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1 - Introduction

The Engineer’s Guide to Industrial
Temperature Measurement

PREFACE

This handbook provides a thorough discussion of the considerations for
selecting the proper measurement system for a wide variety of applications and
conditions. The engineered system selection guidelines are suitable for almost
every industrial application.

INTRODUCTION

Temperature is the most widely measured variable in the process industries.
Temperature is often a critical factor in industrial processing. If a temperature
measurement is not accurate or reliable for any reason, it can have a detrimental
effect on such things as process efficiency, energy consumption, and product
quality.

Even a small measurement error can be disruptive or very costly in some processes,
so it’s extremely important to be certain your temperature measurements

are accurate and reliable. Pharmaceutical processing is an example where an
inaccurate temperature measurement might ruin a batch of product worth
hundreds of thousands of dollars. For this reason, each measurement system
needs to be evaluated and carefully engineered to satisfy the requirements of
the process.

In a Safety Instrumented Function in a SIS, poor performance could be deadly,
costly or both and an error of 2% is considered a dangerous non-diagnosed fault.
An example might be a process that can go exothermic and possibly explode if
temperature is not measured and controlled accurately.
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Another example of where an accurate measurement has enormous cost
consequences is custody transfer where the amount of material that is bought
and sold (referred to as custody transfer) is based on a measurement of the volu-
metric flow rate of gas. The amount of material contained in a specific volume of
gas decreases with rising temperatures and increases with falling temperatures.
Therefore, itis extremely important to know the exact temperature of the gas
when determining volumetric flow rate. Inaccurate temperature measurements
during custody transfer applications result in over- or undercharging of custom-
ers. This can directly impact a customer’s financial performance. A natural gas
custody transfer application is one example of where accurate temperature
measurements are required.

Measurements are typically made using a sensor (usually a thermocouple oran
RTD) and a signal conditioning circuit (either a transmitter or a channel of an
input card to a DCS or PLC) to amplify the sensor’s low level (ohm or mV) signal
to a more robust 4-20mA current signal.

Combined with a field connection head and thermowell components, the
sensor and the signal conditioner are called a temperature system or assembly.
Systems are available to meet a variety of measurement accuracy and stability
requirements. Some applications need only be within a rather loose 11 °C (+20
°F) of the actual measurement, some look for trends and accuracy is not as
important, while others call for extremely tight measurements of up to +0.01
°C(+0.025 °F). Long-term measurement stability varies from 5.5 to 11 °C (10

to 20 °F) of span per year for non-critical measurements, to those providing
betterthan 0.044 °C(0.08 °F) of span per year for the most critical applications.
In all cases the degree of precision of the measurement is limited by the sensor
choice.

This handbook will explore the recommendations, the pitfalls, and the
trade-offs for various temperature measurement systems. Guidelines will

be presented for selecting the proper sensor and signal conditioner to meet
avariety of applications. Design of high reliability systems for use in Safety
Instrumented Functions (SIF) within Safety Instrumented Systems (SIS) will also
be covered.

Examples of operations where accurate and reliable temperature
measurement are importantinclude:

¢ Pharmaceutical bioreactors and fomenters
« Various chemical reactors

¢ Distillation columns

e Absorbers

e Crystallizers

« Solid state component manufacturing

e Custody transfer



2 - Frequently Asked Questions

10-

1-

12-

13-

14-

How to choose the right sensor technology (RTD or T|C) (See 4.2.3.1)

What is the recommended insertion length for a thermowell? (See 4.2.2.2.5)

What is the best way to calculate the accuracy of the entire temperature
measurement system? (See 3.1.4.2 and .3)

How to choose the correct thermowell (See 4.1.2)

What are the recommended grounding best practices? (See 4.2.5.2.4.1)

What are the sensor lead wire color standards that should be followed?
(See 3.2.3and 3.2.4)

How to choose the proper transmitter (See 3.1.2)

What benefits can be gained by using transmitter diagnostics?
(See of 5.11.1)

Why should long sensor wires be avoided and what are the alternatives?
(See 4.3.4)

What is the benefit of transmitter-sensor matching? (See 4.2.7)

What are the thermocouple temperature ranges? (See 3.2.4.4)

What are the recommendations for high accuracy measurements? (See 3.1)

How to protect the measurement from noise interference (See 3.1.2.4.1)

What are Best Practices for Calibration? (See 5.7.2)
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3.1 Transmitters
3.1.1 Overview

For the purpose of this handbook we will confine

our discussion to industry standard Intelligent

or Smart transmitters as are manufactured by
virtually every leading manufacturer. These are
microprocessor-based instruments with enormous
capabilities for signal processing as compared to the
analog transmitters that were the mainstay for many
years. In the days of pure analog devices, functions
such as calibration, ranging, zeroing, and damping
were set using potentiometers. A screwdriver and
multi-meter were the tools used to communicate
with the transmitter. The signals drifted and required
frequent maintenance and were limited to com-
municating only one piece of information and could
drift and suffer offset from electrical interference.
This often created an “on-scale” failure, where the
process variable appears to be valid, butis in fact
wrong.

These analog transmitters evolved over the years
from using discreet components like transistors

WHAT ARE THE
RECOMMENDATIONS FOR HIGH
ACCURACY MEASUREMENTS?

As discussed in Chapter 3.1, selection of a high
end microprocessor based transmitter will afford
superior performance and a wide array of optional
features that can greatly enhance measurement
integrity, performance and accuracy.

Proper selection, calibration and installation of the
sensor assembly are additional critical components
of measurement system accuracy.

A more precise compensation for RTD inaccuracies
is provided by Transmitter-Sensor Matching using
the transmitter’s factory programmed Callendar-
Van Dusen equation. While this matching is typi-
cally not required for all process measurements,
itis the clear choice for those measurements
requiring the best possible accuracy.

Refer to:

4.2.9 - Guidance Review for Ensuring Optimal
System Performance and Accuracy

3.1.4.3 - Sensor Related Accuracy Factors
3.2.11 - RTD Accuracy [ Interchangeability
3.1.4.3.3 - Transmitter-Sensor Matching

and diodes into to using “chips” or “chip sets” and
finally what we now refer to as microprocessors.
While analog models are still available from some
manufacturers, they have a declining position in the
industrial process market.

Avariety of devices are used to measure tem-
perature. These devices, referred to as sensors, are
discussed in detail in the Sensors chapter in this
handbook. Smart temperature Transmitters accept
signals from all industry standard types of Resistance
Temperature Detectors (RTDs) and Thermocouples
(T/C). Transmitters also can accept millivolt and
resistance signals.

The transmitter converts the measurement input
signal to high level robust 4-20 mA output signal.
Some models have a digital signal output for
connection to a remote device or system.

Transmitters are available in a variety of housing
styles that may be mounted into any of a wide
selection of enclosures that are available in many
different materials of construction. Refer to Figure
3.1.1aThey may be mounted integrally with a sensor
| thermowell assembly at the process measurement
point and transmit either a hard-wired or wireless
signal. Alternatively, they can be mounted remotely
from the sensor assembly in any of several types

of enclosures. They can be configured locally or
remotely and can provide local indication. They
have an array of standard and optional performance
features to provide remarkable functionality.
Systems may be provided to meet virtually any
agency approval requirement.

Figure 3.1.1a - Transmitter Styles
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3.1.2 Transmitter Anatomy

Transmitters accept a variety of measurement
signals (RTD and T/C for example), process them, and
provide a robust output signal. Not all are designed
and perform equally. Each major manufacturer
incorporates their own engineering expertise gained
from months or even years of research and develop-
ment. This Intellectual Property (IP) sets the higher
quality transmitters apart from the others in their
ability to process the measurement signal to provide
an accurate and stable output signal. The following
sections provide a high level overview of common
functions of a high quality transmitter.

Transmitters incorporate three subsystems; the
input subsystem converts the sensor measurement
signal into a digital signal (called Analog-to-Digital
conversion or A/D); the signal conditioning subsys-
tem accepts this digital signal and performs various
conditioning and mathematical manipulations to
produce a digital representation of the temperature
measurement; and the output subsystem that
converts this digital signal to a robust analog output
signal (D/A). Refer to Figure 3.1.2a The following
discussion provides furtherinsight.

Galvanic Isolation

Sensor 4 v

—>  Analog - Digital

4-20 mA
Signal

Microprocessor

- Averaging

- Communications
- Damping
Reference - Diagnostics

Input - Differential
Temperature

- Eng Units
- Hot Backup
- Rerange

—T> Digital - Analog

5 Conversion Conversion

Serésur f

Cold Junction
Compensation
Sensor
Linearization
- Temperature
Correction

Digital HART
Communications

Figure 3.1.2a - Transmitter Functional Block Diagram

3.1.241

The real world analog signals from measurement
sensors are converted to digital signals using a
sampling technique with a precisely known internal
reference voltage. The more bits of resolution that
the A/D uses the more precise will be this conversion.

Inputs

The most common sensor inputs for temperature
measurement are Resistance Temperature Detectors
(RTDs) and thermocouples (T/Cs). Additional inputs
are millivolt (mV), ohm, and potentiometer. Refer to
Figure 3.1.2.1a. A discussion of each type follows.

Figure 3.1.2.1a - Typical Sensors

3.1.2.1.1 RTDInputs

Resistance temperature detectors (RTDs) are based
on the principle that the electrical resistance of
ametal increases as temperature increases - a
phenomenon known as thermal resistivity. Thus,
atemperature measurement can be inferred by
measuring the resistance of the RTD element.

RTD’s are constructed of a resistive material with
leads attached and usually placed into a protective
sheath. The resistive material may be platinum,
copper or nickel with the most common by far being
platinum. Platinum sensors range from 100 Q (Ohm)
to 1000 Q and are available as two, three, or four wire
constructions.

Refer to section 3.2.3 for a detailed discussion
of RTDs.

3.1.2.1.2 Thermocouple Inputs

Athermocouple (T/C) is a closed-circuit thermo-
electric temperature sensing device consisting of
two wires of dissimilar metals joined at both ends.
A current is created when the temperature applied
to one end orjunction differs from the other end.
This phenomenon is known as the Seebeck effect,
which is the basis for thermocouple temperature
measurements.

One end is referred to as the hot junction whereas
the other end is referred to as the cold junction. The
hot junction measuring element is placed inside a
sensor sheath and exposed to the process. The cold
junction, or the reference junction, is the termination
point outside of the process where the temperature
is known and where the voltage is being measured.
This cold junction is typically in a transmitter, control
system input card or in a signal conditioner.
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Transmitters accept inputs from most common
industry standard T/C types including types |, K, E,
T,R, and S. Many models can also accept the types
Band Cand Type N, which commonly serves as an
alternative to TypesRandS.

Refer to section 3.2.4 for a detailed discussion of T/Cs.

3.1.2.1.3 Millivolt Inputs

Millivolt signals are prone to voltage drop losses and
noise pickup and need to be converted in the field to
robust 4-20 mA current signals for transmission to
receiving instrumentation. Millivolt output signals
are very common in analysis instrumentation. Ad-
ditionally most strain-gauge based transducers and
load cells are assigned units of measure for weight,
force, tension, pressure, torque, and deflection with
afull-scale value measured in mV/V of excitation. For
example, aload cell with a 10-V excitation supply and
a2-mV/V-gain factor generates an output of 20 mV
atfullload, whether the load cell was designed to
handle 10, 100, or 1,000lbs. Another example of mV
output is a Hall-Effect transducer as are typically used
in tachometers, contactless switches, magnetizers
and compasses and in devices for position, tilt/level,
pressure, and thickness measurements.

3.1.2.1.4 Potentiometer Inputs

Potentiometers are basically a variable resistance
device where a pickup or “wiper” slides along the
resistance in accordance with some external physical
movement thus developing a variable resistance
output to the transmitter. They are used in a variety
of devices to provide position feedback. There are
rotary, linear, helical, and string styles. They can be
found in speed controls, conveyer controls and in
some processing and laboratory equipment.

3.1.2.1.5 Resistance Inputs

Pure Resistance change signals are found in some
strain gauges and other bridge circuits.

3.1.2.2

Aninstalled measurement loop will very often have
two ground level potentials. One is at the point

of measurement where the sensor s in contact
with the process which in turn is connected to

the local ground. The other ground is usually the
signal ground which is most often at the receiving
instrument in the control room. These grounds will
rarely, if ever, be at the same potential. If there is a

Isolation

galvanic path between the two grounds a current
will flow dependant on the difference between

the two ground voltage potentials. This is referred

to as a ground loop and will have a varying and
unknown effect on the output signal causing
potentially significant error. Most transmitter designs
incorporate a means of galvanicisolation using either
optic or transformer isolation stages to eliminate this
problem.

Anisolated transmitter also has provision to block
both normal mode and common mode voltages
that may inadvertently come in contact with the
measurement circuit. Faults in field equipment can
inject ac voltages of 120V, 240V or even higher

into the process equipment and grounded thermo-
couples, shorted RTDs and cable shields can carry
this voltage to the transmitter. High voltage can also
be induced by welders, motor starters, lightning
strikes and other switchgear. The isolation provided
in the transmitter front end will block these voltages
preventing them from travelling to the control room
ground system causing potentially lethal conditions.

With this isolation being applied a safe digital signal
is presented to the signal conditioning stage.

3.1.2.3 Single, Dual and Multipoint Transmitters

All'transmitters allow for at least one sensorinput.
However, some temperature transmitters have a
dual-input capability, allowing them to accept inputs
from two sensors simultaneously. Dual sensors
provide a more reliable measurement through
sensor redundancy and by detecting sensor drift and
they can also provide a measurement of differential
or average temperature of the two sensors. See
Figure 3.1.2.3a

Figure 3.1.2.3a - Transmitter with Single or Dual Inputs

Multi-input temperature transmitters accept up

to 8 sensorinputs and are useful in applications
where many temperature measurement points are
concentrated in one area, known as high density
transmitters. See Figure 3.1.2.3b.
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Figure 3.1.2.3b - Multichannel Transmitter

High density transmitters minimize installation costs
in applications such as heat exchangers, boilers,
chemical reactors, and distillation columns. They are
also often used for temperature profiling of furnaces
and reactors. See Figure 3.1.2.3c.

For more information on multipoint sensors refer to
section 3.2.6
N

Figure 3.1.2.3c - Temperature Profiling a Reactor

3.1.2.4 Signal Conversion and Conditioning

In this stage the digitized raw temperature measure-
ment signal is filtered, linearized and otherwise
mathematically manipulated to yield an accurate
representation of the measured temperature.

These processes will be discussed in detail in the
following sections.

