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Th

FOREWORD

Scope of the work of Technical Committee No. 19 on Instruments and Apparatusis to describe

thg various types of instruments and methods of measurement likely to be prescribed in any of the
ASME Performance Test Codes. Such details as the limits and sources of error;' method of calibra-

tio

ifi

, precautions, etc., as will determine their range of application are given:
Only the methods of measurement and instruments, including instrugtions for their use, spec-
ed in the individual test codes are mandatory. Other methods of(measurement and instruments,

that may be treated in the Supplements on Instruments and Apparatus, shall not be used unless
agteeable to all the parties to the test.

an

This Supplement on Instruments and Apparatus, Part 3on)Temperature Measurement, replaces
older one published during the period from 1952-1961, Since that time the technology of tem-

perature measurement has so changed and broadened thatthe earlier material has become obsolete.

Th

mo

s necessitated a complete revision on the Supplément resulting in the currently expanded and
re comprehensive document.
In accordance with the established policy~of the American Society of Mechanical Engineers

concerning the inclusion of metric (SI or.International System) units in all ASME publications,

thi

to

document includes an Appendix of dppropriate conversion factors which will enable the user
tilize both systems. These conversions are listed in the Appendix as they first appear through-

ouf the Supplement. Extensive usetwas made of the ‘‘ASME Orientation and Guide for Use of Metric

Un

ts, Third Edition” and The~ASTM Metric Practice Guide E380-92.”" These two publications

shquld be consulted for additional material concerning conversions from the US system to SI units.

wa

Sta

This Edition was apptoved by the Performance Test Codes Committee on July 12, 1973. It
5 approved and adopted by the Council of the Society by action of the Board on Codes and
ndards on May 29;.1974.

it
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ASME Performance Test Codes
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Temperature Measurement
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GENERAL: cope

S¢ope ;

Igtroduction ... 1 The purpose of this chapter is to present a sym-
;II:JES R%I&%?-j[%i: SCALES — g mary discussion of temperature measurement as re-
ACCESSORIES: lated to Performance Test Code work with particglar

lls " ; 28 emphasis on basic sources of error and means for
lNS AirLA(':I(‘:Iec)Sﬁol'les ............................................... 21 coping With them,
SOURCES OF ERROR:
troduction .cciiriisnsiensennns 25 Introduction
duction Error 26

Radiation Error sesssssnansmse snses 27 2 Measurement of temperature is generally con-

}1::; d;;:':if:'ﬂa;a:;:; E‘:’;;if;flty ....... gg sidered to be one of the simplest and most accurate

Heat Transfer at High Velocity 31 measurements performed in engineering. This is de-

Gradient Efror .oceunsmmimiussssermmencssessees 3‘6‘ cidedly a misconception. Accurate temperature
Cog{:nﬂ]nslfo%gor 38 measurement under some conditions is impossible
REFERENCES ..covvicenretsnrnsssummsanmsansssssssssossossonssssans 39 with our present knowledge. Under many of the con-

5l100U0dUN “panwLad S| UoRNGLISIP 10 UoNANPOoIdal JaUYLN) ON "I9S ANISISAIUN PIOJURIS AQ 0T0Z-S0-190 UO Papeojumop ‘(LI0919911SYd8]) MMM) JIIUSIIS UOSWOYL AQ ANISISAIUN PIOJUBIS O} Pasuadl| eusrew pajybuido)


https://asmenormdoc.com/api2/?name=ASME PTC 19.3 1974.pdf

ASME PERFORMANCE TEST CODES

ditions met in Performance Test Code work, the de-
sired accuracy in the measurement of temperature
can be obtained only by observance of suitable pre-
cautions in the selection, installation and use of
temperature measuring instruments; and in the proper
interpretation of the results obtained with them. In
some cases an arbitrarily standardized method is
prescribed in the Performance Test Codes which is
to-be_followed-in-makinetemperaty

nder such conditions.

3 Some of the instruments available for tempera-
re measurement are capable of indicating tempera-
tpre to a closer degree of accuracy than is required
some of the tests considered in the Performance
[est Codes. The difficulty in obtaining accurate
temperature measurements with such instruments is
encountered in installation or use of the temperature
easuring instruments. Specific directions and pre-
cputions in usage of the instruments are given in
shbsequent chapters for each of the various types of
mperature measuring instruments.

