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INTRODUCTION TO

TEMPERATURE

Temperature has been defined in a variety of ways.
One example defines temperature as the measure of
heat (thermal energy) associated with the movement
(kinetic energy) of the molecules of a substance. This
definition is based on the theory that molecules of all
matter are in continuous motion that is sensed as heat.

Another definition is based on concepts of thermo-
dynamics. Thermal energy always flows from a
warmer body to a cooler body. In this case, temperature
is defined as an intrinsic property of matter that quan-
tifies the ability of one body to transfer thermal energy
to another body. If two bodies are in thermal equili-
brium and no thermal energy is exchanged, the bodies
are at the same temperature,

In simplest terms, temperature is a measurement of
how hot or cold a substance is.

Temperature Scales

Several temperature scales have been developed to
provide a standard for indicating the temperatures of
substances. The most commonly used scales include
the Fahrenheit, Celsius, Kelvin, and Rankine tempera-
ture scales (see Figure 1-1). The Celsius scale is also
called the centigrade scale.

The Fahrenheit (°F) and Celsius (°C) scales are
based on the freezing point and boiling point of water.
The freezing point of a substance is the temperature at
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which it changes its physical state from 2 liquid to a
solid. The boiling point is the temperature at which a
substance changes from a liquid state to a gaseous state.

Boiling
Point
N M HO N N
212 100 373.15 671.69
Freezing
Point
-H,0
0 273.15 e 491,69

i

— 459.68=— — 273.16

Fahrenhsit Celsius

Absolute
2ero
0

| .

Rankine

Kelvin

Figure 1-1. Temperature Scales
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On the Fahrenheit scale, there are 180 equal de-
grees between the freezing point (32°F) and the boiling
point (212°F). On the Celsius scale, there are 100 equal
degrees between the freezing point (0C®) and the boil-
ing point (100°C). Since both of these scales are linear,
it is possible to convert a temperature reading on one
scale to its equivalent value on the other scale. To
convert a Fahrenheit reading to its equivalent Celsius
reading, the following equation is used.

°C=5/(°F - 32)

For example, to convert a temperature of 122°F to
Celsius:

°C =5/9(122 - 32)
=50

In order to convert from Celsius to Fahrenheit, the
following equation is used.

°F =9/5(°C)+ 32
Therefore, to convert 75°C to Fahrenheit:

°F =9/5(75)+ 32
= 167

The Kelvin (K) and Rankine (°R) scales are typi-
cally used in engineering calculations and scientific
rescarch. They are based on a temperature called
absolute zero. Absolute zero is a theoretical tempera-
ture where there is no thermal energy or molecular
activity. Using absolute zero as a reference point,
temperature values are assigned to the points at which
various physical phenomena occur, such as the freezing
and boiling points of water.

On the Kelvin scale, the freezing point of water is
273.15 K. However, most calculations utilizing the
Kelvin scale are based on the triple point of water. The
triple point of water, 273.16 K, is the point at which
water vapor, solid, and liquid coexist in equilibrium.

The Kelvin scale and the Celsius scale both have
100 equal degrees between the freezing and boiling
points of water. Therefore, it is possible to convert
temperature values between Kelvin and Celsius by
using the following equations.

K =°C+273.16
°C = K-273.16

To convert S0°C 1o Kelvin:

K 50 +273.16

323.16

The Rankine scale, like the Fahrenheit scale, has
180 equal degrees between the freezing point
(451.69°R) and the boiling point (671.69°R) of water.
Therefore, it is possible to convert temperature values
between Rankine and Fahrenheit using the following
equations.

°R = °F+459.69
°F = °R -459.69
To convert 60°F to Rankine:
°R = 60+ 459.69
= 519.69

international Practical Temperature
Scale

To provide a standard for ensuring accurate and
reproducible temperature measurement, the Intema-
tional Practical Temperature Scale (IPTS) was devel-
oped and adepted by the intemational standards com-
munity. The IPTS was originally developed in 1927
and has been revised about every 20 years to provide
better definition of fixed temperature conditions.

The IPTS assigns the temperature numbers associ-
ated with certain reproducible conditions, or fixed
points, for a variety of substances. These fixed points
are used for calibrating temperature measuring instru-
ments. They include the boiling point, freezing point,
and triple point.

Table 1-1 shows the temperatures of the eleven
primary fixed points of the IPTS.  Since temperatures
vary with pressure, all assigned temperatures are shown
at standard atmospheric pressure, with the exception of
the boiling point of hydrogen, which is also shown at
25/76 standard atmosphere.

In addition to the primary fixed points, the IPTS
includes temperatures that are assigned as secondary



Table 1-1. IPTS Primary Fixed Points (1968)
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Boiling Freezing Triple

Substance Point (°C) Point (°C) Point (°C)

Hydrogen at - 256.108 - 259.34

25/76 ATM

Hydrogen - 252.87

Neon - 246.048

Oxygen - 182.962 -218.789
© Water 100.00 0.01

Zinc 419.58

Silver 961.93

Gold 1064.43

reference standards. It also specifies temperature
measuring devices. These devices are used to deter-
mine, or interpolate, the temperatures between the
defined fixed points. The temperature measuring de-
vices have been chosen for their reproducibility and
must have an uncertainty of only a few hundredths of a
degree. The devices include:

* magnetic thermometers from 0.1t0 2 K
* acoustic interferometers from 2 to 20 K

*  gas bulb thermometers from 20 to approximately
1200 K (900°C)

* platinum resistance thermometers from 14 to 903
K (630°C)

* Type S thermocouples from 903 to 1337 K
(1064°C)

* optical pyrometers from 1337 to 10,000 X

Temperature Measuring Devices

Consistent measurement of temperature change is
an important part of process control. Therefore, it is

essential that the temperature measuring device used is
reliable.

While there are many different types of tempera-
ture measuring devices, they can usually be classified
into two major groups -— temperature sensors and
absolute thermometers. Most temperature sensors are
classified according to their construction, Three of the
most common types of temperature sensors are thermo-
couples, resistance temperature devices (RTDs), and
filled systems.

Temperature sensors depend on the properties of
some particular material, such as a gas, liquid, metal, or
alloy, for their temperature indications. Typically,
temperature indjcations are based on material proper-
ties such as the coefficient of expansion, temperature
dependence of electrical resistance, thermoelectric
power, and velocity of sound.

Calibrations for temperature sensors are specific to
their material of construction. Usually, the calibration
depends on the purity of the material. Since the purity
of the material can vary slightly during the manufactur-
ing process, calibration is required for each sensor. In
addition, periodic recalibration of a sensor may be
required if the sensor materials change with use. For
example, change can occur as a result of contamination,
mechanical damage, irradiation, high pressures, mag-
netic fields, or other environmental conditions.
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Temperature sensors that rely on material properties
never have a linear relationship between the measur-
able property and temperature.

Unlike material dependent temperature sensors,
the accuracy of absolute thermometers does not depend
on the properties of the materials used in their construc-
tion. The temperature of an object or substance can be
calculated directly from measurements taken with an
absolute thermometer. Types of absolute thermome-
ters include the gas bulb thermometer, radiation py-
rometer, noise thermometer, and acoustic interferome-
ter. The gas bulb thermometer is most commonly used.

In addition to classifying temperature measuring
devices on the basis of construction, they can also be
categorized according to the manner in which they
respond to produce a temperature measurement. In
general, the response will be either mechanical or
electrical.

Mechanical temperature devices respond to tem-
perature by producing mechanical action or movement.
Some common types of mechanical temperature de-
vices include the various filled thermometers and
bimetallic thermometers. Mechanical temperature
devices are usually read directly. These devices are
often rugged and are judged to be fairly accurate. One
of the major disadvantages of mechanical temperature
devices is that they are typically slower to react to
temperature changes than electrical temperature de-
vices.

Electrical temperature devices respond to tempera-
ture by producing or changing an electrical signal.
Some common types of electrical temperature devices
include thermocouples and resistance temperature
devices (RTDs). In general, these devices are accurate
and respond quickly to changes in temperature. For
safety reasons, and to provide protection from the
environment and corrosive processes, electrical tem-
perature sensors are normally installed in an isolating,
or protective, well,

Factors Affecting Measurement
Accuracy

In an ideal situation, a temperature measuring
device that is inserted into or attached to a constant
temperature medium will achieve and maintain the
same constant temperature once sufficient time to reach

thermal equilibrium has passed. This condition is
called steady state heat transfer. In steady state, a
properly calibrated sensor will read the true tempera-
ture of the fluid or solid medium. Even with proper
calibration of the temperature sensor, there are several
factors, or effects, that can cause steady state measure-
ment errors. These effects include:

« sitem losses and thermal shunting
radiation

frictional heating

intemal heating

heat transfer in surface mounted sensors

* * & 2

Stem loss and thermal shunting errors occur when
heat flows along the sensor and/or lead wires as a result
of conduction or convection. Figure 1-2 illustrates one
sensor installation with the potential for stem loss error.
In this example, a cylindrical temperature sensor is
installed through a pipe into a high temperature fluid.
Temperature is measured at the tip of the sensor. If the
pipe wall or the sensor head is at 2 lower temperature
than the fluid, heat will flow up the sensor away from its
tip. As a result, the temperature measured at the sensor
tip may not accurately reflect the temperature of the hot

Sensor tip

Cool medium

Figure 1-2. Sensor Installation with
Potantial Stem Loss Errors



fluid. The potential for errors caused by stem loss can
be reduced by using a longer sensor and better head
insulation.