3.1.2.4.1 Noisefiltering

Virtually every plant environment contains
electrical interference sources like pumps, motors,
Variable Frequency Drives (VFD’s) and radios as

HOW TO CHOOSE THE PROPER
TRANSMITTER

Transmitters accept a variety of measurement
signals (RTD and T/C for example), process them,
and provide a robust output signal. Not all are
designed and perform equally. Each major
manufacturerincorporates their own engineering
expertise gained from months or even years

of research and development. This Intellectual
Property (IP) sets the higher quality transmitters
apart from the others in their ability to process the
measurement signal to provide an accurate and
stable output signal.

A smart transmitter generally provides a more
accurate and robust temperature measurement
thanis provided by direct wired I/O systems.
Asmart transmitter provides signal isolation,
filtering, linearization and sensor type or sensor
specific compensation to the measurement before
sending the value to the host system.

Transmitters are available in a variety of housing
styles that may be mounted into any of a wide
selection of enclosures that are available in many
different materials of construction. They may be
mounted integrally with a sensor/thermowell
assembly at the process measurement point and
transmit either a hard-wired or wireless signal.
Alternatively, they can be mounted remotely
from the sensor assembly in any of several types
of enclosures. They can be configured locally
orremotely and can provide local indication.
They have an array of standard and optional
performance features to provide remarkable
functionality. Systems may be provided to meet
virtually any agency approval requirement.

Refer to:

3.1.2.3 - Single, Dual and Multipoint Transmitters
3.1.3 - Output Options

3.1.4 - Transmitter Performance

3.1.5 - Stability

3.1.6 - Intelligent Filtering Features and Options
3.1.8 - Diagnostics

3.1.10 - Transmitter Styles; Housings and
Mounting Options

3.1.11 - Transmitter Options

3.1.12 - Safety Certified Transmitters for SIS
Applications

4.3.4 - Advantages of Using Transmitters vs.
Direct Wiring
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well as sources of electrostatic discharge and other
electrical transients. A transmitter is designed to
reject common mode and normal mode interference
as well as provide a high degree of immunity to
Electromagnetic Interference (EMI), Electrostatic
Discharge (ESD), and Radio Frequency Interference
(RFI).

3.1.2.4.2 Linearization:

AllT/C’s and RTD’s have a nonlinear output vs.
temperature relationship. If this relationship was
ignored, significant errors would result, especially for
wider ranges. The transmitter applies a linearization
technique that greatly reduces the errors caused by
the nonlinearities of sensors thus providing a much
more accurate measurement.

The relationship between the resistance change of
an RTD vs. temperature is called its Temperature
Coefficient of Resistance (TCR) and is often referred
to as the RTD’s alpha curve. (Refer to section 3.2.3
for more detail.) The transmitter is configured

to provide a linear output to compensate for the

HOW TO PROTECT THE
MEASUREMENT FROM NOISE
INTERFERENCE

Virtually every plant environment contains
electrical interference sources like pumps, motors,
Variable Frequency Drives (VFD’s) and radios as
well as sources of electrostatic discharge and other
electrical transients. Low level sensor signals from
RTDs and T/Cs are very susceptible to Electromag-
netic Interference (EMI), Electrostatic Discharge
(ESD), and Radio Frequency Interference (RFI).

Sensor leads act like an antenna for noise interfer-
ence causing potentially very large errors in the
measurement. The longer the leads (The antenna)
the greater will be the noise pickup. A transmitter
is designed to reject common mode and normal
mode interference as well as provide a high degree
of immunity to EMI, ESD and RFI. Where possible
and practical, transmitters should be mounted
close to the measurement point to minimize
potential noise pickup by the sensor leads. This is
especially important for low level T/C signals which
are especially susceptible to noise.

3.1.2.4.1 - Noise filtering

4.3.4 - Advantages of Using Transmitters vs.
Direct Wiring

difference between the alpha curve of a sensor and
anideal straight-line relationship. How closely a
sensor’s alpha curve matches this ideal straight-line
relationship is referred to as its class. For example

a Class A sensor has a closer tolerance than does

a Class B sensor and will provide a more accurate
measurement. See also sensor matching below and
in the Engineering Your Temperature Measurement
chaptersection 4.2.5.2.2.1 and see Figure 3.1.2.4.2a

Class B
Tolerance Area

N EC 60751

3 Curve
j=
S
R
I3
8 /
Class A
Tolerance Area
T
0°
Temperature

Figure 3.1.2.4.2a - IEC 751 Ideal vs. Class A vs. Class B Tolerance
Graph

For each type of T/C there is a corresponding curve of
the relationship between the emf generated by the
T/Chotjunction and temperature. The transmitter

is configured to linearize this relationship. See Figure
3.1.2.4.2b.
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Figure 3.1.2.4.2b - T/C emf vs. Temperature Curves for Popular
T/CTypes

3.1.2.4.3 Cold Junction Compensation (CJC)

The voltage measured at the cold junction correlates
to the temperature difference between the hot and
cold junctions; therefore, the temperature at the
cold junction must be known for the hot junction



3 - Temperature Measurement Basics

temperature to be calculated. This process is

known as “cold junction compensation” (CJC). CJC

is performed by the temperature transmitter, T/C
input cards for a control system, alarm trips, or other
signal conditioner. Ideally the CJC measurement is
performed as close to the measurement point as
possible because long T/C wires are susceptible to
electrical noise and signal degradation.

Performing an accurate CJCis crucial to the accuracy
of the temperature measurement. The accuracy of
the CJCis dependent on two things; the accuracy of
the reference temperature measurement and the
proximity of the reference measurement to the cold
junction. Many transmitters use an isothermal termi-
nal block (often made of copper) with animbedded
precision thermistor, an RTD or an integrated circuit
transistor to measure the temperature of the block.
Refer to Figure 3.1.2.4.3a

TIP: Refer to section 4.3.4.0 in the “Connecting to
the Control System” chapter for a detailed discus-
sion of why it is preferable to use field transmitters
vs. direct wiring the sensors over long distances to a
control room.

Cold Junction
Inside

Insulated T/C

Lead Wires Metal A

Transmitter Metal B Hot Junction

Figure 3.1.2.4.3a - Cold Junction Compensation

Summary of Transmitter Anatomy

A smart or microprocessor-based transmitter
performs a succession of operations upon the
measurement signal to condition it to provide an
accurate and stable digital signal to the output
stage. The operations that are performed are quite
sophisticated and are often proprietary to the
specific manufacturer.

3.1.3 Output Options

After the signal conditioning functions as described
above are completed, the isolated, filtered, linearized
and compensated digital signal reaches the final
transmitter stage of conversion to a robust analog
signal for transmission over potentially very long
distances to the control room. This analog-to-digital
conversion provides a highly accurate signal with

excellent noise immunity as compared to the weaker
and noise susceptible signals coming directly from
the sensor. Furtherinsightis provided in section 4.4.3
in the Connecting to the System chapter.

For many years an analog output signal had been

the industry standard approach for communicating
signals to a control system, individual controllers
orrecorders. As digital circuit technology matured,
industry began to adopt the concept of using digital
communication from field devices in addition to the
analog signal or as an alternative to the analog signal.

In the 1980s the HART® protocol was introduced that
enhanced the analog signal functionality by provid-
ing access to more field device data and the ability
to manipulate certain parameters. It also offered a
rudimentary digital networking capability.

In the late 1980s and into the1990s several different
digital fieldbus technologies were launched globally
with the intent of distributing the control architec-
ture to the bus and the field devices.

In the new millennium, wireless technology has
evolved to serve as a viable protocol for transmitters.
It complements the existing HART protocol by
providing access to more data in those hard-to-reach
locations.

3.1.3.1 Analog Current

Industry standard 4-20 mA analog signals are

used globally to communicate with field mounted
devices over long distances. These robust signals are
highly resistant to electrical interference. Typically

4 mArepresents 0% of the measured value and 20
mA represents 100%. Signals outside of this range
indicate a system abnormality or failure condition.
Current from the 0 mA to 4 mA portion of the

signal range is used to provide operating power to
the loop device. This is commonly referred to as a
loop-powered device. In a current loop the signal is
not affected by the voltage drop of long cable runs or
junction boxes.

LENAPYT" N

| g ' 3 W BERVIRV
COMMUNICATION PROTOCOL
3.1.3.2 HART®

The HART (Highway Addressable Remote Trans-
ducer) protocol is a digital protocol that provides for
the superimposing of a digital signal onto the 4-20
mA signal wires. This superimposed digital signal
allows two way communications for configuration
and for extracting operational and alarm data from
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Figure 3.1.3.2a - HART Device Connection

the transmitter. Refer to Figure 3.1.3.2a. HART
protocol is widely accepted and utilized throughout
the world. Using HART along with the 4-20 mA signal
offers enhanced diagnostics options including status
and alarm data that can be useful for maintenance or
process analysis.

On avery basic level, field configuration tools

can access any of this information by request one
instrument at a time. An alternative solution to
accessing this information exists on a higher level
where this data can be accessed continuously from
all field devices simultaneously using fieldbus or
HART-enabled multiplexors interfaced with the DCS
and/or an asset management system.

Fieldbus

Foundation

3.1.3.3 FOUNDATION™ Fieldbus

Foundation Fieldbus is an all-digital, serial, two-way
communications system that can serve as the
base-level network in a plant or factory automation
environment. Itis an open architecture, developed
and administered by the Fieldbus Foundation.

It’s targeted for applications using basic and ad-
vanced regulatory control, and for much of discrete
control associated with those functions. Foundation
fieldbus technology has been widely used globally in
the process industries.

Fieldbus installations may use any or a combinations
of field topologies where measurement and cointrol
devices are distributed throughout the plant to

best meet the needs of the application. These
topologies connect to an I/O rack and then to the
plant control highway using a network of high speed

Communicating

u Device

ethernet cables, junction boxes, device couplers and
power supplies. Refer to vendor documentation for
additional detail.

HEDED

BRULS
3.1.3.4 PROFIBUS

PROFIBUS is an international fieldbus communica-
tions standard for linking process control and plant
automation modules. Instead of running individual
cables from a main controller to each sensor and
actuator, a single multi-drop cable is used to connect
all devices, with high speed, bi-directional, serial
messaging used for transfers of information. Profibus
DPis used for discrete signals and has had extensive
use in factory automation applications. Profibus

PAis used for analog process control signals and

has gained widespread use in the process control
industry. Both protocols may be connected together
using a coupling device. Similar to foundation field-
bus, Profibus networks use a distributed system of
measurement and control devices connected to a
plant control highway. Refer to vendor documenta-
tion for additional detail.

W ysam eI 1 N “
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3.1.3.5 WirelessHART™

WirelessHART™ is an open-standard wireless
networking technology developed to comple-

ment the existing HART standard. The protocol

was defined specifically for the requirements of
process field device networks and utilizes a time
synchronized, self-organizing, and self-healing mesh
architecture. Refer to Figure 3.1.3.5a. The protocol
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currently operates in the 2.4 GHz ISM Band using IEEE
802.15.4 standard radios. It is backward compatible
with existing HART systems and configuration tools
allowing for easy adoption with minimal training. As
with the HART devices described above the informa-
tion embedded in the HART signal may be accessed
by field devices or HART-enabled 1/O systems and
processed by the DCS and/or an asset management
system.

Figure 3.1.3.5a - Wireless HART Network

Itis especially usefulin remote and hard-to-reach
locations throughout a plant (remote storage tanks
or pipelines, for example) where installing wiring
over long distances, under/over roadways and
railroad tracks etc. would be very expensive. See
Figure 3.1.3.5b.

Figure 3.1.3.5b — Wireless Remote Mount Pipeline Installation

Output Options Summary

In summary, transmitters have three primary stages.
The input stage provides the A/D conversion of

the analog sensor signal to a digital signal that is
passed to the second stage for signal conditioning
and mathematical manipulation. The third stage
converts the digitally processed signal back into

an analogsignal in the D/A converter for output

to the receiving device. High quality transmitters
incorporate years of expertise into their designs. This
Intellectual Property is what sets them apart from
lesser quality products.

3.1.4 Transmitter Performance

3.1.4.1 Temperature Measurement
Performance Factors

Temperature measurement system performance
isinfluenced by a number of factors in reporting
process temperature measurements, including
accuracy, stability, internal conditions, intelligent
filtering, response time and diagnostics.

3.1.4.1.1 Accuracy

Accuracy of a temperature measurement system
is the degree of closeness of the measurement of
atemperature to that temperature’s actual (true)
value.

3.1.4.1.2 Repeatability

The repeatability of a measurement system, also
called precision, is the degree to which repeated
measurements under unchanged conditions show
the same results.

As an example, an instrument could present the
same value for temperature every time (under the
same measurement conditions) but the value is
offset from the correct value. This is repeatable but
not accurate. The ideal measurement therefore
would be both accurate and repeatable.

For those familiar with target shooting, a marksman
could tightly cluster his shots on the target (repeat-
able) but the cluster may not be in the bull’s-eye.
(Accuracy) The ideal situation is to have all the shots
closely clustered in the bull’s-eye. (This result is both
accurate and repeatable). See Figure 3.1.4.1.2a

iy

Repeatable
AND Accurate

i

Repeatable
NOT Accurate

Figure 3.1.4.1.2a - Accuracy vs. Repeatability
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WHAT IS THE BEST WAY TO
CALCULATE THE ACCURACY
OF THE ENTIRE TEMPERATURE
MEASUREMENT SYSTEM?

Refer to:
3.1.4.2 - Error Calculations

Worst Case Error (WCE) is the largest possible error
expected under the anticipated conditions. These
calculations are a summation of the raw values of
reference accuracy, digital temperature effect,
and ambient temperature effects on the input and
output.

Total Probable Error (TPE) is a calculation that
reflects the probable error of the transmitter and
sensor system, based on anticipated installation
conditions. The components of this calculation
include the root sum square of the multiple
transmitter and sensor accuracy effects.

See also:

3.1.4.2. 1 - Example Error Calculations
3.1.4.3 - Sensor Related Accuracy Factors
3.1.4.3.3 - Transmitter-Sensor Matching
4.2.7 - System Error Analysis

3.1.4.1.3 InputAccuracy

The input accuracy (also called digital accuracy) is
unique for each sensorinput. For example, the input
accuracy of an RTD is about +/-0.1°C(0.18 °F) fora
high quality transmitter. The input accuracy of a T/C
varies by T/C type from about +/-0.2 °C(0.36 °F) up to
+/-0.8°C (1.44 °F).

There are many factors that affect the accuracy
of a transmitter, including ambient temperature
compensation, CJC and sensor selection.