TEMPERATURE SCALES

4 There are in general use two temperature scales
nown as the Fahrenheit and the Celsius (centi-
ade) temperature scales. A detailed discussion
f these and other scales is given in Chapter 9.
In the Fahrenheit scale, the interval between
the boiling and freezing points of water at stand-
d atmospheric pressure is divided into 180 ¢/qual
parts; the boiling point is marked 212, and the
freezing point is marked 32. In the Celsius scale,
the interval between the same fixed points is di-
vided into 100 equal parts; the boiling point is
nFrrked 100, and the freezing(point is marked 0.
ch of the 180 or 100 divisions in the respective
bales is called a degree. The reading for a given
tgmperature on one scale may be converted to the
corresponding reading’on the other scale by use
of the following formulas:

F=9/5C+32

C.&5/9 (F - 32)
where-F.=reading in deg Fahrenheit
€ = reading in deg Celsius.

o x

=]

14

INSTRUMENTS

5 The following types of instruments are available
for use under appropriate conditions. The chapter
numbers refer to chapters in the ASME Performance
Test Codes, Supplement on Instruments and Appara-
tus, Part 3, Temperature Measurement.

(a) Radiation Thermometers (Chapter 2) are tem-
perature pasuringinstruments—in hich intensity
of the radiation emitted from a body is used:ps a
measure of the temperature of the body¢They con-
sist of an optical system, used to intercept and con-
centrate a definite portion of the-energy radiated
from a body whose temperaturelis-being meagured; a
temperature sensitive element; usually a thermo-
couple or a thermopile; and‘a measuring device,

such as an electromotiye‘force measuring instru-
ment.

(b) A Thermocouple Thermometer (Chapter|3) is a
temperature measuring system comprising a {empera-
ture sensing-element called a thermocouple which
produces\an electromotive force {(emf), a devjice for
sensing €mf which includes a printed scale for
converting emf to equivalent temperature units, and
electrical conductors for operatively connecting the

two. (See Fig. 3.1A.)

(¢) Resistance Thermometers (Chapter 4) dre tem-
perature measuring instruments in which the electri-
cal resistance is used as a means of tempergture
measurement. They consist of a sensing element
called a resistor, a resistance measuring instrument,
and electrical conductors for operatively conpecting
the two.

(d) Liquid-In-Glass Thermometers (Chapter 5) are
temperature measuring instruments in which the dif-
ferential expansion of a liquid in a closed glass sys-
tem is used as a means of temperature measurement.
They consist of a thin-walled glass bulb attached to
a glass capillary stem closed at the opposite end,
with the bulb and a portion of the stem filled|with an
expansive liquid.

(e) Filled System Thermometers (Chapter 6)) are
temperature measuring instruments in which the
change in volume of a liquid, a change in prelssure

CONVERSION FACTORS

Tables for converting temperature readings from
one scale to another are given in the Appendix.*

*Whenever U.S. Customary units are used in this sup-
pliment the SI equivalent may be calculated by using
the conversion factors listed in the Appendix.

of a gas, or the change in vapor pressure of a vola-
tile liquid is used as a means of temperature meas-
urement. They consist of an all metal assembly
comprised of a bulb, capillary tube and Bourdon
tube, provided with a temperature responsive fill.

(f) Optical Pyrometers (Chapter 7) are tempera-
ture measuring instruments in which the brightness
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INSTRUMENTS AND APPARATUS

of radiation in a very narrow band of wavelengths
emitted by a source, the temperature of which is to
be measured photometrically matched against the
brightness of a calibrated source, is used as a
means of temperature measurement, They consist
of a telescope, a calibrated lamp, a filter to pro-
vide for viewing nearly monochromatic radiation, a
readout device, and usually an absorption glass
filter.