The effect of thermal shunting is similar to stem
loss. Figure 1-3 shows an example of a temperature
sensor installation with the potential for thermal shunt-
ing errors. Inthis case, a thermocouple is attached to the
outside of a pipe to measure the pipe surface tempera-
ture. If the lead wires are exposed to a higher or lower
temperature than the pipe wall, heat will flow along the
lead wires and measurement errors will occur. The
effect of thermal shunting can be reduced by ensuring
that the lead wires are in contact with the surface for
some distance away from the temperature sensor. This
is often accomplished by lagging the wires or wrapping
them around the pipe.

Lead wires

Figure 1-3. Sensor Instaliatlon with
Potential Thermal Shunting Errors

Measurement errors can also occur through the
effect of radiation. Radiation is heat transfer by waves
or particles through a transparent medium. Figure 1-4
shows a typical example of radiative heat exchange. In
this case, a temperature sensor is installed to measure
the temperature of the gas in a combustion chamberthat
is used to heat water contained in tubes. Since the gas
temperature around the sensor is hotter than the water
tubes, the sensor will radiate heat to the cooler water
tubes. As aresult, the sensor reading will be lower than
the temperature of the hot gas.

The usual approach to handling this problem is to
use installation procedures or sensor designs that mini-
mize radiative exchange. One solution is to install a
special shield to isolate the sensor. This shield radiates

Introduction to Temperature Measurement 5

Water
tubes

Figure 1-4. Installation with Potentiai
Radiation Errors

to the colder or hotter region and the sensor radiates to
the shield. Since the temperature of the shield is closer
to the temperature of the substance being measured, the
error is smaller. Another solution is to install the sensor
where there is no direct line of sight to materials that
may be at a different temperature than the substance to
be measured. This is because heat will only radiate to
materials it can “see”,

Frictional heating errors can occur in high velocity
fluids. When a sensor is inserted in a flowing fluid, the
velocity of the fluid that impacts the sensor is reduced.
When the velocity of a fluid is reduced, its kinetic
energy is converted to heat. As a result, the surface of
the sensor and a thin layer of adjacent fluid will have a
higher temperature than the rest of the fiuid.

One approach to avoiding frictional heating errors
is to install special shields that protect the sensor by
absorbing the frictional heat. The sensor should not be
in close contact with the shield because it would also
read the frictional heat. The recommended procedure
is 10 use shield designs that absorb the energy while
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allowing thermal contact between the sensor and Iower
velocity fluid,

The effect of internal heating can also cause steady
state measurement errors. Internal heating occurs when
extraneous heat is caused by electrical current or nu-
clearradiation, Electrical heating is a potential problem
in resistance temperature devices and themistors.
These sensors depend on the measurement of 2 small
current that is passed through the sensor. This causes
Joule heating (power = current? x resistance) which
increases the sensor temperature. Therefore, it is nec-
essary to compensate for Joule heating or to limit the
applied current to levels that cause negligible errors.

Nuclear radiation is a potential intemal heat source
for temperature sensors used in nuclear reactors and
processes involving radioactive materials. In these
situations, internal heating occurs because the sensors
absorb gamma rays and neutrons.

Heat transfer for surface mounted sensors is an-
other concem in steady state temperature measure-
ment. When measuring wall surface temperatures, it is
important to mount the sensor so there is a tight inter-
face between the sensor and the wall. The sensor
instaliation should be insulated to help prevent heat
transfer between the wall surface and the surrounding
environment. In this way, the wall temperature will be
closer to the temperature of the surface being moni-
tored.

The effects related to steady state heat transfer are
only one aspect of temperature measurement. Usually,
in processes that are controlled to provide a constant
temperature, the most important function of a tempera-
ture sensor is to respond rapidly and accurately to
changes in process temperature. However, the output
response of a sensor will usually lag behind the actual
temperature due to the time required for heat transfer
between the process and the sensor. Heat transfer lag is
a major consideration when the sensor is used for
applications such as safety constraints, product quality,
and test data interpretation. -

The response time, or amount of lag, is determined
by the rate of heat transfer through the sensor process
interface and through the sensor itself. When the
temperature of the process changes, a heat flow tran-
sient begins in the sensor. The surface of the sensor
responds to the change first. Then, the interior of the
sensor responds as heat transfer occurs.

The rate at which heat transfer occurs within a
sensor depends, in part, on its material of construction.
A material with high thermal conductivity conducts
heat faster than a material with low thermal conductiv-
ity. While materials with high thermal conductivity are
preferred, conflicting requirements, such as mechani-
cal strength, electrical insulation, and chemical com-
patibility, usually limit the range of choices.

The diameter of the sensor also affects its internal
heat transfer. For example, compare a sensor with a
large diameter to a sensor with a small diameter. The
sensor with the large diameter will have a greater
surface area exposed to the process than a sensor with
a small diameter. Therefore, heat transfer from the
process fluid to the surface will occur faster with the
large diameter sensor than the small diameter sensor.

On the other hand, the comparative rates of heat
transfer will be reversed as heat is transferred from the
surface of the sensor to its interior. This stage of heat
transfer will be accomplished faster in the small diame-
ter sensor because it has less intemal mass than the large
diameter sensor. Therefore, to obtain a fast response, a
small diameter sensor with high thermal conductivity
should be used.

The position of the sensor within its protecting tube
or well will also affect its response. For example,
resistance temperature devices and thermocouples are
often mounted inside metal sheaths, or thermowells,
with insulating powder or cement between the sensing
element and the sheath. Differences in the position of
the sensing element and/or the thickness of the insulat-
ing material can have a major effect on heat transfer and
consequently the response of these sensors.

Sensor response rate will also be affected by proc-
¢ss conditions, particularly flow rate. In general, higher
flow rates cause a faster response in small diameter
sensors. However, flow rate does not significantly
affect the response of larger, slower sensors.

In some cases, temperature may affect sensor re-
sponse. A change in temperature could cause differen-
tial expansion between sensor materials. This may lead
to tighter contact, better heat transfer, and a faster
response. On the other hand, a change in temperature
may cause materials to separate, which will impair heat
transfer and cause a slower response.

In a few cases, pressure could also affect sensor
response. If the sensor wall were flexible enough to



contract or expand with decreasing or increasing pres-
sure, this would change the compaction of sensor ma-
terials and cause a change in response. However, the
sensing elements of most industrial temperature mea-
surement devices are packaged in sturdy assemblies,
and the effect of pressure on sensor response is negli-
gible.
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Thermometers are classified as mechanical tem-
perature sensing devices because they produce some
type of mechanical action or movement in response 1o
temperature changes. There are many types of ther-
mometers, including the familiar liquid-in-glass thesr-
mometers; liquid, gas, and vapor filled systems; and
bimetallic thermometers.

Liquid-in-glass Thermometers

Liquid-in-glass thermometers can be read directly
and are very accurate and stable when used properly.
Consequently, these thermometers are often used in

laboratories to monitor baths and to check calibrations .

of other temperature sensors.
The features of a typical liquid-in-glass thermome-
ter are shown in Figure 2-1. The bulb is usually a thin-

THERMOMETERS

walled glass chamber that serves as a reservoir for the
liquid. The stem is a glass tube that contains the
capiilary for the liquid. A capillary is a narrow passage
within which the liquid can rise and fall. The scaleis a
series of markings that is used to read the temperature.
In addition, an immersion ring may be provided to
indicate the proper immersion depth on partial immer-
sion thermometers.

A precision thermometer also includes contraction
and expansion chambers. These chambers are enlarge-
ments of the capillary. The contraction chamber is
located between the bulb and scale, It increases the
volume of the capillary and prevents total contraction
of the fluid into the bulb at low temperatures. The
expansion chamber is located beyond the top of the
scale in order to contain fiuid at high temperatures, if it
moves past the scale. In this way, the expansion

Contraction Expansion
Bj‘lb ST”‘ chamber chamber
( > — . 4 ; —3)
¥ 3
Immersion Scale
ring

Figure 2-1. Features of a Typical Liquid-in-glass Thermometer
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chamber protects the thermometer from rupture at high
temperatures. However, neither chamber is effective in
cases of extreme high or low temperatures.

The operation of a liquid-in-glass thermometer
depends on the difference in thermal expansion of the
liquid and the glass. The liquid is usually mercury,
which has a volume coefficient of expansion that is
about eight times that of glass. For a given temperature
change, the change in the length of the liquid column in
the capillary will depend on the cross sectional area of
the capillary.

Since mercury freezes at -38.9°C, organic fluids,
such as alcohol, toluene, or pentane, are used for low
temperature measurements. Organic fluids are also
used for inexpensive thermometers or in applications
where the release of mercury could not be tolerated in
the event of breakage.

There are three basic types of liquid-in-glass ther-
mometers: partial immersion, total immersion, and
complete immersion (see Figure 2-2). A partial immer-

)
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Figure 2-2. Types of Liquid-in-glass
Thermometers

sion thermometer is inserted to a fixed point that is
indicated by the immersion ring. This is the least
accurate type of liquid-in-giass thermometer because
the temperature of the stem and any capitlary liquid that
is above the immersion ring may differ significantly
from the temperature of the immersed portion. Since
the glass stem is exposed to different temperatures, this
will cause a variation in the diameter of the capillary. It
will also affect the column of liquid above the surface.
Since the amount of variation will depend on the
specific application, there is no way to avoid or com-
pensate for the problem through calibration.

A total immersion thermometer is immersed to the
height of the fluid column, not the entire length of the
thermometer. Therefore, a total immersion thermome-
ter does not usually have an immersion ring marking,

A complete, or full, immersion thermometer is
totally submerged in the fluid to be measured. These
thermometers usually bear the inscription “complete
immersion”, They are often used in applications where
the scale can be read through a glass wall, window, or
port.