3.1.4.1.4 Output Accuracy

This is a statement of the accuracy of the D/A
converter stage given as a % of span. (Typical is 0.02%
of span.)

3.1.4.1.5 Ambient Temperature Compensation

Both input and output accuracy will vary with
fluctuations in the ambient temperature of the
transmitter. This is referred to as the ambient

temperature effect. Typical errors fora 100Q
platinum RTD (& =0.000385) for each °C changein
ambient temperature are 0.0015 °C (0.0027 °F) for
the input and 0.001% of span for the output. These
errors are as compared to a reference ambient
temperature (specified by the manufacturer) of 20 °C
(68 °F). T/Cs have similar data.

Transmitters are characterized during manufacturing
over their specified operating range to compensate
for these fluctuations to maintain measurement
accuracy and stability. Typical transmitter ambient
temperature range is -40 to 85 °C(-40 to 185 °F).

3.1.4.2 Error Calculations

Worst Case Error (WCE) is the largest possible error
expected under the anticipated conditions. These
calculations are a summation of the raw values of
reference accuracy, digital temperature effect,
and ambient temperature effects on the input and
output.

Total Probable Error (TPE) is a root sum of the
squares of multiple error producing factors affecting
the accuracy. Itis based on anticipated installation
conditions.

3.1.4.2.1 Example Error Calculations

Fora 4-20mA HART transmitter when using a

Pt 100 (. =0.000385) sensor input with a 0-100 °C
span operating at an ambient temperature of 30 °C
(86 °F), the following statements would be true:
(Using the typical error data listed above in 3.1.4.1.4
and 3.1.4.1.5 and as found in a product data sheet)

3.1.4.2.1.1 Digital Temperature Ambient Change
Effects (Input Error)
Input Error = (Ambient temperature effect) x
(Change in ambient)
=(0.0015°C/°C) x (30°- 20°)
=0.015°C(0.027 °F)

3.1.4.2.1.2 DJA Ambient Change Effects
(Output Error)
D/AEffects = (Transmitter D/A Spec from data
sheet) x (Temp span) x (Changein
Ambient Temp)
=0.001%/ °Cx Temp Span x
(Amb Temp - Cal Temp) °C
=0.001%/ °Cx 100°Cx (30-20)°C
=0.001%/ °Cx100°Cx 10°C
=0.01°C(0.018°F)
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3.1.4.2.1.3 Worst Case Error (WCE)

WCE = Digital (Input) Accuracy + D/A (Output)
Accuracy + Ambient Change Digital Temp
Effects + Ambient Change D/A Effects

= Input error + Output error + Ambient change
effect oninput + Ambient change effect
onoutput

=0.1°C+(0.02 %span/°C) (100°C)+0.015+0.01

=0.1°C+0.02°C+0.015°C+0.01°C

=0.145°C(0.261°F)

3.1.4.2.1.4 Total Probable Error (TPE)

(For 100 °C span and using specifications from

atypical product data sheet)

TPE = (Transmitter specified digital input
accuracy)? +(Output (D/A) error spec)? +
(Ambient change effect on Input)? +
(Ambient change effect on output)?

=\ (Digital)? + (DJA)? + (Dig Temp Effects)? +

(D/A Effects)?°C

7 (0.1)2+(0.02)2+(0.015)2 + (0.01)2 °C

0.1°C(0.18°F)

3.1.4.3 Sensor Related Accuracy Factors

3.1.4.3.1 - Cold junction compensation (C|C)

is crucial to the accuracy of the temperature
measurement when a thermocouple is used. Since
the accuracy of the CJC depends primarily on the ac-
curacy of the reference temperature measurement,
a precision thermistor or platinum RTD is commonly
used to determine this temperature.

3.1.4.3.2 - Proper selection, calibration and
installation of the sensor assembly is another critical
component of measurement system accuracy. All
sensors have inherentinaccuracies or offsets from
anideal theoretical performance curve referred

to as sensor interchangeability. Transmitters can
compensate for this offset by allowing the user to
make adjustments to the factory defined sensor
curves stored in the transmitter memory by digitally
altering the transmitters interpretation of the sensor
input. Factory calibrations can also be performed
using either three or five-point data. Refer to the
Calibration Chapter for more information.

3.1.4.3.3 Transmitter-Sensor Matching

A more precise compensation for RTD inaccuracies is
provided by Transmitter-Sensor Matching using the
transmitter’s factory programmed Callendar-Van
Dusen (CVD) equation. This equation describes the
relationship between resistance and temperature

of platinum resistance thermometers (RTDs). The
matching process allows the user to enter the four

sensor specific Callendar-Van Dusen (CVD) constants
into the transmitter. The transmitter uses these
sensor-specific constants in solving the CVD equa-
tion to match the transmitter to that specific sensor
thus providing outstanding accuracy. Accuracy
improvement for sensor matching is typically 7:1.
Refer to Figure 3.1.4.3.3a and the Sensor chapter for
amore complete discussion.

System Accuracy Comparison at 150 °C

Standard Sensor

o o High Accuracy Transmitter: = 0.10 °C
H; Standard Sensor: +1.05°C
3

£ o Total System*: +£1.05°C
3

3

T e Sensor with CVD Option

e High Accuracy Transmitter: = 0.10 °C
B o Sensor with CVD: +0.18°C
g Total System*: +0.21°C

Séaenn(igrrd Wsiti"é(\)/'b *Total System Accuracy =

Constants V(transmitter accuracy)? + (sensor accuracy)?

Figure 3.1.4.3.3a - Sensor - Transmitter Matching Comparison

3.1.5 Stability

Stability refers to the ability of the transmitter to
avoid driftin order to maintain accuracy over time.
Itis related to the sensor’s measurement signal,
which can be influenced by humidity and prolonged
exposure to elevated temperatures. Stability is
maintained by using reference elements in the trans-
mitter, against which the sensorinput is compared.
At superior transmitter manufacturers, in order to
improve accuracy and stability, every transmitter is
fully temperature characterized to compensate for
the temperature-dependency of the D/Aand A/D in
order to improve accuracy and stability.

Stability is often stated in terms of percent of the
reading or the expected maximum change in
measured temperature in °C or °F over a specified
amount of time for each sensor type. Data is typically
given for 1 year, 2 years or 5 years. For example:
0.25% of reading or 0.25 °C (0.45 °F) for 5 years
(Whicheveris greater) is typical for RTDs and 0.5%
of reading or 0.5 °C (0.9 °F) for 5 years (Whicheveris
greater) for T/Cs. Transmitter calibration cycles for
high quality smart transmitters can be extended
accordingly. Figure 3.1.5a

Tip: The stability specification above refers to the
transmitter performance and does not include the sen-
soritself. Awell made RTD is generally considered to be
highly stable and will not degrade significantly over time.
However, even a well made T/C will degrade measurably
over time and much more quickly at high temperatures.
Refer to section 3.2.3 for more information.
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Figure 3.1.5a - Comparing Smart vs. Non-Smart Transmitter
Stability

3.1.6 Intelligent Filtering Features and Options

In most plant environments surges from lightning
or other static discharge are common as are
electrical power surges and dips. There can be
other hostile conditions caused by vibration, high
humidity, high or low ambient temperature, and
corrosive atmosphere etc. that can adversely affect
transmitter performance as well. Fortunately, many
manufacturers have design features and configura-
tion options that address these issues and help to
provide a reliable temperature measurement. Many
of these are discussed below.

3.1.6.1 Damping

Damping is the amount of time required, in addition
to the update time, for the output to reach 63.2% of
its final value after a step change has been applied
to the input. See Figure 3.1.6.1a. It is adjustable from
1to 32 seconds. Damping reduces the effects of
electrical noise and any other insignificant transient
noise that may influence the transmitter output
signal. Itis often used to stabilize control loops and
prevent false trips. In the absence of electrical or
transient noise, damping may not be required since
temperature changes in most processes are slow
and have inherent lag time in influencing the sensor
due to thermowell inertia etc. Additionally, for fast
changing process conditions or to identify runaway
conditions as early as possible, damping should be
minimized.

Input Value

c)u\XJ\“‘\Ia“‘\B

Temperature

63%
of Input

— T T T T T T T T T T T T T T T

Time

Figure 3.1.6.1a - Damping Response Curve

3.1.6.2 Open Sensor Holdoff

The Open Sensor Holdoff option detects a false open
sensor condition and performs calculations to deter-
mine when the transmitter should send an indication
to the control system. For example, the transmitter
determines if an open sensor event has actually
occurred or a high voltage transient event, such as
lightning or electrostatic discharge, has caused a
false open sensor condition. To avoid an unnecessary
alarm and possible process control disruption, the
established temperature value continues to be sent
until the transmitter identifies the true source of the
condition and takes the appropriate failure action
only upon a verified sensor failure. See Figure 3.1.6.2a

Operator Trend Views

Disabled Enabled

Temperature
Temperature

Time Time

Figure 3.1.6.2a - Open Sensor Holdoff

3.1.6.3 Transient Filter

The Transient Filter feature recognizes conditions
like high vibration or a noisy environment that may
cause incorrect intermittent temperature readings
and rejects them. By disregarding these temperature
spikes, sensor signal interruption is prevented and
the last known reliable temperature continues to be
transmitted thus saving a potential process upset or
trip condition. See Figure 3.1.6.3a

Operator Trend Views

= = =
Disabled Enabled

Temperature
Temperature

Time Time

Figure 3.1.6.3a - Transient Filter

3.1.6.4 EMF Compensation

In temperature measurement loops using RTDs,
small voltages, called thermal EMFs, can be induced
on the sensor wires, increasing the effective
resistance and causing false temperature readings.
Rosemount transmitters feature Emerson’s patented
EMF Compensation, which monitors RTD sensor
loops and compensates for the unwanted thermal
EMF voltages. As aresult, these transmitters deliver
more accurate and reliable temperature values.
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3.1.6.5 Line Voltage Filter

Noise from nearby 50 or 60Hz AC voltage sources,
such as pumps, variable frequency drives, or power
lines is easily detected by low-amplitude sensor
signals. If not recognized and removed, this noise
can compromise the transmitter’s output signal. A
transmitter’s Line Voltage Filter can be customized at
50 or 60 Hz to protect temperature measurements
from AC voltage interference and to filter out this
noise, enabling the delivery of accurate temperature
readings. Verify the voltage to be used in the country
of installation. See Figure 3.1.6.5a.

W 220-240V / 50Hz
W 220-240V / 60Hz
¥ 100-127V / 60Hz
W 100-127V / 50Hz

Figure 3.1.6.5a - Global Voltage Usage

3.1.6.6 The Hot Backup® Feature

The Hot Backup® Feature is the ability of the
transmitter to automatically switch the transmitter
input from the primary sensor to the secondary
sensor should the primary sensor fail. This prevents
a process disruption due to the failure of the primary
sensor. A maintenance alert s also generated to
notify operators that a sensor has failed and the

Hot Backup® feature is active. In this way, a critical
temperature measurement is not lost, and control is
not disrupted. See Figure 3.1.6.6a.
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Figure 3.1.6.6a - The Hot Backup® Feature Prevents Primary
Sensor Failure from Disrupting Process Control

Tip: See the “Selecting and Installing the Correct
Temperature Components” section 4.2 for more on
redundant sensor applications using two single sensors.

3.1.6.7 Sensor Drift Alert

Sensor Drift Alert notifies the control system of
the degradation of a sensor that is causing its
measurement signal to drift away from the actual
value, thus decreasing the measurement integrity.
By using two sensor inputs, the difference between
the two sensors is monitored. When the difference
becomes greater than a value entered by the user,
the transmitter sends an alert to indicate a sensor
drift condition. See Figure 3.1.6.7a

nitial Drift Alert
nitial Activated
Minimal
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Defined
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Figure 3.1.6.7a - Sensor Drift Alert Detects a Degrading Sensor

3.1.6.8 Thermocouple Degradation

The Thermocouple Degradation feature continually
monitors the resistance of the thermocouple loop.
If the resistance goes above a certain designated
trigger level, an alert is sent suggesting sensor
replacement. The degrading thermocouple can

be caused by wire thinning, sensor breakdown,
moisture intrusion or corrosion and can be an indica-
tion of an eventual sensor failure. Identifying this
degraded condition prior to a complete T/C failure
could prevent an unscheduled process trip and save
an expensive unscheduled shutdown.

3.1.6.9 Minimum-Maximum Tracking

Use Minimum-Maximum Tracking Tracking to

verify installation temperature or to troubleshoot
quality issues. This feature keeps records of both

the process and ambient temperature values. This
enables a user to verify that the internal transmitter
temperature has not exceeded recommended limits
in areas where the ambient temperature around the
transmitter fluctuates substantially. Operating a
transmitter above its published maximum operating
temperature may cause premature failure and/or
invalid outputs. Operating it below its rated ambient
temperature may lead to degradation of the accu-
racy. Also, this Minimum-Maximum Tracking feature
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records the minimum and maximum temperatures
reached by the sensors and their differentials,
which can be helpful when troubleshooting product
quality issues by indicating whether or not optimal
temperatures have been maintained.

TIP: This feature could be very useful for document-
ing the performance of a transmitter used in a
Safety Instrumented loop.

3.1.7 EMICompliance

Transmitters are designed to withstand and reduce
the effects of electromagnetic interference (EMI).
This includes the use of shielded circuit cards,
shielded housings, proper circuit design, and appro-
priate parts selection. A quality transmitter provides
a high level of electromagnetic compatibility (EMC),
whereas the more economical transmitters may have
reduced EMC levels.

Compliance with national or international standards
is often required by laws passed by individual nations.
Different nations can require compliance with
different standards.

For example; by European law, manufacturers of
electronic devices are advised to run EMC tests in
order to comply with compulsory CE-labeling.

3.1.8 Diagnostics

Transmitters often have diagnostics. There are
internal diagnostics that monitor transmitter
memory and output validity. Also, there are external
diagnostics that check the sensor.

Transmitters initiate either Alerts or Alarms based on
these diagnostic processes.

Alerts cover diagnostics that are determined not to
affect the transmitter’s ability to output the correct
measurement signal and therefore will not interrupt
the 4-20 mA output. An example is “Process Variable
Out-of-Range”. See Figure 3.1.8a.

Alarms cover diagnostics that are determined to af-
fect the transmitter’s ability to output a correct value
of the measurement. Detected alarms will drive the
transmitter output either high or low depending on
user’s choice.

Alerts and alarms can be read on a local indicator
(if so specified), on a field communicator oron a
HART-compliant monitoring system like an asset
management system.