ACCESSORIES

Wells*

8 Introduction. In many temperature measurements
in Performance Test Code work the sensitive ele-
ment cannot be placed directly into the medium
whose temperature is to be measured. In such cases
a well may be used, which by definition is a pres-

(g) Bimetallic Thermometers (Chapter 8) are
temperature measuring instruments in which the
differeptial expansion of two metals is used as a
means [of temperature measurement. They consist of
an indicating or recording device, a sensing element
called |a bimetallic thermometer bulb, and a means
for opefratively connecting the two.

e above instruments are those which are
recommended for ASME Performance Test Code
work for the measurement of temperature when used
under gppropriate conditions,

7 Thle recommended ranges of use for these tem-
peraturle measuring instruments when properly in-
stalled are indicated in Table 1.1:

TABLE 1.1 RECOMMENDED TEMPERATURE RANGES

Chapter Ronge of Use,
Type ?:g. eg F
(a) R4gdiation ther- Ambient-and
ometers 2 above
(b) Thermocouple
thermometers 3 =300 to +4500
(c) Resistance
ermometers 4 =450 to +1950
(d) Liguid-in-Glass
ermometers 5 -328 to +1110
(e) Filled System
thermometers 6 —400 to +1200
(f) Optical
rometers 7 Above 1300
 (g) Bimetallic
érmometers 8 -200 to + 800

ture sensing element and provided with external
threads or other means for tight pressure attachmept
to a vessel [1].**

9 Thermometer wells are used in méasuring the
temperature of a moving fluid in a-conduit, where
the stream exerts an appreciablé force. For veloc
ties of 300 fps or less, taperéd thermometer wells
of the design shown in Fig./1.1, and of dimensionL
given in Table 1.3, shall:be used. For velocities jn
excess of 300 fps, afixed beam type thermometer
well is recommended [7].

g st e 1
P ey it gl DESIGN DETAILLS
(::_‘ o~ _z,}./ OPTIONAL
355 B it 20 METHOD OF ATTACHMENT
K ommv, A IN ACCORDANCE WITH
7,00 | vl ASME CODES, MAY BE
YA WELDED OR THREADED.
L] “
it A
>>: ~/’.4 Y.B oot

TRANSITION FROM
WELL TO ATTACHMENT
SECTION SHALL AVOID
STRESS _RAISING
DISCONTINUITIES

TIP DESIGN MAY BE
ALTERED FOR INCREASED
THERMAL RESPONSE

PROVIDED THAT
. DIMENSION"d"iS
NOT EXCEEDED.

F1G. 1.1 PERFORMANCE TEST CODE |

*At the time of the current revision, ASME Ad Hoc
Committee PB 51 is writing a new standard for thermo-
wells,

**Numbers in brackets designate References at end
of chapter, thus fl‘j .

THERMOMETER WELLS

10 Attachment to the vessel may be made in any
manner approved by the ASME Boiler and Pressure
Vessel or Piping Codes. Any material approved by
these Codes for the intended service may be used.
Where materials are specified for the purposes of
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illustrating the example, no inference is intended where

that these materials are preferred. f
» = natural frequency of the well at use tem-

perature, cycles per sec
= length of well as given in Fig. 1.1, in.
= modulus of elasticity of well material at
use temperature, psi
= specific weight of well material at use
temperature, lb per cu in.
Kf = a constant obtained from 1abie 1.4

11 For the experimental and theoretical bases of
the design procedure set forth herein, Ref. [2] should
be consulted.

by o~

12 Strength Versus Measurement. Those factors
required to produce adequate well strength tend to 14
reduce the accuracy and response of the temperature
neasurement, as shown in Table 1.2 below.

13 Table 1.2 is not all inclusive, but indicates The wake or Strouhal frequency is given by:
hat thermometer.well design methods must care- 1%
ully balance these factors so that accuracy is com- fw= 2.64 5= (2)
bromised a minimum when using a well of adequate where
strength.

fo = wake fre 1
. . . w = quency,cycles per sec
14 Design Procedure. The purpose of this design V- fluid velocity, Ips

procedure is to enable the user to determine if a . § . .
! . to en . . . B = diameter at'tip’(Fig. 1.1), in.
well selected for thermometry considerations is

strong enough to withstand specific application con- The ratio of Wake to natural frequency (f V/f)
litions of temperature, pressure, velocit?f and vibra- shall not exceed 0.8, and when this condition is
fion. Well failures are caused by forces 1mpos.ed by met, theMagnification Factor, relationship pf dy-
itatic pressure, steady state flow, and vibration, namie to)static amplitude is given by:
$eparate evaluations of each of the above effects

should be made in order to determine the limiting F (fuw/fa)? r2 (
tondition. This design procedure does not allow for M=1= ifw/[n)z = 1-rz 3)
effects due to corrosion or erosion. For r £0.8
15 The natural frequency of a well designed in where
a.ccord'anc-e with Fig. 1.1 and of the dimensions F,, = magnification factor, dimensionldss
biven in Table 1.3 is given by the following equa- r = frequency ratio, (f,,/f,), dimensignless
ron? 16 Stress Analysis. The maximum pressufe that
f. = Ef £ 1) a thermometer well can withstand for a given mate-
=
Lz 4 rial at a given temperature shall be computed from