The accuracy of any thermometer depends on its
construction, use, calibration, and scale markings.
However, the farther a thermometer is immersed, the
more accurate its reading will be, The maximum
achievable accuracy for industrial total immersion
mercury-in-glass thermometers ranges from 0.01°C for
lower temperature thermometers (0-150°C) to 1°C for
higher temperature thermometers (300-500°C). For
partial immersion industrial thermometers, the maxi-
mum achjevable accuracy ranges from 0.1°C for lower
temperature thermometers (0-150°C) to 2°C for higher
temperature thermometers (300-500°C).

In some cases, a total immersion thermometer may
have to be used in a partial immersion mode. In these
situations, accurate measurements require calculation
for stem correction. The following equation is used to
caiculate stem correctiorn.

AT = Kn(T,-T)
In this equation:
* AT = the temperature correction

« K =the temperature correction factor
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Table 2-2. Comparison of Filled Systems

fast response,
small bulb size

ambient temperature
changes

LiQUID-FILLED VAPOR GAS-FILLED
RANGE - 150 TO 1200 °F - 100 TO 550 °F - 100 TO 1500 °F
ADVANTAGES |low on-off differential, insensitive to insensitve to

ambient temperature
changes

LIMITATIONS |requires ambient

compensation

large bulb required,
slow response

large bulb required,
slow response

that liquid expands with an increase in temperature.
When the liquid expands, it causes the pressure to
increase. This causes the Bourdon tube to uncoil and
move the needle on the scale.

Varjous liquids -are used in liquid filled systems.
Typically, inert hydrocarbons, such as xylene, are used
because of their low coefficient of expansion. In some
cases, water may even be used. Another liquid that is
commonly used is mercury. Mercury filled systems are
often considered to be in a separate class from liquid
filled systems. This is because the unique characteris-
tics of mercury offer several advantages over other
liquid filled systems. For example, mercury responds
more quickly to temperature changes and has a higher
degree of accuracy than other liquids.

A vapor system contains a volatile liquid and vapor.
This type of system operates on the principle that
pressure in a vessel containing only a liquid and its
vapor increases with temperature and is independent of
volume. In a vapor system, temperature is measured at
the interface between the liquid and the vapor.

For proper operation of a vapor system, the inter-
face must remain in the bulb. Certain conditions can
affect the position of the interface. For instance, if the
bulb temperature is below that of the capillary and
Bourdon tube, the bulb will be full of vapor and the
liquid-vapor interface will not be within the bulb.

To handle different operating conditions, there are
four subclasses of vapor systems. The Class IIA vapor
system (see Figure 2-3) is designed to operate with the
measured temperature above the temperature of the rest

of the system. In this system, the higher process
temperature vaporizes the volatile liquid which then
condenses in the capillary and Bourdon tube.

Figure 2-3. Class IIA Vapor System

The Class IIB vapor system (see Figure 2-4) is
designed to operate with the measured temperature
below the temperature of the rest of the system. In this
case, the capillaty and Bourdon tube are filled with va-
por.



» n=the number of degrees on the scale between the
surface of the fluid being measured and the height
of the liquid column in the capillary

» T, =bulb temperature

» T = average temperature of the portion of the
thermometer between the fluid surface and the end
of the liquid column in the capillary

The correction factor depends on the type of liquid
and glass the thermometer is composed of. Charts are

available for determining the correction factor to be.

used for a specific thermometer. For example, Table
2-1 shows the correction factor for mercury in two com-
mon types of thermometer glass.

The bulb temperature is the best estimate of the
fluid temperature and is generally taken as the uncor-
rected thermometer reading. The value of T may be
determined with a small auxiliary thermometer at-
tached to the exposed portion of the main thermometer.
Once the correction factor, bulb temperature, and the
value of T have been obtained, the equation for stem
correction can be solved.

For example, suppose a total immersion borosili-
cate glass thermometer is partially immersed in a fluid.
The mercury in the capillary rises to the 100°C mark on
the scale, the fluid surface is at the 40°C mark on the
thermometer, and a small thermometer attached to the
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exposed portion of the thermometer reads 25°C. In this
case, the stem correction would be calculated as fol-
lows.

AT =0.000164(60)(100 - 25)
= .74°C

Filled Thermometers

Filled thermometers contain a gas or a volatile
liquid and rely on pressure measurements to provide
temperature indications. There are several types of
filled thermometers, including liquid filled systems,
vapor systems, and gas filled systems. A comparison of
the featres of these three types of thermometers is
provided in Table 2-2. Although each type of system is
slightly different, they have similar components and
share the same principle of operation.

Figure 2-3 shows the components of a typical filled
thermometer. These include a bulb that is exposed to
the fluid being measured, a capillary tube, a pressure
element such as a Bourdon tube, and a scale. The bulb,
capillary tube, and Bourdon tube are filled with a liquid,
vapor, or gas. When the temperature changes, the fluid
either expands or contracts. This causes the Bourdon
tube to move, thereby moving the position of the needle
on the scale.

A liquid filled system is completely filled with a
liquid. This type of system operates on the principle

Table 2-1. Correction Factor Table for Normal and Borosillcate Glass

Mean K for K for
Temparature (°C) “Normal” Glass “Borosiiicate” Glass
0 0.000158 0.000164
100 0.000158 0.000164
150 0.000158 0.000165
200 0.000159 0.000167
250 0.000161 0.000170
300 0.000164 0.000174
350 —_ 0.000178
400 -— 0.000183
450 — 0.000188




Figure 2-4. Class lIB Vapor Systam

The Class IIC vapor system (see Figure 2-5) is
designed to measure temperatures above and below the
temperature of the system. When bulb temperature is
lower than the temperature of the rest of the system, the
bulb will be mostly filled with liquid and the capillary
and Bourdon tube will contain vapor. When bulb tem-
perature is higher than the temperature of the rest of the
system, the bulb will be mostly filled with vapor and the
capillary and Bourdon tube will be filled with liquid.

With the Class IIC type of vapor system, there is a
cross ambient effect. When the temperature of the
measured fluid changes so that the bulb temperature
approaches and meets the temperature of the rest of the
system, there will be a delay as the vapor and liquid
reverse positions. Because of this cross ambient effect,
vapor system thermometers are often used either exclu-
sively below ambient, or exclusively above ambient.

The Class IID vapor system (see Figure 2-6) is
designed to overcome cross ambient limitation by using
a second nonvolatile liquid. In this case, the capillary
and Bourdon tube remain full of the nonvolatile liquid.
This liquid hydraulically transmits pressure changes to
the Bourdon tube. These pressure changes result from
changes in the interface of the vapor and volatile liquid
in the bulb.

Then‘homerers 13

% Position of votatile liquid when bulb
temperature is highar than temperature
of rest of system

Position of volatile liquid
when bulb temperature is
lower than temperature
of rest of system

Figure 2.5. Class lIC Vapor System

Nonvgl_aﬂe liquid
Vapor
Vapor

Volatile liquid.

Nonvolatile liquid

Figure 2-6. Class HID Vapor System

Vapor systems have a relatively narrow tempera-
ture measurement span. The minimum and maximum
temperatures for a system depend on the particular type
of fluid used. Therefore, the type of fluid and class of
system selected depend on the temperature range of the
specific application.
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Gas filled systems are commonly used for indus-
trial applications and, in some cases, for laboratory
measurements. The operation of gas filled systems is
based on the ideal gas law. The ideal gas law is an ap-
proximation at normally encountered temperatures and
pressure, According to this law, the pressure of an ideal
gas confined to a constant volume is proportional to ab-
solute temperature. In a typical gas filled system, the
gas (usually nitrogen) is not perfect, so there may be a
slight change in volume. However, these differences
are minor and do not prevent the use of pressure mea-
surement to indicate temperature.

The ideal gas law is exact at low temperatures and
pressures. Therefore, when a gas filled system is used
as an absolute thermometer in a setting such as a
laboratory, measurement is performed at low pressure.

Bimetallic Thermometers

Bimetallic thermometers use the differences in
thermal expansion properties of metals to provide
temperature measurenient capability. Strips of metals
with different themmal expansion coefficients are
bonded together. When temperature increases, it
causes the assembly to bend. When this happens, the
metal strip with the larger temperature coefficient of
expansion expands more than the other strip. The
angular position versus temperature relation is estab-
lished by calibration so that the device canbe used as a
thermometer,

Iron-nickel alloys are commonly used for bimetal-
Lic thermometers. One alloy, called INVAR (35%

Case Indicating
pointer

nickel), has a very low temperature coefficient of ex-
pansion. Many bimetallic thermometers use INVAR as
the low expansion coefficient metal and another iron-
nickel alloy for the high expansion coefficient metal.

A typical commercial bimetallic thermometer is
shown in Figure 2-7. Commercial bimetallic ther-
mometers usually use spiral or helical configurations of
the bonded metal combination. One end is fixed, and
the other is attached to a pointer that indicates tempera-
ture on a scale.

Bimetallic thermometers are inexpensive, rugged,
and simple to use. They usuvally provide a visual

- temperature reading rather than an electrical signal

suitable for automatic monitoring or recording.
Selection

Selection of a particular type of thermometer de-
pends on the specific application and the degree of
accuracy required. For example, liquid-in-glass ther-
mometers can usually be read directly and are quite
accurate when used correctly. However, because glass
is fragile, liquid-in-glass thermometers must be
handled carefully and stored properly in order to obtain
stable readings and avoid breakage. Filled and bimetal-
lic thermometers are generally more durable than lig-
uid-in-glass thermometers. However, they are slightly
less accurate.

The range of measured temperatures also var-
ies with the type of thermometer. The range depends on
the materials of construction and type of fill fluid used.