Configured Alert
Set Point Condition

Normal
Neration

Configured Alert
Set Point Condition

Figure 3.1.8a - Configurable Process Alerts

3.1.8.1 Internal Diagnostics

Internal diagnostics perform internal checks for
corrupted memory. Also, diagnostics check for er-
roneous fixed outputs due to transmitter processing
being stuck ininfinite loops. Many of the internal
diagnostics are proprietary to the transmitter
manufacturers.

3.1.8.2 External Diagnostics

External diagnostics monitor measurement validity
due to external sources, such as the sensor wiring
connections, noise on the sensor, and sensor failure.

3.1.8.3 Open|Short Sensor Diagnostics

Open/Short Sensor Diagnostics identifies an open
sensor connection or a short in the sensor connec-
tion and generates an alarm. Open sensors can be
caused by shock, vibration, corrosion, wire thinning
or fraying. Shorted sensors could be the result of
vibration, bent wiring, or contamination. Open or
short sensors are the most common sensor failure
conditions. This diagnostic is helpful in determining
why a measurement point failed.

Tip: This option could be very useful for high vibration
applications where sensor failure is more common.

3.1.8.4 Measurement Validation Diagnostic

3.1.8.4.1 Deviation Alarming

Before a sensor fails, it will exhibit signs of degrada-
tion such as increased signal noise which will often
resultininaccurate on-scale readings. Measurement
Validation is a diagnostic that can provide validation
of temperature measurement data, ensuring
visibility of measurement and process abnormalities
before a sensor failure occurs. Measurement Valida-
tion monitors the signal noise and uses it to calculate
a deviation value indicating the magnitude of the
noise which is compared to a user selected alert
limit. When this limit is exceeded, the user is notified,
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allowing action to be taken. Measurement Validation
can also detect on-scale failures associated with
loose or corroded connections, high vibration and
electronic interference which can contribute to a
signal noise increase.

3.1.8.4.2 Rate-of-Change Alarming

In addition to detecting on-scale failures and validat-
ing measurement values, Measurement Validation
also performs a rate of change calculation which

can be used to identify abnormally fast temperature
changes that could indicate a runaway reaction
condition even before alarm conditions are met.

3.1.8.5 Diagnostics Log

The Transmitter Diagnostics Logging feature stores
advanced diagnostic information between device
resets, such as what caused the transmitter to go
into alarm, even if that event has disappeared. For
example, if the transmitter detects an open sensor
from a loose terminal connection, the transmitter
will gointo alarm. If wire vibration causes that wire
to begin making a good connection, the transmitter
will come out of alarm. This jumping in and out of
alarm s frustrating when trying to determine what is
causing the problem.

However, the Diagnostics Logging feature keeps
track of what caused the transmitter to go into alarm
and saves valuable debugging time. This information
is available from the field communicator and/or from
an asset management system. See Figure 3.1.8.5a

& B45T MULTIPOINT [B45 Fieldbus Temperaturs Device Rev. 6]

R ®|
T - |

= ovevn
< Overven ss

Figure 3.1.8.5a - Typical Diagnostics Log

3.1.9 Response Time Considerations

There are several considerations when analyzing
the response time of a temperature measurement
system. In most cases the sensor/thermowell
response is by far the limiting factor of any system.

There are lag times associated with the sensor itself
and for the thermowell into which it is inserted that
are usually significant. Refer to the Sensor chapter for
more detail on sensor response time. The transmitter
response to noise and transient filter situations is
addressed by the damping adjustment which is
adjustable from 1 to 32 seconds and the functionality
and adjustment of the transient filter monitoring
algorithm. Process temperature changes less

than the threshold setting of the algorithm will be
reported without delay.

For applications in Safety Instrumented Systems
(SIS) the transmitter response is considered to be 5
seconds.

Typical transmitter update time is 0.5 seconds.

Consideration must also be given to the control loop
response requirements. For fast changing processes
the control algorithm requires more frequent
updates than it does for a slow changing process.
Transmitter response plus the damping time must be
within the allowable window.

3.1.10 Transmitter Styles, Housing and
Mounting Options

There are a variety of choices for mounting a
transmitter that are driven by process conditions
at the point of measurement, plant standards and
policies, and user preference. See Figure 3.1.10a

Figure 3.1.10a - Transmitter Family

A methodical approach of reviewing all related fac-
tors will very likely present the best choice. Here are
some examples of questions that must be answered
to drive the selection process.
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¢ Isthe ambient temperature expectation at
the measurement site within the limits of the
transmitter specification?

* Isthe measurement site easily accessible?

¢ Islocal temperature indication required? Where
can operator see display?

e Is there high vibration at the measurement point?

* What is the area classification? What is the
approval agency?

* Does the plant site require Intrinsically Safe (IS)
installation?

* Are there sources of EMI, RFl or electrical
transients near the measurement point?

« |s this measurement associated with a SIS?
e Isthere a sanitary consideration?
« |s there a corrosive environment?

Tip: Many times a site inspection and consultation with
process engineering and operations will greatly facilitate
the choice.

The most common mounting styles are:

* Head-mount
* Field-mount or Dual compartment

e Rail-mount

3.1.10.1 Head-mount

Head-mount transmitters are compact disc shaped
transmitters most often mounted within a connec-
tion head which can be field mounted. Most common
styles are DIN A and DIN B which differ slightly in
dimensions and mounting method. However, the
distance between the mounting screws is identical.
See Figure 3.1.10.1a.

< 67mm > 45mm;
(2.6") (1.8"

Figure 3.1.10.1a - DIN A and DIN B Head-mount Housing Styles

These are commonly mounted in single compart-
ment housings, such as sensor connection heads or
junction boxes. Figure 3.1.10.1b and Figure 3.1.10.1¢c
They can be mounted integrally with the sensor or
remotely from the sensor. For integral mounting
the transmitter housing is threaded directly onto
the sensor [ thermowell assembly. With the remote
mount, the transmitter is installed within a housing
on a pipe stand or other support in the vicinity of the
sensor assembly.

Figure 3.1.10.1b - Head-Mount Transmitter Assembly

Figure 3.1.10.7c - Head-Mount Exploded View

It must be noted that single compartment housings
may allow moisture or other contaminants egress
through improperly sealed conduit connections.
Exposure of the terminal strip and the electronics
assembly to these contaminants could potentially
cause damage to the transmitter.

3.1.10.2 Dual Compartment

Dual-compartment transmitter housings, often
known as field mount, are a two part housing
thatisolates the transmitter electronics module
from the terminal strip compartment to protect it
from exposure to harsh plant environments. The
terminal compartment contains the terminal and
test connections for the sensor and signal wires
and provides access to the terminal block for wiring
and maintenance while isolating the transmitter
electronics.
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The electronic module with an optional display is in
the second compartment. Any moisture [ humidity
or other contaminants that might find ingress into
the housing through the conduit connections will be
contained in the terminal section and not come in
contact with the electronics thereby greatly reduc-
ing the risk of damage from environmental effects.
Another benefitis the increased immunity of the
electronics from EMI and RFI that may be conducted
by the wiring. See Figure 3.1.10.2a

Electronics
Compartment

Terminal
Compartment

Figure 3.1.10.2a - Dual Compartment Housing

Dual compartment transmitters can be mounted
directly on the sensor assembly or remotely on a
pipe stand or other support in the vicinity of the
sensor. Remote mounting may be necessary when
the measurement point is inaccessible or when the
process environment prevents the transmitter from
being installed integrally with the sensor. See Figure

3.1.10.2b.

Control Room Field

<«—4-20mA
Remote Mounted
Head-mount Transmitter
my or @
Control «— 4-20mA Signal
System
Integrally
I Mounted Sensor

Field Mount

Connection
Transmitter Head

|\ Process Pipe /l

T/C or RTD

Figure 3.1.10.2b - Dual compartment Transmitters

The transmitter will operate within specifications
forambient temperatures between -40 and 85 °C
(-40 and 185 °F). Since heat from the process is
transferred from the thermowell to the transmitter
housing, if the expected process temperature is
near or beyond specification limits, consider using
additional thermowell lagging, an extension nipple,
or aremote mounting configuration to isolate the
transmitter from the process. See Figure 3.2.10.2c.

TIP: While direct mounting of the transmitter

will always improve noise immunity because the
connection leads are not exposed to the noisy plant
environment, the driving factors in selecting the
mounting location will usually be ease of access

to the point of measurement, environmental

issues like high temperature or corrosives at the
measurement point, ensuring that the operator can
easily view the indicator and / or for ease of access
for maintenance.

Figure 3.2.10.2c - Remote Mount Installation

3.1.10.3 Rail-mount

Rail-mount transmitters are thin rectangular
transmitters that are typically attached to a DIN-rail
(G-rail or top-hat rail) or fastened directly onto a
surface. This provides a compact high-density instal-
lation where a number of rail-mount transmitters can
be placed very closely together on the same DIN-rail.
Unlike the field-mount transmitters, the DIN rail style
are not designed for harsh environments nor can
they be used in areas designated as explosion-proof.
See Figure 3.1.10.3a.

Figure 3.1.10.3a - Rail-mount Transmitters
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These rail-mount transmitters are usually located in
amild or controlled environment in or near a control
room where they are convenient for maintenance
and away from harsh process plant conditions.
However, when rail-mount transmitters are installed
near a control system, the sensor lead wires generally
run long distances, making these installations much
more susceptible to electromagnetic noise (EMI)

and RFI.

Another alternative rail-mounted optionis a
Multichannel Rail-Mount Transmitter. One or more
of these instruments can be mounted into a field
enclosure. See Figure 3.1.10.3b.

Figure 3.1.70.3b — Multichannel Rail-Mount Transmitters

Tip: While there may be an advantage to using the Rail-
mount transmitters from a transmitter cost point-of-
view, the extra expense of long lead wires (4 conductor
for RTD’s and T/C extension wire for T/C’s), potentially
degraded performance due to EMI and RFl, and for
lead-wire deterioration induced drift of T/C extension
wires may easily justify using the much more robust
field-mount transmitter models. This is especially valid
for high accuracy / high stability measurements and for
installations in electrically harsh / noisy environments.

3.1.10.4 Sanitary Housings

Applications in the biotech, food, beverage, and
pharmaceutical industries often require sanitary
housings and enclosures. These are typically
manufactured from stainless steel and are sealed

and are suitable for the wash-down and sterilization
processes demanded by these industries. The surface
finish is typically polished to 32 RMA.

The housings may be either head-mount or
remote-mount styles and offerindicating and field
configuration options. See Figure 3.1.10.4a.

o

1
Figure 3.1.10.4a - Sanitary Housing Transmitter

Housing and Mounting Option Summary

In summary, there are many factors to be considered
in the selection of the optimum mounting style and
housing. Since any length of connection cable for
the sensorinput or the output serves an antenna

for EMI and RFI, a transmitter directly mounted

to the sensor is almost always the better choice.
However, as was discussed above, overriding factors
of environment and view-ability of indicators etc.
may suggest remote-mount options. Some projects
lend themselves to high density rail-mount options.
For harsh field environments a dual compartment
housing is far superior to the single compartment
housing in protecting the electronics from exposure
to humidity, moisture, or other contaminants.
Refer to the Engineering and Design Chapter 4 for
additional guidance.

3.1 Transmitter Options

There are a variety of additional options and features
for a transmitter that may make it easier to use,
install, calibrate and maintain. Some of the more
popularand recommended options are described
below.

3.1.1.4a

As discussed in section 3.1.2.3 many transmitters
have an option of dual inputs that can be used for
redundancy with the Hot Backup® feature switching,
drift monitoring, differential temperature measure-
ments or T/C degradation monitoring.

Dual and Multipoint Options

Other models are designed to accept upto4 or8
individual sensor inputs, each with their own output
signal. These may be used for high density measure-
ments such as profiling applications.

3.1.11.2 Local Display

Many models offer a liquid crystal display (LCD) that
attaches to the face of the transmitter. There are two
types, standard and local operator interface.
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3.1.11.2.1 Standard LCD display

The standard LCD displays show the measured
temperature, range, engineering units, device
status, error messages and diagnostic messages.
See Figure 3.1.11.2.1a.

Figure 3.1.11.2.7a - Dual compartment Transmitter with
LCD Display

3.1.11.2.2 Local Operator Interface (LOI) Display

The LOl interface provides the ability for local
configuration of the device to make changesin

real time without having to attach a laptop or field
communicator. The buttons on the LOl are used to
perform the configuration tasks by following a menu
of configuration information. When the LOl is not
being used for configuration, the display will show
the same information as the Standard LCD. See
Figure 3.1.11.2.2a.

Figure 3.1.71.2.2a - Head-mount Transmitter with LOI

Typical Configuration Menu Selections

* Sensor Type

* 4mAValue

* 20 mA Value

* Engineering Units

* Damping

* Failure/Saturation Mode

* Line Voltage Filter Frequency

3.1.11.3 Transient Protection

Most high quality transmitters are generally protected
by integral galvanicisolation from potential damage
from high voltage induced by welders, motor start-
ers, lightning strikes, switchgear and inadvertent
exposure to power lines up to 500 to 700 VAC.

However, lightning strikes and other induced tran-
sient overvoltage events can cause spikes and surges
at much highervoltage levels. Additional protection
forreceiving devices may be a wise investment for
higher risk installation areas. Many transmitters offer
transient suppression options that can be integrally
mounted onto the terminal strip within the housing.
For other transmitters an external protection device
may be used. See Figure 3.1.11.3a.

Itis not uncommon for a lighting generated
transients hitting the output signal line to propagate
towards the transmitter and then be reflected back
towards the receiving device. This situation may
require additional external devices at the receiver.

TIP: External field mounted suppressors may not carry
agency certification for explosion proof applications.
A transmitter with an integral style suppressor is
suggested for these applications.

TIP: For high risk plant sites, transient protection for
all critical instrumentation and control devices may be
worth considering.

Figure 3.1.11.3a - Terminal Block Transient Suppressor

3.1.12 Safety Certified Transmitters

Safety Instrumented System (SIS) is defined by

the IEC 61511 Safety Standard as an instrumented
system used to implement one or more safety
instrumented functions. An SIS is composed of any
combination of sensors (transmitters), logic solvers,
and final elements.

Atransmitter to be used for a safety function in an SIS
must meet certain design and performance criteria
and be certified for use in accordance with IEC 61508.
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As an example manufacturers specification:
“Certification: The 3144P is certified to IEC61508
for single transmitter use in Safety Instrumented
Systems up to SIL 2 and redundant transmitter use
in Safety Instrumented Systems up to SIL 3. The
software is suitable for SIL 3 application.”