TABLE 1,2'FACTORS THAT INFLUENCE STRENGTH AND MEASUREMENT

Factor Ideal for Measurement Ideal for Strength
Length Long Short
Conductivity errors reduced. Active por- Impingement force reduced.
tion of thermometer must be in flow Higher natural frequency.
stream.
Thickness : Thin Thick
RedUCEd CUU&I'ICU.VI.IY Toss: Gwatcr-mome-n-t—of—meﬂ-la—l-ees—stfef' i > 3S.
F'aster response, Higher natural frequency.
Mass
Velocity High Low
Increased heat transfer. Reduces impingement forces. Lower
Faster response. Karman trail vortex frequency.
4
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INSTRUMENTS AND APPARATUS

the following:
P-K,S (@)

P = maximum allowable static gage pressure,
psi

S = allowable stress for material at operating
temperature as given in the ASME Boiler
and Pressure Vessel or Piping Codes, psi

TABLE 1.5 VALUES OF STRESS CONSTANTS

Nominal Size of Sensing Element
Stress

Constant 1/4 3/8 9/16 11/16 7/8

K, 0.412 0.334  0.223 0.202 0.155
K2 37.5 42.3 46.8 48.7 50.1
Ks 0.116 0.205  0.389 0.548 0.864

K, =g Tobhle1 L
‘ = LT RAVIC 1

TABLE 1,3 WELL DIMENSIONS, IN IN.

Nominal Size of Sensing Element
Dimensig

3

1/4 3/8 9/16 1116 7/8

A (minimpm)  13/16 15/16 1-1/8 1-1/4 1-7/16
B(mini;':ﬁm) 5/8 3/4 15/16  1-1/16 1-1/4
d (minimpm)  0.254 0.379 0.566 0.691  0.879
d (maxinum) 0.262 0.387 0.575 0.700  0.888

TABLE 1.4 VALUES OF K¢

Well Lergth Nominal Size of Sensing Element
Ly ln 174 [ 38 [ 916 [ 116 | 18
2-1/2 2.06 2,42 2,97 3.32 3.84
4-1/2 2.07 2.45 3.01 3.39 3.96
7-1/2 2.08 2.46 3.05 3.44 4.03
10-1/2 2.09 2.47 3.06 3.46 4.06
16 2.09 2.47 3.07 3.47 4,08
24 2.09 2.47 3.07 3.48 4,09

17 Thie maximum length that a thermometerwell
can be made for a given service is dependent upon
both vibratory and steady state stregsi The neces-
sity for keeping the frequency ratio at 0.8 or less
imposes| one limitation on maxifmum length, The

Soldtion:

Stepl 1-Obtain the)necessary data as follows:

other limitation is one of steady state stress con*
siderations, as given by the following equation;

L max = 'K_Vz V 0(" f__K_a'—'P 0) (5)

+ FM
where

L, ox = maximum value of L'(as shown in Fig,.
1.1) for a given sérvice, in.
V = fluid velocity,-fps
v = specific yolume of the fluid, cu ft per 1b
S = allowable, 'stress for material at operat-
ingtemperature as given in the ASME
Boiler and Pressure Vessel or Piping
Codes, psi
Pq = static operating gage pressure, psi
Fy = magnification factor as computed from
Eq. (3)

K,, K3 = stress constants obtained from Table 1.5

18 Example Problem. Assume that it has been
determined on the basis of thermometry considera-
tions that a 4} in. well is required to accommodate
a 9/16 in. sensing element to measure the temperas
ture of superheated steam at 2400 psig, 1050°F,
flowing at a velocity of 300 fps. If the well material
is to be Type 321 stainless steel, will the well be
safe?