Bimetallic
element

R

r——353334938343>

Scale

Figure 2-7. Typical Bimetallic Thermometer
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One type of electrical temperature sensor is a
thermocouple. Thermocouples are simple, inexpen-
sive, durable, and relatively accurate sensors that can be
used in a wide variety of applications and environ-
mental conditions. They provide a means for sensing
temperature in many different types of processes, in-
cluding power systems, refineries, acronautical sys-
tems, and nuclear reactors. As a group, they have a
wide measurement range, covering temperatures from
below -183°C to about 2500°C, with an accuracy of 0.1-
1% of absolute temperature.

Most thermocouples are composed of metal wires.
Thermocouples are constructed in a variety of styles to
provide direct or differential temperature measure-
ments, ruggedness, durability, or circuit isolation.
Thermocouples have a rapid dynamic response to
temperature change. However, for protection and ease
of calibration and removal, most thermocouples are
installed in insulated thermowells which delays dy-
namic response considerably.

The Seebeck Effect

The principle of the thermocouple was first de-
scribed by Seebeck in 1821. Seebeck discovered that
when wires of two dissimilar metals were joined to-
gether 1o form a circuit of at least two junctions, a
current would flow when the junctions were at different

temperatures. This phenomenon, called the Seebeck
Effect, is the basis upon which thermocouples are
designed.

In its simplest form, a thermocouple consists of two
wires, each made of a different homogeneous metal or
alloy (see Figure 3-1). The wires are joined at one end
to form a measuring junction. This measuring junction
is exposed to the fluid or medium being measured. The
other end of the wires are usually terminated at a
measuring instrument where they form a reference
Jjunction (see Figure 3-2). When the two junctions are
at different temperatures, current will flow through the
circuit. The millivoltage resulting from the current
flow is measured to determine the temperature of the
measuring junction.

Figure 3-1. Measuring Junction Butt Welds
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Instrument
Copper d+
Mpasqring < Thermocouple 7
junction - .
Constantan I i

Figure 3-2. Typical Thermocouple Circuit

The reference junction is held at a constant, or
reference, temperature. In many cases, the junction is
kept at the temperature of melting ice, which allows
temperature to be read directly from an indicator with-
out the need for calculating a correction. In the labora-
tory setting, the 0°C reference temperature can be
maintained using an ice bath (see Figure 3-3). In
industrial settings, refrigeration units are often used.
These units are usually designed to provide stable
termination of groups of thermocouples. In other cases,
the reference junction may be kept at a temperature
above ambient. This is usually accomplished by plac-
ing the reference junction in an oil bath or oven that is
maintained at a constant temperature.

In many thermocouple installations, the measuring
junction is several hundred feet from the voltage meas-
uring instrument where the reference junction is lo-

A4
Cu

Refarence junction

cated. Since the pure metals and metal alloys used for
the thermocoupie wires are relatively expensive, exten-
sion, or lead, wires that have the same thermoelectric
characteristics as the thermocouple wires are typically
connected 10 the thermocouple and run to terminals at
the measuring instrument (see Figure 3-4). When
appropriate extension wires are properly connected to
the thermocouple, the reference junction is transferred
to the point where the extension wires are connected to
the measuring instrument or an external constant tem-
perature controlling device,

Even with the use of appropriate extension wires,
intermediate junctions of dissimilar metals are created
in the circuit. However, the law of intermediate metals
states that the algebraic sum of the thermoelectromo-
tive forces in a circuit composed of any number of
dissimilar materials is zero if the entire circuit is at a

@.

Cu

I -

v

Thermocouple

EMF

™~

Melting ice

QC Temp

Figure 3-3. Thermocouple with Reference Junction at 0°C
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Figure 3-4. Typical Thermocouple and Extension Leads

uniform temperature. This law emphasizes the point
that the driving force in thermoelectricity is a difference
of temperature. Therefore, in an actual installation
where there is a difference in temperature among inter-
mediate junctions, the algebraic sum of the millivolt-
ages will not be zero, but a value related to the tempera-
ture differences at the junctions. For example, the
reference junction will be at a point where the extension
wires are connected to copper wires at the terminals of
the measuring instrument. If the two terminals are at
different (but known) temperatures, the temperature at
the measuring junction can be calculated by referring to
tables of measured values of junction millivoltages for
particular metal combinations. In this way, compensa-
tion is provided for these additional junctions.

Typically, reference junction compensation is an
integral feature of the instruments that measure the
millivolt signals from thermocouples. In these instru-
ments, a temperature sensitive component is thermally
bonded to the reference junction connections. The
resistance-temperature curve of the bonded component
matches the millivoltage-temperature curve of the
thermocouple wires. The voltage change across the
component is then equal and opposite to the reference
junction thermal voltage over a wide ambient tempera-
ture range.

Types of Thermocouples

About a dozen types of thermocouples are com-
monly used in industrial applications. Seven of these
have been assigned letter designations by the Instru-
ment Society of America (ISA). By convention, a slash
mark is used to separate the materials of each thermo-
couple wire. For example, copper/constantan identifies

a thermocouple with one copper wire and one constan-
tan wire. The order in which the wire materials are
listed identifies the polarity of the wires. The first wire,
on the left of the slash, has a positive polarity when the
measuring junction is at a higher temperature than the
reference junction.

Thermocouples can be divided into three func-
tional classes: base metal thermocouples, noble metal
thermocouples, and refractory metal thermocouples.
Base metal thermocouples are useful for measuring
temperatures under 1000°C. This class includes
thermocouples made of iron/constantan (Type J), cop-
per/constantan (Type T), Chromel/Alumel (Type K),
Chromel/constantan (Type E), and alloys of copper,
nickel, iron, chromium, manganese, aluminum, and
other elements.

Noble metal thermocouples are useful to about
2000°C. This class includes thermocouples made of
platinum-rhodium alloys (Types S, R, and B) and other
alloys of platinum, iridium, ruthenium, niobium, and
rhenium.

Refractory metal thermocouples are useful to about
2600°C. This class includes tungsten-rhenium alloy
thermocouples as well as thermocouples made of tanta-
lum, molybdenum, and their alloys.

Each type of thermocouple has individuat charac-
teristics that make it desirable for some applications
and unsuitable for others. Table 3-1 identifies the wire
materials, nominal temperature scale, recommended
atmosphere, and features of the more commonly used
thermocouples. The ISA wire material designations,
particularly for Type K, do not specify a particular alloy
combination, only a temperature-voltage relationship
that similar alloy combinations produce. One of these
combinations is Chromel/Alumel.
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Table 3-1. Thermocouple Comparison Chart

ISA WIRE NOMINAL RECOMMENDED
DESIG- MATERIALS TEMP.RANGE °C ATMOSPHERE FEATURES
NATION
B Platinum - 30% Rhodium/ 0to 1820 Inert or Easily contaminated,
Platinum - 6% Rhodium Oxidizing use in non-metallic,
silica-free protecting tube.
E Nickel - 10% Chromium/ - 270 to 1000 Vacuum, Highest EMF output,
Copper-Nickel Inert, or jarger drift than
Oxidizing other bagse-metal
thermocouples
J . Iron/Copper-Nickel - 210 10 760 Vacuum, Inert May rust or become
' Oxidizing, or brittle in sub-zero
Reducing temperatures,
K Nickel - 10% Chromium/ - 270 10 1372 Inert or Most linear of all
Nickel - 5% Aluminum and/or Oxidizing thermocoupies. Short
Silicon life in marginally
oxidizing
atmospheres.
R Platinum - 13% Rhodium/ - 50 to 1768 Inert or Good linearity at high
Platinum Oxidizing temperatures, smal!
size, fast response,
easily contaminated,
use in protecting
tube.
s Piatinum - 10% Rhodium/ -50to 1768 Inert or Same as Type R
Platinum Oxidizing
T Copper/Copper Nickel - 270 to 400 Vacuum, Inert Good for sub-zero use
Oxidizing or because of superior
Reducing resistance to
corrosion from
moisture, limited
temp. range.
- Tungsten/ - 18 to 2315 Inert or Good linearity at
Tungsten - 26% Rhenium Vacuum high temperatures,
brittle, hard to
handie.
- Tungsten - 6% Rhenium/ - 18 to 2315 inert or Good linearity at
Tungsten - 26% Rhenium Vacuum high temperatures,
slightly less brittle
than above,

1t is important to note that the copper-nickel alloy

used for the negative wire of a Type J thermocouple is
not the same material used for the negative wires of
Type T and Type E thermocouples. Although both
materials are commonly referred to as constantan, they
are not thermoelectrically equivalent.

Another caution relates to Type S thermocouples.
Prior to 1974, the positive wire of Type S thermo-
couples contained about 9.9% rhodium (nominal 10%).
Since then, the National Bureau of Standards adopted a

standard of 10.00 £ 0.05% rhodium composition for the
positive wire. To avoid errors, a “nominal” or “accu-
rate” platinum-rhodium positive wire should be speci-
fied.

Thermocouple Reference Tables

Many thermocouple circuits contain devices that
amplify the millivolt signals from the thermocouple
and convert the voltage signals into direct temperature



- indications. However, there are some thermocouple
circuits, that do not have converting circuits for direct
temperature readout. In these cases, temperature-EMF
reference tables are available for use in converting
voltmeter readings to the equivalent temperature val-
ues. Since different types of thermocouples have dif-
ferent thermoelectric relationships, there is a reference
table for each type of thermocouple. The values in these
tables are based on the Intemational Practical Tempera-
ture Scale and U.S. legal electrical units. Tables are
available from a variety of sources, including NBS
Monograph 125, ANSI Standard MC 96.1, the SATM
Annual Book of Standards, and ISA standards.

A portion of the reference table for a Type J
thermocouple is shown in Table 3-2. Thermocouple
reference tables equate temperatures (in Celsius) to the
voltages (in millivolis) produced by a thermocouple
with its reference junction at 0°C and the measuring
junction at various temperatures. Therefore, if the
reference junction is maintained at 0°C, the tempera-
ture corresponding to the measured voltage can be read
direcdy from the table. For example, if the measured
voltage produced by a Type J thermocouple with its
reference junction at 0°Cis 10.000 mV, the temperature
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of the measuring junction is 186°C.