The certification process is performed by an
approved third party agency. (TUV for example) The
transmitter will have a distinctive yellow tag affixed.
See Figure 3.1.13b in section 3.1.13.

Tip: A Safety Instrumented Function (SIF) is assigned

a Safety Integrity Level SIL) during risk analysis. All of
the components of the SIF are considered together in
performing a SIL compliance calculation. The result is
that, even though the transmitter is certified up to SIL 2
as a single device, the limitations of the sensor and the
valve typically demand a redundant configuration to
meet a SIL 2 requirement.

As an alternative, a device that has not been certified
but that has along record of proven-in-use safe
operation may be used in a SIS at the user’s discre-
tion. This option requires that the user have detailed
failure data for a statistically valid sample of the same
model device operating under similar operating
conditions. Records must be provided showing the
hours of operating usage, the operating environ-
ment, the type and frequency of failures. Vendor
upgrades to new models may require restarting the
time clock on the data.

Best practice indicates that designing your system
around an IEC 61508 certified instrument avoids the
laborious and expensive record keeping for proven-
in-use devices. It should be noted that many vendors
offer the same basic product for both process control
and safety applications. There is benefit to using

the same models as are used in the basic process
control system (BPCS) to benefit from the history of
installation and operation knowledge that already
exists as well as spare parts inventory.

TIP: For a more detailed discussion of using
transmitters in Safety Instrumented Systems refer
to the SIS section 8.3 in the reference list in the
appendix.

3.1.13 Tagging

Eachinstrumentinstalled as a functional part of a
control system has a unique identification number.
Users frequently want a permanent corrosion
resistant tag number affixed to the transmitter. See
Figure 3.1.13a.

C..
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TEMPERATURE TRANSMITTER

@ RostmonT® o “S|
CHANHASSEN, MINNESOTA, USA |
SMART FAMILY ® —

il MODEL 3144 DIAIESTIXA

| SERIAL NO. 0503874 07/05
| FACTORY CAL. PT100/4WIRE/O. . .100C
| SUPPLY 12.0-42.4 VDC OUTPUT 4-20 mA CSA ENCLO:

03144-0140-0001 REV.

Figure 3.1.13a - Standard Instrument Tag

Most intelligent transmitters also provide for the
tag number to be programmed into its electronics

- known as a soft tag - so the transmitter is capable
of responding to an inquiry sent via the control
system or a communicator. This is very useful during
commissioning and troubleshooting to enable easy
verification of the identity and/ or integrity of each
control loop and the functionality of every transmit-
ter. Safety Certified transmitters have a distinctive
yellow tag affixed. Figure 3.1.13b

Figure 3.1.13b - Safety Certified Instrument Tagging (Yellow)

3.1.14 Configuration Options

All transmitters must be configured for certain
basic variables to operate properly. In many cases,
these variables are pre-configured at the factory to
default settings. Since these default settings may or
may not match the actual loop parameters of your
application, user configuration may be required

to adjust these variables to the actual process
requirements of the specific loop. Configuration may
be accomplished in a variety of ways depending on
the manufacturer’s options, plant preferences, and/
or system architecture. They include:

¢ Hand-held field configurator
« Laptop software program with interface
* Local operatorinterface (LOI) push-buttons

¢ Asset management system
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TIP: For a complete discussion of transmitter configura-
tion, installation, commissioning and maintenance
refer to the Engineering and Design in Chapter 4 and
the Maintenance and Calibration in Chapter 5 of this
handbook.

Options and Features Summary

In summary, regardless of the hostile conditions

that might exist at the point of measurement, it is
apparent from the descriptions above of available
transmitter features and options, a properly specified
and configured temperature measurement system
can go alongway to ensure that a stable, accurate
and reliable measurement is continually reported to
the receiving system or device.

3.2 Temperature Sensors
3.2.1 Overview

High process temperature, pressure, and vibration
make robust temperature measurement devices
anecessity in industrial environments. Accuracy,
repeatability, and stability are needed for consistent
process control. While several types of temperature
sensors may be used, resistance temperature
detectors (RTDs) and thermocouples (T/Cs) are most
common in the process industry and will be the
focus of this section. Temperature measurements
comprise the largest segment of all process measure-
ments and can often have the largestimpact on
production efficiency, quality, and safety. The user
must fully understand each application and make the
best choice of a temperature measurement system.

We hope that the information and insights presented
in this section will provide much of the information
required to make informed sensor selections. Refer
to Chapter 4 Engineering and Design for further
discussion about the implications associated with
your choice and guidance in designing your complete
temperature system.

3.2.2 History of Sensors

RTD sensor technology used today has its roots
dating back over a century. The application of the
tendency of electrical conductors to increase their
electrical resistance with rising temperature was
first described by Sir William Siemens at the Bakerian
Lecture of 1871 before the Royal Society of Great
Britain. The necessary methods of construction were
established by Callendar, Griffiths, Holborn and Wein
between 1885 and 1900.

T/Ctechnology is based on the Seebeck Effect.

This effect is named after the German physicist
Thomas Johann Seebeck (1770-1831), who, in

1826, published the results of experiments done
fouryears earlier that opened up the new field of
thermoelectricity. He observed that an electrical
currentis presentin a series circuit of two dissimilar
metals, provided the junctions of the two metals are
at different temperatures. In a T/Cwe are using the
emf generated by one of the junctions with respect
to areference junction to infer temperature. The
Peltier effect, first exhibited by Jean Peltierin 1834, is
viewed as the compliment to the Seebeck effect and
describes the ability to generate a heat variation due
to avoltage difference across a two dissimilar metals
at the junction. This phenomenon in one application
has been applied as a cooling mechanism for solid
state devices. These complimentary effects are
generally known as the Peltier-Seebeck effect.

The evolution of indicating, recording, transmitting
and controlling instrumentation has been extraordi-
nary. From the early days of vacuum tube operated
electrical devices we have progressed through solid
state components to the microprocessor powered
devices of today offering extraordinary performance
and features not even thought of a few years ago. A
technology breakthrough in the 1960s fostered the
birth of the first two-wire temperature transmitter
by what was then Rosemount Engineering Company.

3.2.3 Resistance Temperature Detectors (RTDs)

Resistance temperature detectors (RTDs) are based
on the principle that the electrical resistance of a
metal increases as temperature increases -

WHAT ARE THE SENSOR LEAD
WIRE COLOR STANDARDS THAT
SHOULD BE FOLLOWED?

Various standards prescribe color codes for RTD
and Thermocouple lead wires and for thermo-
couple extension wire.

For RTDs refer to:

3.2.3.10 - Lead Wire Colors

3.2.3.14 - RTD International Standards

For Thermocouples refer to:
3.2.4.5 -T|CLead Wire Color Standards

Table 3.2.4.5a - International Color Coding for
Thermocouple Insulation
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aphenomenon known as thermal resistivity. Thus,
atemperature measurement can be inferred by
measuring the resistance of the RTD element.

RTD’s are constructed of a resistive material with
leads attached and usually placed into a protective
sheath. The resistive material may be platinum,
copper or nickel with the most common by far being
platinum because of its high accuracy, excellent
repeatability, and exceptional linearity over a wide
range and it exhibits a large resistance change per
degree of temperature change. Refer to Figure 3.2.3a

Resistance

Temperature

Figure 3.2.3a - Resistance Change vs. Temperature for Common
Sensor Materials

The two most common styles of RTD sensors are
wire-wound and thin film. Wire-wound RTDs are
manufactured either by winding the resistive wire
around a ceramic mandrel or by winding itin a helical
shape supported in a ceramic sheath - hence the
name wire-wound. To manufacture thin film RTD
sensors, a thin resistive coating is deposited on a flat
(usually rectangular) ceramic substrate.

Copper and nickel are generally used in less critical
industrial applications due to limited accuracy and
linearity, and relatively narrow temperature ranges.

Nickel elements have a limited temperature range
because the amount of change in resistance per
degree of change in temperature becomes very
non-linear at temperatures over 300 °C. Use of nickel
RTDs has declined over the years due to its perfor-
mance limitations and since the cost of Platinum
RTDs is now a very small premium, if any at all.

Copper has a very linear resistance to temperature
relationship but, since copper oxidizes at moderate
temperatures, it should not be used over 150 °C.
Copper RTD’s are commonly used in winding
temperature measurements of motors, generators
and turbines. 10 Q copper RTDs have been most

common over the years but are now giving way

to 100 Q and even 1000 Q models to get better
resolution thus providing a more accurate measure-
ment. Platinum RTDs are also growing in popularity
for these applications. Due to the harsh conditions in
these windings and the fact that the sensors cannot
be replaced without disassembly of the motor, many
vendors and users are opting for dual element RTDs
and some are using thin-film RTD designs due to
their greater tolerance for vibration and subsequent
longer life expectancy.

3.2.3.1 Common RTD Characteristics

Industrial sensors are rarely, if ever, used where they
are exposed to the environment. They are encased
in a metal tube or sheath that is welded closed at
one end and that has lead wires protruding from
the sealed other end. See Figure 3.2.3.1a and Figure
3.2.3.1b

Figure 3.2.3.1a - Laser Welding of Sensor Sheath
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Figure 3.2.3.1b - Potting Seal of Rear Sensor Housing

3.2.3.1.1 Sensing Element

The sensing element is located at the tip of the
temperature sensor that is exposed to the process
temperature. The sensing element responds to
temperature by generating a measureable resistance
change or avoltage signal that increases as the
temperature increases. Sensors can be provided with
either one or two elements in one sensor sheath.
Dual elements provide a redundant measurement
that may be useful for hot back-up, for drift
monitoring using a comparison technique, or to
provide inputs to two independent controllers or
systems (control system or safety system). See Figure
3.2.3.1.1a.
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Sensor Threaded
Packing Weld Adaptor

External
Lead Wires

Dual Sensing Sensor Internal Potting
Seal

Elements Sheath Lead Wires

Figure 3.2.3.1.1a - Dual Element RTD

TIP: In some of these applications a case can be made for
using two independently installed single sensors instead
of a dual element in one sheath. See “Engineering Your
Temperature Measurement” in Chapter 4 for further
discussion.

3.2.3.1.2 Sensor Sheath

The sensor sheath is made of metal, usually stainless
steel (Hastelloy or Inconel is used for certain high
temperature applications), and typically contains
2,4, 6 0r 8 conductors connecting the sensing
element(s) to the lead wires. A single T/C requires
two leads, while a dual T/C requires four leads. A
single RTD can have two, three, or four leads, and a
dual RTD can have four, six, or eight leads. The sensor
sheath protects the element and the conductors
from moisture and corrosive and/or abrasive process
conditions and helps to shield the signal from
electrical noise. To insulate the conductors from each
other and from the sheath, the sheath is filled with a
compacted finely powdered insulating packing ma-
terial, typically magnesium oxide (MgO) or aluminum
oxide (AI203), which surrounds the sensing element
and conductors. See Figure 3.2.3.1.2a

g
Sensor Internal Threaded External
Packing Lead Wires Weld Adaptor Lead Wires
)
K »—
N
Sensing Sensor Potting
Element Sheath Seal

Figure 3.2.3.1.2a - Common Temperature Sensor
Characteristics

Sensor sheath diameters vary with the more
common dimensions being 6mm (1/4-inch) and
3mm (1/8-inch). The smaller diameters have a faster

response time because there is less mass and insulat-
ing material. Also, smaller diameters can provide a
more accurate measurement due to reduced sheath
heat conduction error.

However, most industrial applications use a ther-
mowell for installation, adding considerable mass
to the overall assembly thus somewhat mitigating
both of these factors. A thermowell is installed into
the process making a pressure tight seal and has an
internal bore into which the sensor is installed. This
allows for easy removal of the sensor for calibration
orreplacement. See Thermowell chapter 3.3 for
more information.

3.2.3.1.3 Lead wires

Lead wires are typically stranded, insulated wires
which are attached to the conductors that run
through the sensor sheath connecting the element
to the lead wires. These lead wires are sealed at the
end of the sheath and are used to connect the sensor
to a terminal block, transmitter or other termination
point. The length of these leads varies by vendor and
the requirements of the user. Refer to Figure 3.2.3.1b
insection 3.2.3.1.

3.2.3.1.3.1 Lead Wire Compensation

Since the lead wires are part of the RTD circuit, the
lead wire resistance needs to be compensated for to
achieve the best accuracy. This becomes especially
critical in applications where long sensor and/or lead
wires are used. There are three lead wire configura-
tions commonly available.

In a two-wire configuration there can be no
compensation for lead wire resistance since the lead
wires are in series with the element and appear to
the transmitter as part of the sensor‘s resistance
causing inherent accuracy degradation. There are
few applications where two wire sensors are a good
choice. In a three-wire configuration, compensation
is accomplished using the third wire with the
assumption that it will be the same resistance as
the other two wires and the same compensation is
applied to all three wires.

Figure 3.2.3.1.3.1b shows the equation for this
compensation: Rmeasurement =RL1 + Relement — RL3.
However, in the real world, there will always be
some difference between L1 and L3 due to wire
manufacturing irreqularities, unequal lengths, loose
connections, work hardening from bending, and
terminal corrosion.
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Figure 3.2.3.1.3.1b - Two-, Three-, Four- Wire RTDs with
Equations

Since a 100 Q platinum RTD changes 0.39 Q per
degree C, for every one ohm of difference in the lead
wire effective resistance, an error of up to 2.5 °Cis
produced (1+0.39). This unbalance error is likely to
change unexpectedly and unpredictably over time as
corrosion increases and temperature and humidity
changes etc. Refer to Figure 3.2.3.1.3.1c
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Error in °C
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1
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Figure 3.2.3.1.3.1c - Lead Imbalance vs. Error for 3-Wire RTD

Afour-wire design is ideal because the lead wire
resistance is inconsequential to the measurement.

It uses a measurement technique where a very small
constant current of about 150 micro amps is applied
to the sensor through two leads and the voltage de-
veloped across the sensor is measured over the other
two wires with a high-impedance and high resolution
measuring circuit. In accordance with Ohm’s Law the
high impedance virtually eliminates any current flow
in the voltage measurement leads and therefore the
resistance of the leads is not a factor. Refer to Figure
3.2.3.1.3.1band Figure 3.2.3.1.3.1c.

