2000 Fast Yes N/A N/A Visual Yes Yes Yes Mid
Shadowgraph 0 2000 Fast Yes N/A N/A Visual Yes Yes Yes Mid
Interferometry 0 2000 Fast Yes N/A N/A Yes Yes Yes Yes High
Line reversal 727 2527 Very fast No Line of sight avg. +10-15 K Yes Low
Absorption 20 2500 Very fast No Line of sight avg 15% Yes Yes Yes Yes Low
spectroscopy
Emission spectroscopy 20 2700 Very fast Yes Line of sight avg. 15% Yes Yes Yes Yes Low
Rayleigh scattering 20 2500 Very fast No 0.1 fhim 100 °C 1% Yes Yes Yes No Very high
Raman scattering 20 2227 Very fast No 0.1 #im100 °C 7% Yes Yes Yes No Very high
CARS 20 2000 fast 1 mnin 50 °C 5% Yes at atm Yes Yes Very high
Degenerative four 270 2600 Very fast Yes 1 mirin 50 °C 10% Yes at atm Yes No Very very high
wave mixing
Luminescence 20 200 fast Yes 1.5 nm in 200 °C +5°C Yes Yes Yes No High
LIF 0 2700 Very fast No 10% Yes Yes Yes No Very high
Speckle methods 27 2100 Very fast No 6% Yes Yes Yes No Very high
Acoustic —269 2000 Very fast Yes e 4% Yes Yes Yes No High
thermography

|. Speckle methods is =0.15% of full scale. The use of this method was analyzed

; 3 o
Speckle photography has been used for gas temperatupé( Shakher and Nirafd’ for a flame up to 1200 °C. A thor-

measurements and provides a line of sight average temper&l-Jgh review of speckle photagraphy and its application is

ture gradient in any direction. Two sheared images of th@!Ven by Erf."
object are superimposed to produce an interference pattern
using a diffractive optical element as a shearing device. Wittj]
such a device, it is possible to split light beams into different™
sets of subbeams. The range of application is from 20 to  Acoustic thermograpHy>~*"" can be used to measure
2100 °C and the accuracy is approximately 6% of the Celsiughe temperature of a fluid or solid surface. The technique has
reading. The speckle method was used by Farrell antfaditionally been used at low temperatures, 2.5-30 K, but
Hofeldt2to examine a cylindrical propane flame at gas tem-can be used at up to 1000 °C. For gases, the method is based
peratures up to 2000 °C. on the thermodynamic relationship between the speed of
Speckle shearing interferometry can be used to calculatsound and the static temperature of a gas:\yRT. In
the entire thermal field of a gaseous flame. This provides therinciple gas temperatures can be determined by the mea-
line of sight average temperature gradient in the directiorsurement of the transit time of a sound signal between a pair
normal to a line connecting the two apertures of the imagingf acoustic transducers at a known separation distance.
system. The contours seen are at a constant temperature gra- In general the two techniques used for measurement in
dient in one direction only. The temperature range of applithe three media, gas, liquid, and solid, are introducing a sen-
cation is from 0 to 1200 °C and the accuracy level achievedor into the medium to be measured and using the medium

Acoustic thermography
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