If the reference junction of a thermocouple is not
maintained at 0°C, the tables can still be used by apply-
ing an appropriate correction to compensate for the
difference between the reference junction temperature
and 0°C. Compensation is required because the milli-
voltage produced by a thermocouple is decreased when
the temperature difference between the measuring and
reference junctions is decreased. The value of the
correction can be obtained from the table. The correc-
tion factor is the millivol: value for the reference junc-
tion temperature. This value is algebraically added to
the millivolt output of the thermocouple. The resulting
value is used to determine the temperature of the mea-
suting junction.

For example, suppose the output of a Type J
themmocouple is 5.340 mV and the temperature of the
reference junction is 20°C. According to the table, the
correction factor for 20°C is 1.019 mV. Adding this
value to the output of the thermocouple (5.340 mV)
produces a corrected output of 6.359 mV. Using this
corrected millivolt output value, the temperature of the
measuring junction is 120°C,

Tabla 3-2. Raference Table for Type J Thermocouples

Temperatures in Degrees Celsius (IPTS-68)

DEG C - T i 2 3 -
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Thermocouple Design

The wires used in the fabrication of thermocouples
are a critical factor in the accuracy of a thermocouple.
Commercially fabricated thermocouples can be pur-
chased or thermocouples may be assembled on site.
Commercially fabricated thermocouples are carefully
tested to ensure that they conform to specified calibra-
tion limits. When thermocouples are to be assembled
on site, thermocouple grade wire that is low in impuri-
ties and has uniform low resistance should be used.

Thermocouples are fabricated using bare, insu-
lated, and sheathed wires. The wire sizes normally used
for thermocouples are as follows:

* Types E, J,K—8, 14, 20, 24, 28 AWG
 Type T— 14, 20, 24, 28 AWG
* TypesB,R, S, — 24 AWG only

The smaller the diameter of the wire, the quicker the
response time of the thermocouple. This is because heat
transfer takes less time in a thermocouple with smaller
mass. However, larger wires have greater resistance to
corrosion and high temnperature, which can cause a shift
in calibration. For this reason, as wire size decreases,
the upper temperature limit at which a thermocouple
can be used will also decrease.

Bare wire thermocouples are typically insulated

with hard fired ceramic insulators (see Figure 4-1).
Insulators are available in single bore, double bore, or
multi-bore as well as a variety of sizes, shapes, and
lengths. For noble metal thermocouples (Types B, R,
and S), the use of one piece, full length aluminum oxide
insulators is recommended for maximum protection
from contamination. For base metal thermocouples
(Types E, ], K, T), insulation of braided glass or other
fabric is sometimes used. Thermocouples are also

Bead insulators

ITIITITP>®

Double bore insulators

=

LJ LJ

Tubing insulation

Figure 4-1. Bare Wire Thermocouple
Insulation
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made from insulated thermocouple wire. In this case,
the insulation must be suitable for the exposure tem-
perature and must not contaminate the process fluid.

Sheathed thermocouple wires are insulated with a
crushed mineral oxide that is compacted within a pro-
tecting sheath. This insulating material will rapidly
absorb moisture. Therefore, if sheathed thermocouples
are to be assembled on site, it is recommended that the
cable be purchased with the ends suitably sealed. Any
unsealed cable should be stored in an oven at 200°F or
higher to reduce moisture absorption.

For identification purposes, symbols have been
assigned for the positive (P) and negative (N) wires of
thermocouples, Table 4-1 shows the wire symbols of
different types of thermocouples. For example, BP
indicates the positive lead of a Type B thermocouple,
while BN indicates the negative lead of a Type B
thermocouple.

To ensure accuracy when extension wire is used
with a thermocouple, the extension wire must have the
same temperature-EMF characteristics as the thermo-
couple. Different types of extension wire are available
for the different types of thermocouples. The positive
and negative leads of extension wire have also been
assigned symbols. These symbols and their materials
of construction are identified in Table 4-2.

The insulation used on extension wires may be
divided into four general classifications: waterproof,
moisture resistant, heat resistant, and radiation resis-

tant. The materials used for insulating extension wire
are selected to perform a variety of functions, including
physical protection, bonding, mechanical separation,
and electrical insulation. For dry locations, these func-
tions can be performed by nonconducting materials
such as cotton, glass, paper tapes, and ceramic beads.
Where moisture may be present, enamel coatings,
asphalt or wax impregnations, plastics, or rubber or
lead sheaths may be required. Where heat resistance is
necessary, glass and ceramics may be used. If the
extension wire will be exposed to varying degrees of
heat and moisture, a combination of materials may
provide satisfactory insulation.

To assist in visual identification of wires and to
avoid inadvertent cross wiring, many thermocouple
wires and extension wires are color coded. Table 4-3
identifies the insulation color for duplex insulated
thermocouple wire. The color codes for single conduc-
tor insulated extension wire and duplex insulated exten-
sion wire are identified in Tables 4-4 and 4-5. Note that
the color red is always used to identify the negative
lead.

Thermocouple Assembly Components

A thermocouple assembly consists of a thermo-
couple and one or more associated parts, such as a
terminal block, connection head, and protecting tube
(see Figure 4-2). The terminal block is a block of

Tabie 4-1. Symbols for Types of Thermocouple Wire

Type Positive Lead Negative Lead
B BP BN

E EP EN

J JP JdN

K KP KN

R RP RN

S sSP SN

T TP N




Table 4-2. Symbois for Types ¢f Extensfon Wire
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Positive Lead

Negative Lead

BPX (Copper)

BNX (Copper)}

Thermocouple Type Combination
B BX**
E EX
J JX
K KX
Ror$S SX-
T . TX

EPX (Nickel ENX (Copper Nickel)
Chromium)

JPX (iron) JNX (Copper Nickel)
KPX (Nickel KNX (Nickel Aluminum)
Chromium)

SPX (Copper) SNX (Copper Nickel

Alloy)
TPX (Copper)

TNX (Copper Nicke!)

Both Type R or S Thermocoupies use the same SX compensating extension wire.

Special compensating extension wires are not required for reference junction temperatures up

t0100°C. Generally copper conductors are used, However, proprietary alloys may be obtained for
use at higher reference junction temperatures.

Table 4-3. Coler Code — Duplex Insulated Thermocbupie Wire

Thermocouple Color of Insulation
Type Overall* Positive* Ne.gatlve
E Brown Purple Red
J Brown White Red
K Brown Yellow Red
T Brown Blue Red

* A tracer color of the positive wire code color may be used in the overall braid.

insulating material used to support and join the termi-
nations of the thermocouple wires to the extension
wires or electrical measuring device. The connection
head is a housing that encloses the terminal block. A
connection head provides easy access for removal and
replacement of the thermocouple. It usually has
threaded openings for attachment 1o the protecting tabe
that contains the thermocouple, and a conduit through
which extension wires may be run,

While some thermocouples may be exposed di-
rectly 1o the process medium, thermocouples are typi-

cally installed in a protecting tube or a thermowell.
Protecting tubes and thermowells prevent contamina-
tion of the thermocouple by protecting it from the
process. They also provide mechanical protection and
support.

Protecting tubes are thin walled metal or ceramic
tubes and are used in low pressure applications. A
protecting tube may have external threads designed for
direct attachment to a connection head, or a bushing or
flange may be provided for attachment to a vessel (see
Figure 4-3). Protecting tubes are not primarily
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Table 4-4. Color Code — Single Conductor Insulated Extension Wire

Extension Wire Color of Insulation

Type FPositive Negative*
BX Gray Red-Gray Trace
EX Purple Red-Purple Trace
JX White Red-White Trace
KX Yellow Red-Yellow Trace
SX Black Red-Black Trace
TX Blue Red-Blue Trace

means.

The color identitied as a trace may be applied as a tracer, braid, or by any other readily identifiable

NOTE OF CAUTION: !n the procurement of random tengths of single conductor insulated extension wire, it
must be recognized that such wire is commercially combined in matching pairs to conform to established
temperature-EMF curves. Therefore it is imperative that all single conductor insulated extension wire be
procured in pairs, at the same time, and from the same source.

Table 4-5. Color Code ~— Duplex Insulated Extension Wire

Extension Wire Color of Insulation
Type Overall Positive Negative*
BX Gray Gray Red
EX Purple Purple Red
JX Black White Red
KX Yellow Yellow Red
SX Green Black Red
™ Blue Blue Red

* A tracer having the color corres
color code,

designed for pressure tight attachment to a vessel.

On the other hand, thermowells include external
threads or other means for pressure-tight attachment to
a vessel. These devices are designed for high pressure
applications. Thermowells are usually solid cylindrical

ponding to the positive wire code color may be used on the negative wire

metal pieces with a hole drilled for insertion of the
thermocouple. Figure 4-4 shows two common ther-
mowell designs. One has a lagging extension designed
to extend through the insulation of a vessel. The other
design has a connection head extension installed
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Terminal block
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Insulated thermocouple
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Figure 4-2. Typical Thermocouple Assembly
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Filgure 4-3. Protecting Tubes

between the thermowell and connection head.