3.2.3.2 RTD Sensor Construction

Many factors must be considered in the manu-
facturing of high quality sensors. One method of
constructing a wire-wound sensor element uses a
very high purity wire that is wound onto a mandrel
with a closely matching coefficient of expansion to
the wire to minimize element strain effects. Another
method is winding the wire in a helical shape that s
then placed into a ceramic sheath. Any cement used
in the manufacturing must notintroduce any strain
on the assembly. Assembly must be in a clean room
type of environment to eliminate any contamination
that could degrade the sensor and increase long
term drift. Lead wire material must be selected to be
compatible with the range of the sensor and carefully
laser welded to the sensor avoiding any thermo-
electric junctions. All internal components must be
properly supported and strain relieved to eliminate
mechanical and thermal induced strain and increase
tolerance of shock and vibration. The lower the strain
introduced by proper choice of material expansion
coefficients; the better will be the repeatability and
stability of the sensor assembly. Similar strain relief
considerations apply to the manufacture of thin-film
elements where a thin platinum film is deposited
onto a ceramic substrate. Part of the process also
includes annealing and trimming of the sensor resis-
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tance to the properice point value RO. The process is
finished by applying a non-conductive encapsulating
material such as cement or glass material to seal the
sensor and the welds from potential contamination.
Refer to Figure 3.2.3.1.2a and Figure 3.2.3.1b. The
completed sensing element is then assembled into
a sheath as described above. Both nickel and copper
RTDs follow a similar manufacturing process. In
general nickel and copper sensors cost slightly less
since the price of the metal is far less expensive than
ultra pure platinum. However, for thin-film platinum
RTDs, such a small amount of platinum is required,
that the price advantage of copper or nickel is
reduced or eliminated.

3.2.3.2.1 Wire Wound Elements

Mandrel style wire wound elements manufactured

as described above are commonly available as 100

Q up through 1000 Q with the 100 Q being the most
common choice forindustrial applications. They have
arange of -200 to 850 °C (-328 - 1562 °F) over which
they conform to the 385 alpha curve, and they have
amaximum range of -240 to 960 °C (-400 - 1760 °F).
See Figure 3.2.3.2.1a

Element ~ Ceramic Winding
Leads Mandrel

Outer Ceramic
Sheath

Platinum
Sensing Wire

Non-Conductive
Insulation

Figure 3.2.3.2.1a - Mandrel Style Wire Wound Element

3.2.3.2.2 Coiled Sensors

Coiled sensors, also called Coil Suspension style sen-
sors, are a variation of wire wound sensors that are
designed for rugged applications that also require
high accuracy and fast response. They are difficult
to manufacture and are only available from a small
number of suppliers. Refer to Figure 3.2.3.2.2a

Coiled High Purity

Element Leads Platinum Sensing Wire

t/ g
— T 0
?

High Purity
Ceramic Insulation

Figure 3.2.3.2.2a - Coiled Wire Wound RTD Element
Construction

The elementis constructed with a high purity plati-
num wire thatis wound in a helical coil to minimize
stress and assure accurate readings over long periods
of time. Each helical coil is fully suspended in a

high purity ceramicinsulator and surrounded by a
packed ceramic powder with a binder additive. This
construction provides a strain-free sensing element
as contrasted with mandrel wire wound or thin film
designs where there is always some stress introduced
by differences in thermal expansion coefficients
between the mandrel or substrate and the platinum
element and also from the glass encapsulation that

is applied. These coiled elements enhance vibration
and shock resistance without interfering with the
coil’s ability to expand or contract. This is the reason
why coiled elements are often a better choice than
thin film elements for cryogenic applications.

They are useful over a range of -200 to 1000 °C
(-328- 1832°F)

3.2.3.2.3 Thin Film Elements

Thin-film elements are manufactured by depositing

a thin film of pure platinum on a ceramic substrate

in a maze-like pattern. Refer to Figure 3.2.3.2.3a

The sensor is then stabilized by a high temperature
annealing process and trimmed to the proper RO
value. These compact sensors are then encapsulated
with a thin glassy material. The area where the lead
wires are attached is given a much more robust
glassy encapsulation to ensure mechanical protec-
tion and a moisture seal. With their small size and low
mass, these sensors are more vibration resistant then
awire-wound style and are often a better choice for
such applications.

Due to the difficulties associated with matching the
thermal coefficients of expansion of the platinum
coating with the substrate material, the range of
these sensors is somewhat limited compared to a
wire-wound style and is typically -200 to 800 °C.
(-328 - 1472°F)
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Figure 3.2.3.2.3a - Thin-Film RTD Element Construction

3.2.3.3 Sensor Styles

Different sensor styles exist providing a variety of
methods to install the sensor assemblies. Each has
distinct attributes for each application and installa-
tion practices.

3.2.3.3.1 Capsule Style

The capsule style is simply a sensor sheath with

lead wires. Capsules are commonly used with
compression fittings and can be cost-effective when
environmental conditions such as high pressure or
temperature are not a concern.

3.2.3.3.2 Threaded Style

The threaded style is a capsule style with a threaded
adaptor to provide a connection to the process

and connection head or housing. The benefit of the
threaded style is the ability to install it directly into a
process or thermowell without an extension. Three
common styles are:

General purpose weld - the capsule is welded to
athreaded adapter creating a process seal. When
conditions allow, it can be directly immersed into the
process without a thermowell to improve response
time. The seal is limited by the thread connection
and therefore has lower pressure ratings than can

be achieved using welded or flanged thermowells.
(See thermowell chapter for details) General purpose
weld styles are not recommended for use with
thermowells because the sensor tip will not touch
the bottom of the well thus creating a thermal lag.
See Figure 3.2.3.1.2a.

Threaded

Internal

Sensor External

Packing Lead Wires Weld Adaptor Lead Wires
“
5
N
Sensing Sensor Potting
Element Sheath Seal

Figure 3.2.3.1.2a - General Purpose Welded Adapter Style

Spring loaded - a spring located in the threaded
adaptor allows the capsule to travel, ensuring
contact with the bottom of a thermowell. This spring
style provides continuous contact to the bottom of
the well which provides better tolerance of vibration
and significantly faster speed of response of the
measurement. See Figure 3.2.3.1.2b

Threaded
Adaptor

External
Lead Wires

Sensor Compression Potting
Sheath pring eal

Figure 3.2.3.1.2b - Spring Loaded Threaded Style

Bayonet spring loaded -a bayonet spring loaded
style is similar to spring loaded style but allows
removal of the capsule without disassembly of the
threaded adapter from the thermowell. This saves
twisting of the leads and potential damage when
removing a threaded type. See Figure 3.2.3.1.2c.

Threaded External

Adaptor Lead Wires

unnRER R — s

Sensor Compression Potting
Sheath Spring Seal

Figure 3.2.3.1.2c - Bayonet Style Spring Loaded Sensor Assembly

3.2.3.3.3 DIN Style

The DIN style is a sensor capsule with a circular
plate that provides an effective mounting method
for connection heads or housings. Refer to Figure
3.2.3.3.3a. The benefit of the DIN style is the ability
toinstall and replace the sensors without removing
the connection head or housing from the process as
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the sensoris inserted through the housing instead of
threaded into the bottom. All DIN styles are spring
loaded. Two common styles are:

3.2.3.3.3.1 - Flying Leads - A DIN plate is attached to
the end of the capsule. The flying lead style is most
often used with a head mount transmitter. Spring
loading is provided by the mounting screws of the
transmitter.

3.2.3.3.3.2 - Terminal Block - A DIN plate with a
terminal block is attached to the end of the capsule.
The terminal block style is most often used in
remote mount configurations where the transmitter
is located elsewhere and wires are run between

the sensor and the transmitter. Spring loading is
provided by the mounting screws of the terminal
block or transmitter.

Figure 3.2.3.3.3a - DIN Mount Sensors - Flying Leads -
Terminal Block

3.2.3.4 Extensions

Sensors can include extensions of various lengths
to accommodate different insulation thicknesses
and to distance the transmitter from high process
temperatures that may affect the transmitter elec-
tronics. Extensions can be a combination of unions,
nipples, and/or couplings. See Figure 3.2.3.4a.

Figure 3.2.3.4a - Typical Nipple - Union Extension

3.2.3.5 Mounting Options

Temperature sensors may be eitherimmersed in the
process fluid or surface-mounted. The mounting
selection depends on the measurement application,
process conditions, and environmental constraints.

3.2.3.5.1 Immersion Mounting

As the name suggests, immersion temperature
sensors are inserted into the process medium;
furthermore, they are typically installed into a
thermowell for protection against process condi-
tions. Refer to section 3.3 for more detail. Refer to
Figure 3.2.3.5.1a and Figure 3.1.3.5b. Depending on
sensor construction and process conditions, some
sensors can be inserted directly into the process
medium. While this is less expensive and provides
faster response, it requires a process shutdown and
draining of the process for removal of the sensor for
calibration or replacement.

Process Pipe

Transmitter

Thermowell
Flanged
Mounting

Figure 3.2.3.5.1a - Transmitter Assembly Pipeline Installation

Figure 3.1.3.5b - Wireless Integral Mount Pipeline Installation

3.2.3.5.2 Surface Mounting

Surface mountingis an efficient and convenient
installation method often used when it is impractical
orimpossible to insert a sensor assembly into

the process. For example, this situation may exist
because of frequent use of a “pig” to remove process
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material that builds up in the piping and the pig
cannot pass by obstructions such as a thermowell
protruding into the pipe. Refer to Figure 3.2.3.5.2a.
Another application is to provide a new measure-
ment where an expensive process shutdown would
be required to install a system in a new thermowell.
See Thermowell Section 3.3 for more information.

oy Eiped

Figure 3.2.3.5.2a - Piping Cleaning Pig

However, surface measurement is only as reliable
as the temperature on the surface of the pipe or
vessel. In general, the goal is to maximize heat
conduction from the pipe or vessel surface to the
sensing element. Sensors can be mounted with
adhesives, screws, clamps, or welds and recognizing
that good thermal contact is necessary. Refer to
Figure 3.2.3.5.2b. Thermal insulation is used to
minimize the loss of heat energy from the surface
of the pipe to its surroundings and should cover
the sensor and the lead wires for some distance to
minimize any conduction heat losses to the leads.
This helps to ensure that that the sensor s at, or as
close as possible to, the actual surface temperature
of the pipe which is assumed to be at the process
fluid temperature. Process fluid flow rate and rate
of temperature change significantly influence

this assumption. Differing thermal coefficients of
expansion of the pipe and the mounting assembly
must also be considered to minimize stress to the
sensor that would degrade the measurement or even
destroy the sensor.

Figure 3.2.3.5.2b - Surface Mount Sensors - Pipe Clamp

Tip: For a more detailed discussion of the application
of surface mounted sensors refer to the Engineering
section 4.2.2.4 of this handbook.

3.2.3.6 Factors Affecting RTD Performance
3.2.3.6.1 Resistance - Alpha Values

RTD elements are characterized by their Tempera-
ture Coefficient of Resistance (TCR) also referred
to asits alpha value. The IEC 60751-2008 standard
defines these values for platinum element types.
Refer to Figure 3.2.3.6.1a.

The alpha value is the temperature coefficient for
that specific material and composition. Copper
elements have a different alpha value than platinum
elements, and platinum elements themselves can
vary depending on the purity of the platinum and
any alloy content. Alpha values define sensor inter-
changeability. Various sensors with the same alpha
value guarantees that the resistance vs. temperature
relationship will be the same for each sensor within

a specified precision specification. When replacing a
sensor, the user should ensure that the same material
with the same resistance and alpha value, e.g.

Pt100: o =0.00385 is used.

400
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Figure 3.2.3.6.1a - Temperature Coefficient of Resistance (TCR)
ofaPt100

3.2.3.6.1.1 The Alpha Equation defines
the Alpha Value:

Alpha = (R100 - R0) - 100 RO

Where RO is the resistance of the sensor at 0 °C and
R100 is the resistance of the sensor at 100 °C

Platinum RTDs are available with alpha values
ranging from 0.00375 to 0.003927. The highest alpha
value indicates the highest purity platinum, and is
mandated by the International Temperature Scale

of 1990 (ITS-90) for standard (Laboratory) grade
platinum thermometers.
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There are no technical advantages of one alpha
versus another in practical industrial applications.
The 0.00385 platinum is the most popular and most
commercially available worldwide standard and is
available in various styles including wire-wound and
thin-film elements from 100 Q to 1000 Q. In most
cases, all the user needs to know about the alpha
value is that it must be properly matched when
replacing RTDs or connecting them to instruments.

3.2.3.7 SelfHeating

Self Heating is caused when the sensing current
from the transmitter is passed through an RTD
sensing element. Heating is caused according to
the 12 R principle contained in Joule’s Law which
states “power, increases as the square of the current
through the windings and in proportion to the
electrical resistance of the conductors.” Since the
current supplied by most microprocessor based
transmitters is very small; typically 200 to 250 micro
amps (namps), the heat produced is also very small
and will have a negligible effect on the measurement
accuracy.

TIP: Many older analog circuitry transmitters have
a significantly higher excitation current that will
cause significantly more sensor self heating and
related measurement error. For high-accuracy
applications a wise user will consider an upgrade to
a microprocessor-based transmitter.

3.2.3.8 Sensor Response Time

The Response Time of a sensor is the time required
for the output of a sensor to change by a specified
percentage of an applied step change in temperature
for a specific set of conditions. Note that there are
different standards for testing response time that will
produce widely varying results. Only if the sensors
are tested to the same standard can the response
time of different sensors tested underidentical
conditions be compared. However, any change in
such conditions such as fluid density, temperature,
or flow rate will yield alternative results. For example
the response time will be much slowerin a gas than it
will be in a fast moving liquid.

Response Time is usually stated in seconds and

the percentage at which the time was recorded is
indicated by the number next to the response time
value “t”. For example t(0.5) means the response
time value for 50% of the step change and t(0.9)
means the response time value for 90% of the step
change. See Figure 3.2.3.8a.

Step Change
¥
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Response Time- seconds

Figure 3.2.3.8a - Typical Sensor Response Time

Factors that affect response time include the thermal
conductivity of the fill material between the inside
wall of the thermowell and the sensor sheath, the
distance of the gap between the sensor tip and

the bottom of the well bore, the tip width, the well
thickness and the positioning in the flow stream.
Referring to Figure 3.2.3.8b ideally the “x” and” y”
dimensions should approach zero and the “B” and “t”
dimensions should be as small as proper well design
for the application will permit. Using a spring-loaded
sensor helps to minimize the “x” distance. Proper
insertion length of the well into the process should
be determined to maximize thermal response. Refer
to 3.3.7.0 for more detail.

Material Fill x
y[ !
B: Tip
7! Diameter
Thermowell or Sensor Sheath t
Protection Tube Tip Thickness

Figure 3.2.3.8b - Factors Affecting Response Time

3.2.3.9 Hysteresis

Hysteresis is a phenomenon that resultsin a
difference in a sensor’s output when approaching
the same value from two different directions.