Valye Reference

Syrnbol ltem

E, ¢ Modulus of elasticity at 70°F
Y Specific weight of metal at 70°F
S Allowable stress at 1050°F

Ratio of frequency at 1050 to 70°F

28.0 x 106 psi (4]

0.290 1b per cu in. (4]
13,100 psi (5]
0.918 (6]

Step 2—Frequency Calculations
(a) Natural frequency (Eq. (1))
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ASME PERFORMANCE TEST CODES

3.01 /28 x 10°
fa (20 °F) = st —-——-0390 = 1461 cps

fa= 0918 x 1461 = 1341 cps
(b) Strouhal frequency (Eq. (2))

f -.2:64 x 300 =845 cps

15716
(c) Magnification factor (Eq. (3))

(0.630)2

- 063002 4 658
M= =70.630)2

Step 3~Stress Calculation
(a) Maximum pressure (Eq. (4))

r=fo/fs = 845/1341 = 0630 < 0.8 (satisfactory)

P = 0,223 x 13,100 = 2921 > 2400 (satisfactory)
(b) Maximum stress length (Eq. (5))

46.8 /0.3353 (13,100 —0.,389 x 2400)

max =

300

eter well is satisfactory for the intended services

19 Thermometer wells as shown in Fig. 1-1,-are
expected to satisfy 95 percent of the present’well
problems. Increased temperature-pressure-ratings
pf central stations now await advances'in met-
llurgy. Such materials when available will also
ncrease the ratings of the thermometer wells. For
ervices where these thermometer wells are not
ow suitable, the use of a'‘fixed beam type of well

escribed in Ref. [7]-istecommended. Interest
ow centers on velocities of 300 fps or less.

igher velocities give rise to considerable dif-
erences between stagnation and static tem-
eratures. Forvelocities in ‘excess of 300 fps the
ixed beam type of well is recommended.

1 + 0.658
= 7.7 in. > 4% in. (satisfactory)

Result: . All the requirements for frequency and stress have been met, therefore, this thermom-

Several schemes may be employed as follows:

(a) By surrounding the sensing junction with one
or more coaxial tubes mounted in the directjon of
gas flow {8,9,10]. This arrangement screeps the
sensor from radiation exchange with the surrounding
surfaces.

{b) By increasing the convective heat trapsfer
rate from the gas to the sensor thereby minimizing
the effect of radiation losses. This may be [accom~
plished by using a suction or aspirating tyge pyrom-
eter [11,12). A special case of this principle is em-
ployed in the sonic-flow thermocouple pyrometer in
which the gas flow over the sensor is main'I:ained at
sonic velocity [13].

(c) By covering the sensing junction with a low

Other Accessories

20 When it is necessary to place a temperature
sensing element in a gas or vapor at a location
where it can ‘‘see’’ surfaces at materially higher or
lower temperatures than that of the medium in which
it is immersed, accessories may be used to minimize
errors arising from radiation under such conditions,

emissivity radiation shield mounted directly onto
the junction [14]. This arrangement has been found
effective in minimizing radiation losses where
space limitations prevent the use of the coaxial-
type screens.

For a more complete discussion of this subject,

see Ref. [15].
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INSTALLATION

21 Details of installation applying specifically
to a given type of instrument are treated in a sub-
sequent chapter for the particular instrument. Certain
general considerations are given here.

22 Where the sensing element is immersed in the
substance whose temperature is to be measured, it
should be so located as to acqui
nearly as possible the temperature of the substance.
If the popsibility of stratification, stagnation, or
gradients exists, care must be exercised to choose
a sufficient number of elements and to locate and
install them properly, according to the requirements
of the m¢asurement to be made.

e and maintain as

23 Wherever possible, methods which do not in-
volve the use of thermometer wells between medium
and instfument shall be used. Unfortunately, it is
not alwals possible to do this. Thermometer wells
shall be [designed in accord with the principles out-
lined in Pars. 8 to 19. In addition, the following
precautigns must be observed, particularly when
the tempgrature being measured differs by more than
50°F from that of the surroundings:

(a) The part of the well projecting beyond or out-
side the [vessel must be as small as possible so as
to eliminate heat transfer to or from surroundings.

(b) The exposed parts of the well shall be cov-
ered with a suitable thermal insulating material.
The vesgel wall shall be insulated for some dis-
tance from the thermometer well if the vessel is not
already insulated, and if such insulation.will not
materially affect the temperature of the medium to
be measyred.

(c¢) The¢ sensing element should’be in intimate
thermal ¢ontact with the well,"This may be accom-
plished By direct contact, as“with thermocouples,
by heat-transfer fillingimedia or metallic sleeves for
other thefmometers that may be inserted in wells.