There are many types of protecting tubes and ther-
mowells available. Some of the common materials of
construction and their maximum operating tempera-
tures are provided in Table 4-6. Depending on the
application, the protecting tube or thermowell should
have some or ali of the following properties:

» mechanical strength to withstand pressure and
resist sagging at high temperatures

Lagging extension

Connection head
. Connaction head extension

%m-]]iln-zt@[ﬂf-..—.m

Figure 4-4. Thermowelis

= lemperature resistance to withstand the tempera-
ture being measured

» thermal shock resistance to prevent damage o the
tube or well in cases of sudden temperature change

*  corrosion resistance to avoid chemical action with
the procession medium

* erosion resistance
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Table 4-6. Protection Tube Materials

Materials Maximum Operating Temperature
Deg. C Deg. F
Carbon Steel 540 1000
Wrought Iron 700 1300
Cast Iron 700 1300
304 Stainless Steel 87¢ 1600
316 Stainless Steel 870 1800
446 Stainless Steel 980 1800
Nickel 980 1800
75 Nickel - 15 Chromium-iron 1150 2100
Porcelain 1650 3000°
Silicon Carbide 1650 3000
Alumina-Silica 1650 3000*
Aluminum Oxide 1750 3200°

low porosity at the operating temperature, particu-
larly in furnace applications since furnace gases are
generally damaging to thermocouples

A thermowell or protecting tube will increase the

radial heat transfer resistance and increase stem loss.
The heat transfer in the gap between the thermocouple
and the wail of the well or tube is usually a major factor
in increasing radial heat transfer resistance. For this
reason, a filler material is often used to improve heat
transfer. However, it should be noted a filler is subject
to aging and/or redistribution. Therefore, its effect on
response time of the thermocouple is uncertain. Filler
materials used to improve heat transfer should have
certain characteristics.

high thermal conductivity

Horizontal tubes should receive additional support above 1480°C (2700°F),

chemical compatibility with the thermocouple,
thermowell, and process medium in case of a leak

long term stability of chemical and physical prop-
erties at operating temperatures — Some fillers can
improve heat transfer when new, but reduce heat
transfer after aging,

Adequate fluidity or plasticity— A filler must not
compact at the tip of the well because it will prevent
complete insertion of the thermocouple. Plasticity
is required to prevent the filler from running out if
the thermowell is installed with its tip higher than
the head.

To improve the response time, a thermocouple is

usually bottomed in the protecting tube or thermowell.



Bottoming ensures that the measuring junction is
pressed tightly against the end of the tube or well. This
may ground the thermocouple, causing difficulties with
some types of installations.

Installation Considerations

Proper installation of a thermocouple will provide
protection of the thermocouple and help ensure the
accuracy of the measurement. In addition to determin-
ing the appropriate type of thermocouple, assembly
components, and extension wire for a particular appli-
cation, there are several other factors to be considered
when planning a thermocouple installation,

For example, since the input of a thermocouple is
based upon the temperature of the measuring junction,
it is important to determine the best location for the
thermocouple. Since temperature can vary from one
point to another within a process, the best location is the
one that provides the most representative measure-
ment. One method for determining the best location is
to use a portable thermocouple to take measurements at
several places.

In addition to location, the depth of immersion is
also critical to the accuracy of the measurement. The
immersion length of a thermowell or protecting tube is
the length from the free end to the point of immersion
in the medium being measured. Immersion length
should not be confused with insertion length, which is
the length from the free end of the well or tube to, but
not including, the external threads or other means of
attachment to a vessel or connecting head. Figure 4-5
illustrates these two lengths. A minimum immersion
length of 8 to 10 times the tube or well diameter is
recommended in order to minimize conduction errors.
However, when a thermocouple is used in a high
velocity liquid, it may not need to be immersed as
deeply.

The position of the thermocouple is also an impor-
tant installation consideration. Thermowells are usu-
ally installed perpendicular to a pipe or vessel wall, at
an angle, or in an elbow. These installations are
illustrated in Figure 4-6.

In gas applications, the thermocouple should be
located where the mass velocity is as high as possible,
This will ensure good heat transfer by convection.
However, if the velocity is greater than 300 fisec, a
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Figure 4-5. Immersion and Insertion
Lengths for Thermocouple Assembly with
Thermowell

specially designed stagnation type probe should be
used. When a thermocouple must be installed in a
location where the gas velocity is very low, it may be
necessary to induce gas flow past the junction. Several
aspirating pyrometers are available for this purpose.
In high temperature applications, such as ovens or
furnaces, vertical installation of the thermocouple
through the top of the vessel will prevent the thermo-
couple from bending or sagging. It is also recom-
mended that the protecting tube or thermowell extend
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Figure 4-6. Thermowell Installations

beyond the outer surface of the vessel furmace or proc-
essing equipment so that the temperature of the connec-
tion head is close to the ambient atmospheric tempera-
ture. This is particularly important for Types B, R, and
S themocouples with compensating extension wires.
The connection head temperature should never exceed
the temperature limits for the thermocouple extension
wires.

Another factor to consider is the extension wire,
Thermocouple extension wire should be installed in
such a way that it is protected from excessive heat, -
moisture, and mechanical damage. Whenever practi-
cal, it should be installed in conduit so that it is not
subjected 1o excessive flexing or bending, which can
change the thermoelectric properties. Long radius
bends should be used in place of elbows because pulling



the wire through elbows introduces additional me-
chanical stress. Also, to minimize errors that can be
introduced by junction boxes, the extension wire
should be run from the connection head to the measur-
ing instrument terminal in one continuous length.
Finally, to prevent induced extraneous voltages, elec-
trical wires should neverbe run in the same conduit with
extension wires. -

In addition to using one thermocouple to provide
single point measurement, multiple thermocouples can
be installed in different configurations to provide other
approaches to temperature measurement. For example,
thermocouples may be connected in parallel to provide
an average temperature measurement (see Figure 4-7).
The measuring instrument will provide a readout of the
temperatures at the measuring junctions. One disad-
vantage to this approach is that the average measure-
ment will not show a hot spot.

Thermocouples can also be installed in series to
form a thermopile. In this case, the thermocouples are

Measuring junctions

DD
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connected so that alternate junctions are at a known
temperature, such as the melting point of ice, and the
other junctions are exposed to the temperature to be
measured (see Figure 4-8). In a themmopile, the volt-
ages of all the thermocouples are added so the output is
11 times the number of measuring junctions. This type
of thermocouple arrangement magnifies the output
signal, providing a way to detect small changes in
temperature. However, one disadvantage is that if a
short circuit occurred, it would be undetected since the
temperature of individual junctions is not indicated.

Checking Thermocouple Accuracy

The properties of thermocouple wires, fabricated
thermocouples, and extension wires are carefully con-
trolled and tested during manufacture to ensure that
they are within the tolerance limits of their appropriate
temperature-EMF specifications. The output of a new,
unused thermocouple will be determined solely by the

Y
Reference junction

-

Figure 4-7. Thermocouples Connected In Paraliel
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Figure 4-8. Thermopile (Thermocouples in Series)

temperature of its measuring junction. However, after
the thermocouple has been used, the themmocouple
material will no longer be homogeneous. In this situ-
ation, the output of the used thermocouple will not be
determined solely by the temperature of its measuring
Junction. Thus, there are different procedures for
checking the accuracy of unused and used thermo-
couples.

Various methods for testing new thermocouple
materials are described in Publication 300, Volume II,
“Precision Measurement and Calibration — Tempera-
ture,” published by the National Bureau of Standards,
and in E2220-72, “Calibration of Thermocouples by
Comparison Techniques," published by the American
Society for Testing and Materials.

One common method of testing the acccuracy of a
new thermocouple involves placing the reference junc-
tion in an ice bath to establish the reference temperature
and placing the measuring junction in a variable cali-
brating temperature bath. The voltage output of the
thermocouple is read with a calibrated potentiometer,
high impedance voltmeter, or thermocouple indicator.
Then, the voltage outputs are tabulated with the corre-
sponding temperatures in the fumace and compared
with the appropriate thermocouple reference table to
determine whether or not the thermocouple output
agrees with the table within the prescribed limits of

error throughout its usable range.

Used, or installed, thermocouples which are ex-
posed to high temperatures in various atmospheres may
change characteristics. This thermoelectric nonuni-
formity results from contamination or deterioration of
the thermocouple wires and/or junction. While the
reference junction of a used thermocouple will nor-
mally be like new, the measuring junction will deterio-
rate or become contaminated. The portion of the wire
near the measuring junction will also be affected to
some degree. Therefore, the thermocouple material is
no longer homogeneous. To avoid continued use of
thermocouples with excessive deviation from their
original properties, it is good practice to check thermo-
couples at regular intervals. In general, thermocouples
used in high temperatures or contaminating atmos-
pheres must be checked more frequently.

The purpose of checking an installed thermocouple
is to determine the temperature error in actual service,
not the temperature-EMF characteristics of the thermo-
couple. Therefore, a used thermocouple should always
be checked in its normal installed location. If a thermo-
couple were removed from its installed location and
placed in a calibrating fumnace for checking, it is highly
improbable that the temperature gradiant in the fumnace
would match the temperature gradiant of the normal
installation.



The accuracy of an installed thermocouple is
checked by comparing its readings with the readings of
a new, or checking, thermocouple of the same type.
When the diameter of the protecting tube is large
enough, the checking thermocoupie may be inserted
beside the service thermocouple, When the protecting
tube is not large enough to accomodate another thermo-
couple, the service thermocouple can be removed and
the checking thermocouple temporarily inserted in its
place. When this replacement method is used, it is
essential that stable temperature conditions be main-
tained,

If the installed thermocouple is used to measure a
wide range of temperatures, it should be checked at
more than one temperature within the range of its use.
While testing a thermocouple of one temperature pro-
vides some information, it is not safe to assume that the
changes in the EMF of a thermocouple are proportional
to the temperature or to the EMF.