For example, when the output is compared ata
particular point after an increase in temperature
above that point and then returning to that same
point, it will be different than the output if the
temperature is reduced below the point and then
returned. In laboratory grade or standard RTDs there
is negligible hysteresis since there is minimal contact
between the platinum element and the supporting
media due to its coiled suspension design. These are
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very high precision and very high cost sensors used
as calibration standards requiring the utmost care to
prevent shock damage. An industrial grade sensor
does have hysteresis error due in part to its inherent
rugged design with the encapsulation essentially
bonding the platinum to the supporting mandrel or
substrate. The difference in thermal coefficients of
expansion of the different materials produces a drift
error. In 1982, D.J. Curtis of Rosemount investigated
different RTD designs and found that wire wound
styles are the best with typical hysteresis spec of
0.008% and that thin film styles exhibited greater
typical hysteresis of 0.08%. See Figure 3.2.3.9a. For
most applications this is negligible.

A

’

% Error
1

T 1
Temperature

Figure 3.2.3.9a - Hysteresis for Thin Film (A) and for Helical Coil
Wire-Wound Elements (B)

3.2.3.10 Lead Wire Colors

Lead wire colors are defined in the IEC 60751-2008
standard where all wire colors are shown asin

the following figure. Refer to Figure 3.2.3.10a.
However, lead wire colors may vary with individual
manufacturers.
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Figure 3.2.3.10a - RTD Lead Wire Colors per IEC 60751

3.2.3.11 RTD Accuracy/Interchangeability

When comparing accuracy | interchangeability,

a = percentage is only valid at the ice point. To
determine the tolerance at the intended operating
temperature, a tolerance with an equation should be
provided by the vendor as is shown in Figure 3.2.11a.

Temperature Range of Validity °C
Tolerance Tolerance
Class Wire Wound Film Values* °C
Resistors Resistors
AA -50 to +250 0to+160 +(0.1+0.0017 | t])
A 100 to +450 -30t0+300 | +(0.15+0.002|t])
B 196 to +600 -50 to +500 +£(0.3+0.005]t])
¢ 196 to +600 -50 to +600 +£(0.6+001][t])
ASTM E1137 Grade A - +(0.18+0.0017 | t])
ASTM E1137 Grade B - +(0.25+0.0042 | t])

*| t | Modulus of temperature in °C without regard to sign.

Figure 3.2.11a - Platinum RTD Accuracy Classes per IEC 60751
and ASTM E1137

There are several classes of RTD accuracy [
interchangeability that define the relationship of
the amount of error allowed for a given RTD type at
a given temperature as compared to the standard.
Refer to Figure 3.2.11a The maximum allowable
sensor interchangeability error at a given process
temperature is defined by the two IEC 60751
standard classifications; Class A and Class B. These
classifications are used to identify platinum RTD
interchangeability tolerance wherein the Class B
sensors have about twice as big of a tolerance band
as a Class A sensor. Refer to Figure 3.2.11b.

Class B
Tolerance Area
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Figure 3.2.11b - IEC 60751 Ideal vs. Class A vs. Class B
Tolerance Bands

Note also that the tolerance or error band widens
for temperatures above or below the ice point RO.
Refer to Figure 3.2.11c. Typical manufacturer’s
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data for a particular sensoris provided in a product
data sheet. Refer to Figure 3.2.11d There are other
classes defined as shown in Figure 3.2.11a however
Class Aand B (Or Grade A and B for the ASTM E1137
standard) are most frequently used in the process
industries.

Element Interchangeability in °C

Temp°C | ClassB | Class A c;?f;QA 1ﬁloast|N
-196 1.28 - - -
-100 0.80 0.35 - -
-50 0.55 0.25 0.18 -
-30 0.45 0.21 0.15 -

0 0.30 0.15 0.10 0.03
100 0.80 0.35 0.27 0.80
200 1.30 0.55 0.43 -
250 1.55 0.65 0.52 -
300 1.80 0.75 - -
400 2.30 0.95 - -
450 2.55 1.05 - -
500 2.80 - - -
600 3.30 - - -

Figure 3.2.11c — Wire wound RTD Element Interchangeability by
Class vs. Temperature

Series 78 Interchangeability

Standard Series 78 IEC 60751 Class B Temperature
+0.80 °C (+1.44 °F) -100 °C (-148 °F)
+0.30 °C (+0.54 °F) 0°C (32 °F)

+0.80 °C (+1.44 °F) 100 °C (212 °F)

+1.80 °C (£3.24 °F) 300 °C (572 °F)

+2.30 °C (+4.14 °F) 400 °C (752 °F)

Series 78 IEC 60751 Class A Option Temperature
+0.35 °C (+0.63 °F) -100 °C (-148 °F)
+0.15 °C (+0.63 °F) 0°C (32 °F)

+0.35 °C (+0.63 °F) 100 °C (212 °F)

300°C (572 °F)

+0.75°C (+1.35 °F)
)

+0.95°C (+1.71 °F 400 °C (752 °F)

Figure 3.2.11d - Specific Product Interchangeability Data

3.2.3.11.2 Sensor Interchangeability Error

Sensor Interchangeability Error is defined as the
difference between the actual RTD curve and the
ideal RTD curve. Refer to Figure 3.2.11b and Figure
3.2.3.11.2a. The IEC standard uses only the ice point
resistance RO and the sensor Alpha Number to define
an approximation of an ideal curve. However, due to
manufacturing tolerance variation and the degree

of purity of the platinum, each individual sensor
will have its own unique curve that will vary slightly
from the ideal curve. IEC60751 defines minimal
acceptable accuracy tolerance for conformance to
the standard for each class of sensor over a range of
temperatures.

Sensor Interchangeability Error

Actual RTD Behavior
N

Ideal
IEC 60751
Curve

Resistance

Sensor «—>
Interchangeability
Error

Temperature

Figure 3.2.3.11.2a - Sensor Interchangeability Error

The IEC standard defines a PT100 sensor output
using a 4th-order equation that was developed by
Hugh Longbourne Callendar and M.S. Van Dusen,
and is today known as the Callendar-Van Dusen
(CVD) equation. Refer to Figure 3.2.3.12a. The CVD
equation can be used to define this unique RTD curve
by finding the CVD constants using a calibration or
characterization procedure. In this procedure an
RTD’s resistance is measured in several different
precision controlled temperature baths. The data
collected are fit to a fourth-order curve, from
which the four Callendar-Van Dusen constants are
determined:

3.2.3.12 The Callendar-Van Dusen Equation

The Callendar-Van Dusen equation offers an alterna-
tive calibration technique to thatin the IEC 60751
standard. Itis used in transmitter-sensor matching
to create a curve that closely approximates an RTD’s
resistance versus temperature relationship. This
curve can be generated for any RTD by plugging the
RTD’s specific four constants into the Callendar-Van
Dusen equation, which is programmed into many
smart transmitters. Refer to Figure 3.2.3.12a. In

this way, the transmitter uses the actual RTD curve
rather than an ideal curve to translate the sensor’s
resistance signal into a temperature value thus
providing extraordinary system accuracy.

While this matching is typically not required for all
process measurements, it is the clear choice for those
measurements requiring the best possible accuracy.
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R: = R, + Roalt — 5(0.01t - 1)(0.01t) - B(0.01t — 1)(0.01)°]

Where:

Rt = Resistance (ohms) at Temperature t (°C)

Ro = Sensor-Specific Constant (Resistance at t = 0 °C)

a = Sensor-Specific Constant

& = Sensor-Specific Constant

Sensor-Specific Constant (0 att > 0 °C, 0.11 att < 0 °C)

W
n

Figure 3.2.3.12a - Callendar-Van Dusen Equation

TIP: Temperature sensor-transmitter assemblies
can be visualized as “good - better - best” where a
transmitter used with a Class B sensor is “good”; a
transmitter used with a Class A sensor is “better”
and a transmitter matched to a sensor using the

X constant method is “best”. There is little, if any,
benefit to paying the extra cost for a Class A sensor
when using the CVD method. Class B sensors will
provide about the same accuracy results. See Figure
3.2.3.12b.

Measurement Error

I
Class A CVD

Class B

Figure 3.2.3.12b - Good - Better - Best: Calibration Comparison
of Systems Using a Class B Sensor vs. Using a Class A Sensor vs.
Using the CVD Method

3.2.3.13 RTD Stability - Drift

Stability is related to the amount of the sensor drift
and is the relationship of a sensor’s original resistance
curve to its curve after being in service. Drift rates
published by a manufacturer for a particular sensor
must be assumed to be applicable in a controlled
“laboratory-like” environment. The actual driftin an
industrial application may be much different.

Avariety of influencing factors affect stability ina
platinum sensor used in industrial applications and it
will certainly not be as good as published drift rates
at0.0°C(32.0°F)in a controlled environment. Ther-
mal and mechanical stresses cause physical changes
in the crystalline structure of the platinum causing a

distortion in the normal resistance vs. temperature
curve. Chemical reactions involving the platinum
and impurities as well as migration of internal
materials can also affect a sensor output. A shunting
effect due to insulation resistance deterioration is
anotherinfluencing occurrence. Operating at higher
temperatures increases the speed of these reactions
thus causing increased drift.

The drift caused by these conditions is not normally
catastrophic and may be considered to be very low
when operated in temperatures below 300 °C

(572 °F). (Typically < £0.05 °C (0.09 °F) change to R0.)
Operation at higher temperatures greatly increases
the drift rate. For example, at 500 °C (932 °F) the drift
can be as much as 0.35°C(0.63 °F) after 1000 hours.
Referto Figure 3.2.3.13a.

Repeated cycling causes a small drift contribution
thatincreases with the number of accumulated
cycles and the maximum temperature reachedin
each cycle. This contribution is typically negligible.
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Figure 3.2.3.13a - Shift of R, vs. Time vs. Temperature

3.2.3.14 RTD International Standards

Several international standards define the relation-
ship between resistance and temperature for RTD
sensors. Over the years, and especially before 1990,
there were many different “standards” for industrial
RTDs. Many had unique coefficients, due to unique
doping of the platinum. Today there are only two
that are common: ASTM 1137 (American) and IEC
60751 (International). The International Electrotech-
nical Commission IEC 60751 standard describes the
ideal relationship between the resistance of platinum
RTDs and the temperature being measured. Refer to
Figure 3.2.3.14a. Many national standards are based
on the IEC standard. Released in 2008, IEC60751-
2008 includes new tolerance classes, specifies wire
colors for RTDs as described above, and expands the
range of alpha (o) values used in the Callendar-Van
Dusen equation.
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IEC60751 is equivalent to and supersedes the DIN
43760 and the BS-1904 standards.

IEC 60751 also is equivalent to the Japanese standard
JS-C1604

American Society for Testing and Materials (ASTM)
E1137. This standard applies to platinum RTDs with
an average temperature coefficient of resistance of
0.00385 %/ °C between 0 and 100 °C and nominal
resistance at 0°C of 100 Q or other specified value.
This specification covers platinum RTDs suitable for
all or part of the temperature range between -200 to
650°C.

JJG 229is a Chinese standard also known as
“Regulations of Industry Platinum and Copper
Resistance Thermometers”. It is similar to the IEC
60751 standard.

International Standards
Standard Comment
IEC 60751 ([)).%f(ljréesst';ca{lflwsaAP?%qr gsplerformance for 100Q
DIN 43760 Equivalent to IEC 60751.
BS-1904 Equivalent to IEC 60751.
JIS C1604 Equivalent to IEC 60751. Adds 0.003916 alpha.
ITS-90 Defines temperature scale and transfer standard.

Figure 3.2.3.14a - International Standards Requirements
Comparison

3.2.4 Thermocouples
3.24.1

Athermocouple (T/C) is a closed-circuit thermo-
electric temperature sensing device consisting of
two wires of dissimilar metals joined at both ends.
A current is created when the temperature at one
end or junction differs from the temperature at

the other end. This phenomenon is known as the
Seebeck effect, which is the basis for thermocouple
temperature measurements.

Overview

One end is referred to as the hot junction whereas
the otherend s referred to as the cold junction. The
hot junction measuring element is placed inside a
sensor sheath and exposed to the process. The cold
junction, or the reference junction, is the termination
point outside of the process where the temperature
is known and where the voltage is being measured.
(e.g.in atransmitter, control system input card or
other signal conditioner.) Refer to Figure 3.2.4.2a.

According to the Seebeck effect, a voltage measured
at the cold junction is proportional to the difference
in temperature between the hot junction and the
cold junction. This voltage may be referred to as

the Seebeck voltage, thermoelectric voltage, or
thermoelectric EMF. As the temperature rises at

the hot junction, the observed voltage at the cold
junction also increases non-linearly with the rising
temperature. The linearity of the temperature-
voltage relationship depends on the combination of
metals used to make the T/C.

3.2.4.2 Cold Junction Compensation (CJC)

The voltage measured at the cold junction correlates
to the temperature difference between the hot and
cold junctions; therefore, the temperature at the
cold junction must be known for the hot junction
temperature to be calculated. This processis

known as “cold junction compensation” (CJC). CJC

is performed by the temperature transmitter, T/C
input cards for a control system, alarm trips, or other
signal conditioner. Ideally the CJC measurement is
performed as close to the measurement point as
possible because long T/C wires are susceptible to
electrical noise and signal degradation. Refer to
Figure 3.1.2.4.3a.

Cold Junction
Inside

Insulated T/C

Lead Wires Metal A

Transmitter Metal B Hot Junction

Figure 3.1.2.4.3a - Cold Junction Compensation

Performing an accurate CJCis crucial to the accuracy
of the temperature measurement. The accuracy of
the CJCis dependent on two things; the accuracy of
the reference temperature measurement and the
proximity of the reference measurement to the cold
junction. Many transmitters use an isothermal termi-
nal block (often made of copper) with animbedded
precision thermistor, an RTD or an integrated circuit
transistor to measure the temperature of the block.

TIP: Refer to the “Connecting to the Control System”
section 4.2.4.0 for a detailed discussion of why to
use field transmitters vs. direct wiring to a control
room.
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3.2.4.3 Thermocouple Manufacturing

The process begins with the choice of high quality
wire of the materials required for the T/C type being
made. The wires are joined by various methods
including twisting, clamping, soldering, brazing,
and various types of welds (e.g., bead and butt).

For best performance, the hot junction must be
mechanically sound, electrically continuous, and not
poisoned by the chemical ingredients of the welding
or brazing materials. For premium grade T/Cs, more
care is given to the selection of the wire grade and
control of the manufacturing process. Refer to Figure
3.2.4.3a.