24 In the measurement of surface temperature the
extent of] insertion of the sensing element will ob-

Viously he limited b he th ness o he material

AND APPARATUS

measurements on piping, the leads should be
wound around the pipe for at least four turns ad-
jacent to the junction.

SOURCES OF ERROR
introduction

pDEeratly P SCIIS g CI1C C U AlLCS
own temperature and, even under steady-state con-
ditions, the temperature of the element may not'be
that of the fluid or solid with which it is in_contact.
In general, temperature errors are more pronounced
when dealing with the gaseous phase as compared
with the liquid or solid phase. However, errors are
not necessarily insignificant when measuring tem-
peratures in liquids or solids. If a fluid is at rest
or moving with relatively low-velocity, the tempera-~
ture indicated by the température sensing element
for steady-state conditions is a result of a balance
of convective heat transfer between the element and
the fluid, and heat transfer by conduction and radi-
ation betweeni)the element and its surroundings. For
a gas stream moving at high velocity (above Mach
0.3), however, the temperature determination be-
comes'more difficult because of the aerodynamic
heating effect. The following paragraphs describe
typical sources of error and means by which errors
can be determined or reduced.

Conduction Error

26 Conduction error, commonly called immersion
error, may be present whenever a temperature gradi~
ent exists in the temperature sensor (e.g., in the
wires of a thermocouple between its measuring
junction and point of attachment). Recommended
installation practice for thermometer wells is de-
scribed in Par. 23 which, if followed, will reduce
the conduction error. The following relation may be
used with good accuracy for determining the extent
of the conduction error if this is the only error of
significance:

whose temperature is being measured, Thermo-
couples are generally used for this purpose. To

aid in bringing the measuring junction to the tem-
perature of the material surface, the junction should
be peened into position and a portion of the thermo-
couple leads should be in intimate contact with the
material surface. In the case of surface temperature

where
Tsg = static temperature of the gas, deg F

T; = temperature indicated by temperature
sensor, deg F
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T, =temperature at point of attachment (e.g.
vessel wall), deg F

L = immersion length of temperature sensor, ft
m = (hp/ka)'’?, ft~!
k= convective coefficient of heat transfer,

Btu/hr ft2 deg F

thermal conductivity of temperature sensor,

Btu/hr ft deg F

conduction cross-sectional area of tempera-
ture sensor, {t2

Q
1]

Since the hyperbolic cosine of the mL product in-
creases as the product itself increases, it follows
that the larger mL becomes the closer the indicated

temperature, T';, approaches the sfatic temperature
of the gas, Tsg, (i.e., the conduction error is re-

Huced). As a consequence, any means of increasing
mL product will result in a decreased conduction
erTor.

Radiation Error

27 If the temperature sensor can ‘‘see’’ surfaces
which are at either higher or lower temperatures
than the sensor itself, net radiant interchange will
fake place. The sensor will experience a netygain
pr loss of heat by radiation and, therefore, & sig-
pificant error in temperature measuremént may tesult.
The net radiant interchange may be'\détermined by
means of the following relation:

TN (T, \*
pr = 01714 FeFu As (T&o) -(ﬁ) m 07l

where
gr = net rate-of radiant interchange, Btu/hr

F¢ = effective emissivity, dimensionless

F 4=\configuration factor, dimensionless

N
“
1

surface area of temperature sensor, ft2

equal to the normal total emissivity (¢s) of the sen-
sor. Also, since all the energy radiated by the sen-
sor is intercepted by the surrounding surfaces, the
configuration factor (F4) from the sensor to its sur-
roundings is equal to unity. As a result, Eq. (7) may
be simplified as follows:

Heat Transfer at Low Velocity

28 Consider the case of a temperature segsor
exposed to a low velocity (i,e.;no aerodyngmic
heating) gas stream with the sensor experiepcing
both radiation and condiction effects. For the
steady-siate conditidn between the flowing gas and
the sensor, heat transfer by convection must equal
the rate of heat transfer by radiation and copduction.