In addition to being the same type as the installed
thermocouple, the checking thermocoupie should be
homogeneous and uncontaminated. Any new thermo-
couple may be used, but it should be checked against a
primary standard and tagged with its deviation from the
standard curve. The accuracy of a checking thermo-
couple will become questionable after extended use,
Noble metal thermocouples used as checking thermo-
couples may normally be relied upon for a considerable
period of use. However, base metal checking thermo-
couples should be frequently checked againsta primary
standard. Also, base metal checking thermocouples
should not be used below 480°C if they have been
exposed between checks to temperatures above 760°C.
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RESISTANCE TEMPERATURE

Thermocouples provide a means for measuring
temperature by developing a voltage in response to a
change in temperature. Another class of electrical
temperature measuring devices, called resistance ther-
mometers, respond 10 temperature by changing their
electrical resistance. Two common types of resistance
thermometers are resistance temperature detectors
(RTDs), which have metallic sensing elements, and
thermistors which have semiconductor elements. This
chapter focuses on RTDs and Chapter 6 focuses on
thermistors.

Principle of Operation of RTDs

AnRTD consists of a sensing element fabricated of
metal wire or metal fiber which responds to tempera-
ture change by changing its resistance. The sensor is
connected to a readout instrumentation that monitors
the resistance, typically through the use of a bridge
circuit, and then converts resistance to a temperature
value.

The principle of operation of an RTD is based on
the fact that the electrical resistance of some metals
varies directly with temperature changes. The relation-
ship between resistance and temperature is based on the
temperature coefficient of resistance of the metal. The
coefficient of resistance is the fractional change in
resistance per degree Celsius. Since no two metals have

DETECTORS

the same coefficient, different metals have different
temperature versus resistance curves, none of which are
strictly linear. Figure 5-1 shows the relationship be-
tween temperature and resistance for some metals that
are commonly used for RTDs. On this graph, the
resistance axis values represent the ratio of wire resis-
tance at the measured temperature (R, ) to wire resis-
tance at 0°C (R).

The resistive property of a metal is usually identi-
fied by its resistivity (r). The resistivity of a metal is a
constant factor and is used in evaluating the effect of the
length and the cross sectional area of a metal on its total
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Figure 5-1. Resistance Versus
Temperature for Some Common RTD
Materials
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resistance. The resistance is proportional to length and
inversely proportional to cross sectional area, as shown
in the following equation for total resistance.

rx L
A

Analysis of this equation also shows that when two
different metals of the same length and cross sectional
area are compared, the metal with higher resistivity will
have a higher total resistance.

The metals used in the fabrication of RTD sensing
elements must meet several requirements.

R=

= high resistivity so the size of the element will be of
practical use

* high temperature coefficient of resistance to pro-
vide a readily measurable resistance change when
temperature changes

* good ductile or tensile strength to pemit it to be
made into wire or film and then wound or coiled to
form a sensing element

* chemical inertness with other materials used for
structural components, electrical insulation, and
packaging of the sensor

Table 5-1. Properties of Metals Used for RTDs

Another property that is desirabie for metals used in
RTDs is good linearity between resistance and tem-
perature. While this property is not essential, it simpli-
fies the readout instrumentation,

Table 5-1 shows some of the properties of metals
used for RTDs. Platinum is the most widely used metal
in the manufacture of RTD elements. The resistance of
platinum is nearly linear with temperature; it has a
reasonably high resistivity, a high melting point, and a
relatively large temperature coefficient of resistance.
Other metals used for RTD elements include copper,
nickel, nickel alloys, and tungsten. While copper has
the most linear of all known temperature versus resis-
tance relationships, its useful temperature range is
narrow. Nickel has a high temperature coefficient of
resistance. However, its temperature-resistance rela-
tionship becomes quite nonlinear above 300°C. Tung-
sten is being developed as an RTD material because of
it usefulness for high temperature measurements.
However, tungsten cannot be fully annealed, and is less
stable than platinum, -

Sensor Designs
The sensing element of an RTD usually consists of

a wire cut to a length that provides a predetermined
resistance at 0°C. The wire may be coiled within or

Platinum Copper Nickel Tungsten
Average tempara- 0.00385
ture coetficient of to
resistance over 0° 0.003925 0.0042 0.0067 0.0045
to 100°C (Q/ Q°C)
Resistivity (Q cm) 9.81 x 10-¢ 1.529 x 10-¢ 5.91 x 10® 4.99 x 10°¢
Linearity of
resistance versus excellent excellent poor fair
temperature '
Useful -260 to 800 -100 to 150 -100 to 500 | -70 to 2700
temperature range
(°C)




wound around an insulating material.

A critical factor in the design of RTD sensors is the
manner in which the metal wire or film is supported.
This is because strain, as well as temperature, can
cause a change in the resistance of the metal. Ideally,
the mounting should impose no strain on the metal for
the entire range of temperatures for which the sensor
will be used. To achieve this would involve the use of
unsupported, flexible metal elements, which would be
very fragile and impracticat for industrial use. For this
reason, the various sensor designs have some degree of
support for the wire or film.

The bird cage design offers the least amount of
support. In this design (see Figure 5-2), the wires hang
in a vapor space and are threaded through thin disks
which separate the wires. The disks are usually made
of mica or ceramic material. With this design, the
wires are free to move, so strain is negligible. Due 10
their fragility and cost, bird cage design RTDs are used
most often for laboratory measurements where a high
degree of accuracy is required.

Platinum element

Figure 5-2. Bird Cage RTD

RTDs with partially supported elements are well
suited for industrial applications. There are several
types of designs that resist shock and can be used for
temperature measurement from -260°C to 800°C. One
type of partially supported design is shown in Figure 5-
3. With this design, tight coils of wire are inserted into
small axial holes in an insulating mandrel. The mandrel
material must be pure to prevent contamination of the
wires. It is typically made of aluminum oxide or
magnesium oxide. An adhesive is injected into the
holes and the assembly is fired. This secures part of
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each tumn of the coil 10 the mandrel, leaving the remain-
der of each tumn free to move.

Platinum

Cearamic body

Figure 5-3. Partially Supported RTD

Another type of partialty supported design, a wall
mount RTD, is shown in Figure 5-4. In this case,
insulating cement is used to secure a coil of wire to the
interior wall of a sheath. Only part of of each loop is
secured, leaving the remainder free to move.

Metal cylinder

Cement

Wire coil

Figure 5-4. Wall Mount, Partially Sup-
ported RTD

Fully supported element designs offer greater
shock resistance and are more rugged than partially
supported designs. While fully supported element de-
signs are satisfactory for most industrial applications,
they place more strain on the element. One type of fully
supported element is shown in Figure 5-5. This type of
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sensor is manufactured by winding a wire around an
insulating mandrel and coating it with an insulator by
means of painting, dipping, or flame spraying. Since
the wires are totally constrained, any difference in
thermal expansion between the wire and the mandrel or
insulation will cause strain on the wire. While careful
design can minimize this stress, it cannot be totally
eliminated. ,

Another type of fully supported design uses metal
film (see Figure 5-6). With this design, a film element
sensor is manufactured by depositing a thin film of
platinum on the surface of an insulating support piece
that is usually made of ceramic material. Unlike wire
element sensors, where resistance can be adjusted by

Coil wound on glass mandrel

Figure 5-5. Fully Supported RTD

the length of the wire, film elements are designed to
allow resistance to be adjusted during manufacture. For
example, the film may be manufactured in the form of
a grid. Resistance of the element can then be adjusted
by severing one or more filaments in the grid with a
laser beam. With other element designs, resistance may
be adjusted by removing a thin layer with a laser beam.

In some applications, an RTD sensing element can
be immersed in the medium being measured, provided
the fluid is nonconducting or the sensor is properly
insulated and protected. In these applications, a fully
supported sensor with a coating of glass, ceramic, or-
ganic insulator, or Teflon ®is typically used (see Figure
5-7). However, most applications require packaging of

Piatinum leads

Adjustment cuts

Platinum film

Figure 5-6. Film Type Platinum RTD

Figure 5-7. Fully Supported RTD Sensor with a Protective Coating



the sensor element. For immersion sensors, the sensing
element is usually mounted inside a metal sheath (see
Figure 5-8). A filleris used to hoid the element in place
and insulate it from the sheath. The filler may be a
cement or powder, such as aluminium oxide or magne-
sium oxide.

RTD sensors are also manufactured for surface
temperature measurement. - Surface sensors may be
clamped, bolted, or cemented to a surface. Figure 5-9
shows two typical surface sensors.

RTD Readout Instrumentation

Temperature measurement with an RTD is actually
ameasurement of the sensor’s resistance, using the sen-
sor calibration to convent the measurement into tem-
perature. This is achieved by connecting the sensor to
a transducer that has a bridge circuit, typically a Wheat-
stone bridge or Mueller bridge. The sensor leads are
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connected so that the RTD forms one leg of the bridge
circuit. Figure 5-10 shows the connection of a two wire
RTD to a Wheatstone bridge.

Initially, R is adjusted to match the resistance
value the sensor exhibits at some reference tempera-
ture, such as 0°C. The bridge then operates in the
nonbalanced mode. In this mode, the three circuit
resistors are fixed and the sensor (R,) acts as a variable
resistor. A change in the resistance of the sensor will
cause a proportional change in the measured voltage
drop (E). The voltage output of the circuit (E) is then
converted 10 a temperature that corresponds to the
resistance of the sensor.

Sensors are usually located far from the readout
instrumentation. Copper leads are commonly used as
connecting wires. The lead wires represent a resistance
in series with the RTD. Over long distances, the resis-
tance of the copper leads may be significantly greater
than the resistance of the RTD sensor, resulting in

|l «—— Metal sheath

Lead wires

Filler
(powder or cement}

=

—

Mandrel (with platinum element)

Figure 5-8. Typical Sheathad RTD
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Figure 5-9. Typical Surface Sensors

Figure 5-10. Two-wire RTD and
Wheatstone Bridge Circuit

\\

8endable surface sensor

measurement errors, For this reason, RTD sensors are
available with two, three, or four wires. A two-wire
sensor dees not allow for lead compensation, How-
ever, when the readout instrument is located near the
sensor installation, allowing the use of short leads, a
two-wire sensor can provide good accuracy.