This equilibrium condition may be written as
follows:

}lAs (ng ‘-Ti) = 0.1714 €s AS

T\ (T, \*]| ,(Ti =T’
o) “\1o) |** "I o

It can be seen from the above expression that as the
radiation and conduction effects are reduced, the
temperature of the sensor, T;, will approach the
static temperature of the gas, T'5z. Means of reduc-
ing the radiation effect are described in Paf, 20.
There is alsd a more complete discussion i radia-
tion and related factors in Chapter 2, Radiation
Thermometers.

[19]

Aerodynomic Heating Effect

29 Aerodynamic heating is caused by locglized
stagnation of the moving gas stream in the jmmedi-
ate vicinity of the temperature sensor. As a| result,
the temperature as indicated by the sensor tends to
be higher than the static temperature of the|gas

stream, Static temperature is defined as the|temper-

o3
"

temperature indicated by temperature
sensor, R

T, = mean temperature of surrounding surfaces, R

If the surface area of the sensor is small with
respect to the area of the surrounding surfaces, as
is the usual case, the effective emissivity (F¢) is

ature of the gas stream as indicated by a tempera-
ture sensing element moving with the same velocity
as the gas and with isentropic conditions existing

*Equations (8), (9) and (12) following, are valid only
for the case where there are no radiation absorbing
gases present. For the case where absorbing gases
such as water vapor or carbon dioxide are present,
see Ref. [18],
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at the temperature sensing element. In the case
where radiation, conduction, and aerodynamic heat-
ing occur simultaneously, the temperature indicated
by the temperature sensor will be dependent upon
the corresponding magnitudes of these three heat
transfer effects. If the moving gas stream is brought

to rest isentropically at the temperature sensor, the
resulting localized temperature of the gas stream is

called *‘total,” or ‘‘stagnation,” temperature, T,

ation effects, the temperature, T;, indicated by the
sensor may differ from the adiabatic temperature. In
other words, all four temperatures T;, Tsg, I': and Tq
generally have different values. For this case, the
applicable steady-state relation is as follows:

heAs (Ta— TIU) = 0.1714 CsAs

The total|temperature would be higher than the
static tenjperature because of the conversion of
kinetic efergy to internal energy. These two temper-
atures arg related in the following manner:

Ty — Jsg = V2/2]gecp (10) (20]

V = gas velocity, ft/sec

gc = dimensional constant = 32,1740 lb,ft /lb;sec?

cp = specific heat at constant pressure,

Btu/lb,, deg F

30 Whepever the kinetic energy of the gas stream
is reducefl, the conversion of kinetic energy to
internal energy is manifested by a localized rise in
gas temp¢rature at the temperature sensor. This tem-
perature flise results in heat transfer from the local-
ized region to the surrounding gas stream, as well
as to the [sensor, If the sensor experiences no heat
transfer, pn adiabatic condition, the temperature
which the| sensor then assumes is defined as'the
‘“‘adiabatic temperature,’’ T;. For convenience, the
ability of|a temperature sensor to ‘‘récover’’ the
converted kinetic energy of the gas'stream is de-
fined in tprms of a ‘“‘recovery factor,” r, as follows:

means of |[Eq.{10). The recovery factor is primarily

r/:r. Na /T \a —I (T;-Tw\*
I.-l_é?)) —\160) J+ka ‘-—L——' (12)  120]
where

k. = effective convective heat transfer coefficient,

Btu/hr ft2°F.

The effective coefficient, ke, which.is primarily de-
pendent upon flow regime, geometric configuration,
and orientation may be calculated through use of ap-
propriate convection correlations. Further informa-
tion may be obtained from-Refs. [22, 24]. When cal-
culating the temperature error for the above case,
the adiabatic temperature, being the unknown quan-
tity, is determified through use of Eq. (12). Equa-
tions (10) and'(11) may then be used for determining
the static temperature of the gas.

32 . At the relatively low velocity of 300 ft/sec the
difference between the total and static temperatures
isonly 7 deg F, but at a velocity of 1100ft/sec,
approximately Mach 1 at 40°F, the difference intem-
perature increases to 40 deg F'. At avelocity of
2200ft/sec, approximately Mach 2 at 40°F, the dif-
ference is 400 deg F, thus emphasizing the signii-
icance of aerodynamic heating at high velocities.

33 The standardized Performance Test Code wells|
dimensioned in Table 1.3 are recommended for use
with velocities of 300ft/sec or less. A recovery
factor for air of 0,65 should be used for these wells
at this velocity or lower. For higher velocities, a
fixed beam type of well or temperature measuring
devices designed expressly for high velocity flow,
such as stagnation thermocouple thermometers,
should be used, [7, 8, 211

Gradient Error

dependen on geom onfiguration, orientation
and Mach number. For a more complete discussion of
this subject see Refs. [21, 22, 23, 26].

Heat Transfer at High Velocity

31 In the case where aerodynamic heating occurs
and the temperature sensor has conduction and radi-

34 In temperature measurements in a system where
there are velocity, density, or temperature gradients,
such gradients will be taken into account if the tem-
perature measurement is used to determine the

* See footnote under Eq. 8.
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energy of the medium. In such cases the value of
the bulk temperature is desired, which would be the
temperature realized if the flow could be interrupted
and the material thoroughly mixed without gain or
loss in energy (i.e., an adiabatic situation). In prac-
tice the desired result can be obtained by making

sets of measurements at a sufficient number of
points to permit numerical integration.

the temperature of the sensor, in general, will be
out of phase with the temperature of the medium
being measured during a transient condition. In ad-
dition to being out of phase it will also be of differ~
ent magnitude.

37 The ability of a temperature sensing element
to respond to a change in temperature is typically
given in terms of its ‘“‘time constant.”’ This is the

elements shall be selected depending on the rela-
tive magnitude of the gradients and the accuracy de-
sired. For each station, the local temperature,
density, velocity, and flow area shall be evaluated.
The value of the bulk temperature is related to the
local quantities though the following equation:

3 (Cp T VA)

(13)
2 (pVA)

Tb (Cp)b =

where
T}, = bulk stagnation temperature, °F

(Cp)b = specific heat at constant pressure,
evaluated at the bulk temperature,

Btu/lbm °F

Cp = specific heat at constant pressure, evalus
ated at the local stagnation temperature,

Btu/lbm °F
T = local stagnation temperature,. F:

p = local stream density, lbm/ft3

<

= local stream velocity, ft/sec

S

= local area represented by measuring
station, ft2

Dynomic Error

36 It cannot be too strongly emphasized that Per-
formance Test Code measurements are to be taken
under steady-state conditions, However, failure of a
temperdture sensor to indicate a change in tempera-
ture ‘of \the medium being measured may not in itself
be positive proof that no change has taken place.
[he sen orandi iR egus

may be so slow in responding to a change that it
may serve to obscure the actual conditions. It is
impossible for any temperature sensor to instanta-
neously undergo a step-change in temperature because
of the thermal capacity of the sensor itself. A finite
time interval is required for the sensor to absorb, or
dissipate, heat during a transient. Because of this,

10

time required tor the element to change in[tempera-
ture an amount equal to 63.2 percent of the im-
posed step-change. Therefore, a temperature sens-
ing element having a short time constant fpr a given
physical situation will respond'more rapidly to a
change in temperature than if it had a long time con-
stant. As a result, température error due t¢ dynamic
response becomes mote significant for elements
having long time cénstants. The response [of a
temperature meaSurement system depends pn the
following five.mdjor parameters:

. (@) Ratioof sensor surface area to senso mass. As

thé satio increases, the time constant [decreases,

(b)Y Lonvective heat transfer coefficient. As the heat
transfer coefficient increases, the timg constant
decreases.

(c¢) Thermal conductivity of the sensor material. As
the thermal conductivity increases, the time
constant decreases.

(d) Specific heat of the sensor material. As the spe~
cific heat increases, the time constant also in-
creases,

(e) Mechanical and electrical characteristiics of the
accessory measuring equipment.

Further information is given in Refs. [23, 24, 25],
and specific features are considered in the individu-
al chapters dealing with various temperature meas-
uring instruments,

CONCLUSIONS

38 In the measurement of temperature it|is im-
portant that the instrument best suited to the particu-
lar problem be selected. The choice will Be gov-
erned by reguired accurac accessibili to the
material to be measured, types of available equip-
ment, and economic factors, When the proper selec-
tion of equipment has been made, calibration shall
be conducted as described in Chapter 9, However,
temperature test data obtained from calibrated in-
struments should not be taken for granted as neces-
sarily being accurate. The possibility of tempera-
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ture errors occurring as a result of conduction, radi-
ation, aerodynamic heating, and dynamic response
should be investigated and, if significant, evalu~
ated.
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