Three-wire and four-wire sensors provide compen-
sation for lead resistance. Figure 5-11 shows the con-
nection of three-wire and four-wire sensors to bridge
circuits. In the three-wire lead circuit, L, and L, are in
opposite legs of the bridge, which cancels their effect on
the bridge. L, is connected in series with the input
voltage and cannot unbalance the bridge.

The three-wire configuration is most commonly
used for industrial applications. The four-wire sensor
connection provides greater accuracy than the three-
wire connection. However, since this configuration
requires frequent rebalancing and lead reversal, it is not
commoniy used in industrial applications.
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Figure 5-11. Three-wire and Four-wire RTDs in Wheatstone Bridge

RTD Accuracy

In addition to lead wire resistance, which can be
compensated through the use of a three wire or four wire
sensor, several other factors influence the accuracy of
RTD temperature measurements. One of these is a lack
of a single standard for RTDs. There are several
standards that specify different values for the tempera-
ture coefficient of resistance for a given metal. In
addition, manufacturers observe different tolerances in
the manufacture of RTDs. Therefore, accuracy prob-
lems can occur when RTDs from different manufactur-
ers are used in the same system, or when an RTD from
one manufacturer is replaced with an RTD from an-
other manufacturer.

Self heating can also affect accuracy. AnRTDisa
passive element that requires the application of a cur-
rent flow in order to measure its resistance. Heat
generated by the current can affect accuracy if it raises
the temperature of the RTD element above the process
temperature, resulting in a transfer of heat 1o the pro-
cess. The self heating effect depends on the design of
the RTD element as well as its environment (i.e., fluid
velocity past the element). To minimize self heating,
industrial readout instramentation usually limits cur-
rent in the bridge to 0.003 amps.

Other factors that affect the accuracy of RTDs are
physical and chemical changes. Such changes can
cause shifts in the accuracy of RTDs, leading to drift in
readings. Drift rates for platinum RTDs are generally
approximated by manufacturers at 0.05°C per year.
Studies of platinum RTDs have found that physical
changes occur because of thermal or mechanical fac-
tors, such as mechanical shock due to rough handling,
constraints that lead to stress during thermal expansion,
and vibration. Chemical changes can be caused by
chemical reaction of the platinum or impurities dis-
solved in the platinum. These reactions are often
ignored because platinum is a noble metal. However,
one effect that has been observed in steel sheathed
RTDs is the migration of iron into the platinum. This
migration can have a signficant effect on the accuracy
of sensors operated at about S00°C.

RTDs for Specialized Applications

RTDs are also manufactured in designs that make
them suitable for spccialized applications. Some of
these designs include averaging RTDs, annular ele-
ment RTDs, and combination RTD-thermocouples.
An averaging RTD has long resistance elements (i.e.,
15 feet). This design measures the average temperature
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over the length of the sensor.

In annular element RTDs, the sensors are made
with annular elements that provide a tight fit against the
inner wall of a thermowell. The tight fit and small heat
capacity of the sensor and its attached components
cause this RTD to have 2 quick response to changes in
temperature.

Combination RTD-thermiocouple designs are
available with both an RTD and a themmocouple en-
closed in the same sheath. This design allows two
simultaneous measurements based on different mea-
surement principles, Another combination design con-
sists of a four wire platinum RTD with one Chromel
lead and one Alumel lead. This configuration creates
two thermocouples in addition to the RTD, permitting
three simultaneous temperature measurements at the
same location. Combination designs alleviate concems
about degradation that could be common to sensors
using the same measurement principle, but which are
implausible for sensors with different principles.



Themmistors are another type of electrical tempera-
ture measuring device. Thermistors are made of solid
semiconductor materials having a high coefficient of
resistivity. The relationship between resistance and
temperature, and linear current-voltage characteristics
are of primary importance. Typical thermistors are
suitable for temperature measurements in the range of
-100°C 10 300°C. However, some thermistors can be
used at temperatures as low as -200°C and others as
high as 600°C. While thermistors and RTDs have many
similarities, there are important differences that affect
their use and accuracy.

Characteristics of Thermistors

Thermistors are semiconductors formed from
complex metal oxides, such as oxides of cobalt, magne-
sium, manganese, or nickel. They are available with
positive temperature coefficients of resistance (PTC
thermistors) and with negative temperature coeffi-
cients of resistance (NTC thermistors). NTC thermis-
tors are used almost exclusively for temperature mea-
surement.

Because it is a solid state device, a thermistor
conducts like a transistor. However, the negative
coefficient is an important factor in understanding
thermistor operation. Unlike an RTD, which increases
its resistance when temperature increases, an NTC

THERMISTORS

thermistor will decrease its resistance when tempera-
ture increases, causing an increase in current, or elec-
tron, flow through the thermistor. Therefore, the cur-
rent flow is directly proportional to the temperature.
Figure 6-1 shows the resistance versus temperature
curve for a typical NTC themmistor.

A themmistor’s temperature coefficient of resis-
tance is very large compared to an RTD’s coefficient of
resistance. This large coefficient makes thermistors
more sensitive to small changes in temperature, and
therefore ideally suited to applications requiring pre-
cise measurements. A thermistor’s change in resis-
tance per degree change in temperature is typically as
large as 3 to 5% per °C, compared to 0.4% per °C for
most RTDs. As a result, the resistance of a thermistor
at operating temperatures can be much larger than the
resistance of an RTD. A thermistor’s resistance will
normally be tens of thousands of ohms, while an RTD’s
resistance is normally hundreds of ohms.

On the other hand, thermistors have a very nonlin-
ear relationship between resistance and temperature.
For this reason, the range of operating temperatures for
which they can be used is much smaller than the
temperature ranges RTDs are capable of handling.
However, a thermistor will provide stable and repeat-
able performance if used within its specified tempera-
ture range.

Another characteristic of thermistors is that they
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Figure 6-1. Resistance versus Temperature for a Typical Thermlistor

are made withtwo lead wires instead of the typical three
wire and four wire designs used for RTDs. This is
because the large resistance values for thermistors
virtually eliminates the concemn about lead wire resis-
tance.

A variety of circuit designs are used to measure
temperature with a thermistor. For example, a thermis-
tormay be connected to a Wheatstone bridge, much like
a two-wire RTD circuit. Or, a series circuit that in-
Cludes a battery, the sensor, and a microammeter may
be used (see Figure 6-2). In this case, as long as voltage

Microammeter
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Battery e |
POWET s IThermistcr
supply l |
L_d

Figure 6-2. Microammeter Readout



is constant, the current flow will only be determined by
the resistance of the thermistor.

Despite the nonlinear namre of themmistors,
readout instrument circuits have also been developed to
provide a nearly linear output voltage versus tempera-
ture or resistance versus temperature. The simplest
circuit for linearizing the voltage versus temperature
relationship is a voltage divider (see Figure 6-3). In this
circuit, the voltage drop may be measured across the
fixed resistor (R) or across the thermistor ®R).
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Figure 6-3. Voltage Divider Circult
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The voltage versus temperature relationship can
also be linearized by using modifications of the voliage
divider circuit. For example, multiple thermistors can
be added to the voltage divider circuit to achieve better
linearization. Figure 6-4 shows a two thermistor circuit
and a three thermistor circuit. In these circuits, the
thermistors are matched so they have identical resis-
tance versus temperature curves, Assemblies with
multiple matched thermistors and the required fixed
resistors can be obtained.

Linearization for resistance measurements can be
achieved by using a parallel circuit arrangement (see
Figure 6-5). As with the circuits for linearizing voltage

Flgure 6-5. Linearizing Circult for
Resistance Measurements
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Figure 6-4. Multiple Thermistor Linearizing Circuits
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versus temperature, 2 number of circuits using multiple
matched thermistors have been developed for linear-
izing resistance versus temperature.

Thermistor Designs

Thermistors are manufactured in a variety of sizes
and configurations. Some of the more standard designs
include beads, discs, washers, and rods. (See Figure
6-6).

The bead thermistor is made of a small bead of
thermistor material to which a pair of leads is attached.
The bead is usually enclosed in glass.

A disc thermistor consists of a disc of thermistor
material and a pair of leads. The leads may be attached

=2

Bead

o b o
- @D

Disc

Figure 6-6. Common Thermistor Designs

radiaily or axially to the top and or bottom of the disc.
Some disc thermistors have no leads, and are fabricated
with metal plated faces that can be clipped or soldered
in the circuit,

A washer thermistor resembles a disc thermistor
but has a center hole and metal plated faces for contact.
The center hole enables the thermistor to be held by a
mounting bolt or stacked with other washer thermistors
and electrical components.

A rod thermistor is basically a stick of thermistor
material to which a pair of leads are attached. The leads
may be attached axially or radially to each end of the
rod.

Thermistors may be used for immersion or surface
measurements. Sheathed thermistors are fabricated in

Contact
faces

Washer

Axial leads

Radial leads

Rod



a variety of sizes and designs. Surface sensors with
thermistor elements are also available, Matched ther-
mistors that have the same resistance versus tempera-
ture curve can be used when interchangeability or
equivalence is required for an application. In addition,
there are probes that contain the necessary matched
thermistors and associated resistors 1o provide linear-
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interchangeability. The shape of the resistance versus
temperature curve is greatly dependent on the compo-
sition of the thermistor material, which is difficult to
control. In addition, the small size of thermistors makes
it difficult to adjust the resistance by altering the
amount of material through cutting or grinding. These
factors make it difficult to satisfy tight tolerances.






































































