Tip: Twisted junction method is highly subject to rapid
degradation and is not recommended.

Twisted E 'MZK

Butt Weld @

Bead <

Figure 3.2.4.3a - Hot Conjunction Methods

3.2.4.3.1 Junction Types

T/CJunctions are manufactured in different
configurations each with benefits for specific applica-
tions. Junctions can be grounded or ungrounded,
and dual element thermocouples can be isolated or
non-isolated. Refer to Figure 3.2.4.3.1a.

/ Sensor Sheath

K

Single, Grounded

<

Single, Ungrounded

Dual, Grounded, Unisolated

<

Dual, Ungrounded, Isolated

{  S—

Exposed Tip T/C

Dual, Ungrounded, Unisolated

Figure 3.2.4.3.1a - Hot Junction Configurations

Grounded T/Cjunctions are formed when the
thermocouple junction is connected to the sensor
sheath. Grounded junctions have better thermal
conductivity, which in turn produce the quickest
response time. However, grounding also makes
thermocouple circuits more vulnerable to electrical
noise, which can corrupt the thermocouple voltage
signal unless the measurement instrument provides
isolation. (All high quality transmitters and 1/O
cards offer galvanicisolation as a standard feature.)
The grounded junction may also be more prone to
poisoning over time.

Ungrounded junctions exist when the T/C elements
are not connected to the sensor sheath but are
surrounded with insulating powder. Ungrounded
junctions have a slightly slower response time than
grounded junctions but are less susceptible to
electrical noise.

Exposed junction T/Cs have the hot junction
extending past the sealed end of the sheath to
provide faster response. The seal prevents intrusion
of moisture or other contaminants into the sheath.
These are typically applied only with non-corrosive
gases as might be found in an air duct.

3.2.4.3.2 Dual Element T|Cs

Dual element T/Cs are available in three different
configurations. Refer to Figure 3.2.4.3.1a.

Isolated configurations exist when two independent
T/Cjunctions are placed inside one sheath. Isolated
junctions may not read identical temperatures but
can identify drift due to poisoning of one of the
elements. If one junction fails, the second junction is
not necessarily affected.

Un-isolated configurations exist when two T/C
junctions are placed inside one sheath and all four T/C
wires are mechanically joined. Un-isolated junctions
measure identical temperature to increase the
integrity of the measurement point. However, if one
junction fails, it is likely that both junctions will fail at
the same time.

3.2.4.4 Thermocouple Types

There are many types of T/C that use various metal
combinations. These combinations have different
output characteristics that define the applicable tem-
perature range it can measure and the corresponding
voltage output. Refer to Figure 3.2.4.4a and Table
3.2.4.4b. The higher the magnitude of the voltage
output the higher the measurement resolution
which increases repeatability and accuracy. There
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are tradeoffs between measurement resolutions and

temperature ranges which suits individual T/C types WHAT ARE THE THERMOCOUPLE
to specific ranges and applications. TEMPERATURE RANGES?
j:' e There are many types of T/C that use various
0 metal combinations. These combinations have
o different output characteristics that define the
Z o0 applicable temperature range it can measure and
g gl the corresponding voltage output. The higher the
S 4 magnitude of the voltage output the higher the
% 40 1 measurement resolution which increases repeat-
e z: i ability and accuracy. There are tradeoffs between
8 measurement resolutions and temperature ranges
g w0+ which suits individual T/C types to specific ranges
o 5 B .
§ e and applications.
5 There are T/C types that can measure tempera-
0 tures as low as - 270 °C (-464 °F) and other types
- that can measure up to 1768 °C (3214 °F).
-300 4'00 1(;0 3lI30 5&0 7[;0 9&0 HIUO 13'00 1‘5:00 1,7'00 1,9'00 Refer tO'
Temperature, °C 3.2.4.4 -Thermocouple Types
Figure 3.2.4.4a - T/C emf vs. Temperature Curves for Popular Table 3.2.4.4b - Detailed Thermocouple
T/CTypes Data Chart
Melting .
ANSI : : Potential
Metallic Point
Lett e T t
Design | Leg | Composition [~ = ) TERTELUre 3.2.4.4.1 Type K Chromel - Alumel
b |Platinum- ¢ Chromel®is 90% nickel and 10% chromium and
30% Rhodium 010 1820 °C Alumel®is an alloy consisting of 95% nickel, 2%
B 1825 | 3320 : o . o il
Platinum — 32103308 °F manganese, 2% aluminum and 1% silicon.
N I ,
6% Rhodium .
* Type Kis one of the most common general
P Chromel® o . e
E 1220 | 2930 :%Ztt% 11%082 % purpose thermocoupls with a sensitivity of
N | Constantan approximately 41 nVv/ °C.
P |lron -200to 1200 ¢ The Chromel®is positive relative to Alumel®.
J 1220 | 2230 o
N | Constantan ~328102192 °F « Itis inexpensive, and its potential range is -270 °C
« P |Chromel® 100 | 2550 | 27010 1372°C ;c'o +1372°C(-454 °F to +2501 °F) and is relatively
N | Aumere -454 t0 2501 °F inear.
P | Nicrosi * The nickel constituent is magnetic and, as other
-270t0 1300 °C . . A
N 1340 | 2440 | sa0 0370 oF magnetic metals, will undergo a deviation in
N Nisil . . . .
output when the material reaches its Curie point
P ﬁ’gaoyﬂg? " 010 1768 °C which occurs at around 350 °C (662 °F) for type
R ° oAU 4770 | 8215 | 250 mota oF Kthermocouples. The Curie point is where a
N | Pure Platinum magnetic material undergoes a dramatic shiftin
P | Patinum— its magnetic properties and causes a drastic shift
10% Rhodium -50to 1768 °C to the output signal.
s _ 1770 1 8215 | 5810 3214 °F putsig
N | PurePlatinum « It may be used in continuously oxidizing or neutral
P | Copper . atmospheres.
T 1080 | 1980 | 27010 400°C )
N | Constantan * Most usage is above 538 °C (1000 °F)
P = Positive Leg, N = Negative Leg * Exposure to sulphur contributes to premature
® Trademark of Hoskins Mfg. failure.

Table 3.2.4.4b - Detailed Thermocouple Data Chart
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» Operation at certain low oxygen concentrations
causes an anomaly called preferential oxidation
of chromium in the positive leg which causes a
condition referred to as ‘green rot’ which gener-
ates large negative calibration drifts that are most
serious in the 816 to 1038 °C (1500 to 1900 °F)
range. Ventilation or inert-sealing of the protec-
tion tube can prevent [ mitigate this condition.

* Cycling above and below 1000 °C (1800 °F) is not
recommended due to alteration of the output
from hysteresis effects.

TIP: Historically it has been suggested to use type K
unless you had a reason not to.

3.2.4.4.2 Type] Iron - Constantan

* Type ] thermocouples have a more restricted
potential range than type K of -200 to +1200 °C
(346 to 2193 °F), but higher sensitivity of about
50 uV/ °C.

e Itisvery linearin the range of 149 to 427 °C (300 to
800 °F) and becomes brittle below 0 °C (32 °F)

 Atthe Curie point of the iron 770 °C (1418 °F)
an abrupt and permanent change in the output
characteristic occurs, which determines the
practical upper temperature limit.

* Theiron s subject to oxidation at higher tem-
peratures above 538 °C (1000 °F) which adversely
affects its accuracy. Only heavy gauge wire should
be used in these conditions.

« Type | is suitable for use in vacuum, reducing, or
inert atmospheres.

e It will have reduced life if used in an oxidizing
atmosphere.

* Bare elements should not be exposed to sulphur
carrying atmospheres above 538 °C (1000 °F)

3.2.4.4.3 Type E (chromel[constantan)

* Chromelis an alloy of 90% nickel and 10%
chromium and is the positive lead

« Constantan is a alloy usually consisting of 55%
copper and 45% nickel

* Type E has a potential range of -270 to 1000 °C
(-454°F to 1832 °F)

* Itis non-magnetic and has the highest output
voltage vs. temperature change of any standard
type (68 uv/ °C)

¢ It also has a tendency to drift more than the other
types.

« Itis recommended for continuously oxidizing or
inert atmospheres.

e |ts limits of error have not been established for use
below zero.

3.2.4.4.4 Type T (copper/copper-nickel)

 Type T has a sensitivity of 38 uV/ °Cand has a
potential range of from -270°C to 400°C (-454 °F
to 752 °F)

¢ They can be used in oxidizing, reducing orinert
atmospheres as well asin a vacuum

* They exhibit a high resistance to moisture
corrosion.

* They demonstrate a good linearity and are typi-
cally used from very low (cryogenic) to medium
temperature ranges.

3.2.4.4.5 Type N (Nicrosil - Nisil)

« Nicrosil is a nickel alloy containing 14.4% chromium,
1.4% silicon, and 0.1% magnesium and is the
positive lead

« Nisil is an alloy of nickel alloyed with 4.4% silicon

¢ The type N thermocouple is the newest design
to have been approved by the international
standards and is in ever increasing use throughput
the world.

¢ These alloys allow the type N to achieve consider-
ably higher thermoelectric stability than the
base-metal typeskE, |,Kand T.

¢ Type N thermocouples have a sensitivity of
39nV/°Cand a potential range of from -270 °C to
1300°C(-454 °F to 2372 °F)

 Type N thermocouples have been used reliably for
extended periods of time at temperatures up to at
least 1200 °C (2192 °F)

* Some studies have shown that, in oxidizing
atmospheres, the thermoelectric stability of the
type N thermocouple is about the same as that of
the noble-metal thermocouples of ANSI types R
and Sup to about 1200 °C (2192 °F)

¢ Type N thermocouples should not be placed in
vacuums or reducing or alternating reducing /
oxidizing atmospheres.
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3.2.4.4.6 TypesRandS

* Type R (platinum-13% rhodium / platinum) and
type S (platinum-10% rhodium / platinum) have
a potential range of from -50 t01768 °C (58 °F to
3214°F)

* They both have a sensitivity of about 10 pV/ °C
and so are not appropriate for low temperature
applications where other types would be a better
choice.

* Since they are constructed from a platinum alloy,
they are quite costly and are generally reserved for
extremely high temperature applications where
otherthermocouple types do not function well.

* Due toits high stability, type S thermocouples
are used to define the International Temperature
Scale between the point at which Antimony
freezes (630.5°C/ 1166.9 °F) and the melting point
of gold (1064.43 °C (1945.4 °F)

* Proper installation requires that the thermocou-
ples be protected with non-metallic protection
tube and ceramic insulators.

* Long term high temperature exposure causes
grain growth which can lead to mechanical
failure and a negative calibration drift caused by
Rhodium diffusion to pure platinum leg as well as
from Rhodium volatilization.

* Ingeneral type Ris used in industry and type Sis
primarily used in the laboratory.

3.2.4.4.7 TypeB

* Type B thermocouples (platinum-30% rhodium
| platinum-6% rhodium) have a potential range
from about 0 °Cto 1820 °C (32 °F to 3308 °F).

* Type B thermocouples are commonly placed in
clean air [ oxidizing environments but should not
be used in reduction atmospheres.

* The increased amount of Rhodium in the Type
B thermocouple helps to reduce the grain
growth problem allowing for a slightly increased
temperature range as compared to the typesR
andS.

3.2.4.5 T|CLead Wire Color Standards

Thermocouple lead wires consist of two individual
wires (positive and negative), enclosed by colored
insulation. Due to the Seebeck effect, thermocouple
wires have a set polarity so positive and negative
wires must be connected to the correct terminals.
Avariety of standards exist for lead wire insulation

colors to identify each thermocouple type. Refer to
Table 3.2.4.5a The different standards use unique
wire colors to differentiate between the positive and
negative leads. In North America it is typical that the
negative lead is red in accordance with ASTM E230.
However, the most widely used global standard for
T/Cwires is IEC 60584 where the negative lead is
typically white. Itis clear that the standard to which
the T/C was manufactured must be known so that
the correct color code is followed. There are other
standards used in various countries including BS1843
(United Kingdom and Czech Republic), DIN43710
(Germany), JIS-C1610 (Japan), and NFC 42-324
(France). Refer to Table 3.2.4.5a.

TIP: The user must verify which standard is being
used in his facility and ensure that the color codes
are made available to installation, start-up and
maintenance personnel.

3.2.4.6 Extension Wires

Extension wires are used to either wire thermo-
couples back to a control / monitoring system or to
connect them to a remote transmitter. Thermocou-
ple extension wires, with a few rare exceptions, are
made of the same metal as the thermocouple wires.
If the metals do not match, additional cold junctions
are created at each end of the extension wire that will
significantly affect the temperature measurement. In
Figure 3.2.4.6a it can be seen that when copper wires
are used to connect the T/C, a “premature cold junc-
tion” is created that could cause a very significant
error that will vary considerably with the ambient
temperature around junction 1. The measured
voltage from the T/C with copper extension wires
does not equal the measured voltage of the T/C with
correct extension wires. In fact, if copper extension
wires are used, it is nearly impossible to deduce any
reasonably accurate process temperature from the

measured voltage.
T/C Extension Wires—k

o - .
\H:t Junction: 200 °F  Junctions 1: 100 “F: Junctions 2: 75 °F<
s — o

Copper Extension Wiresy

Figure 3.2.4.6a - Multiple Junctions Caused by Non-Similar
Extension Wire
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North America .
T/C ASTM E230 International UK Germany Japan France
Type - - IEC BS DIN JIs NFC
yp Ther 60584 1843 43710 C1610 42-324
Grade Grade
n/a - Conductor: Red - Conductor: Whii® n/a - Conductor: Grey - Conductor: Grey n/a
B n/a + Conductor: Grey + Conductor: Grey n/a + Conductor: Red + Conductor: Red n/a
n/a Sheath: Grey Sheath: Grey n/a Sheath: Grey Sheath: Grey n/a
- Conductor: Red - Conductor: Red - Conductor: Wiiii® | - Conductor: Blue | —Conductor: Black | —Conductor: Whilta | - Conductor: Purple
E + Conductor: Purple | + Conductor: Purple | + Conductor: Purple | + Conductor: Brown + Conductor: Red + Conductor: Red + Conductor:
Sheath: Brown Sheath: Purple Sheath: Purple Sheath: Brown Sheath: Black Sheath: Purple Sheath: Purple
- Conductor: Red —Conductor: Red - Conductor: Whiite | - Conductor: Blue - Conductor: Blue | - Conductor: Wiiits | - Conductor: Black
J + Conductor: Wil | + Conductor: Wit | + Conductor: Black | + Conductor: + Conductor: Red + Conductor: Red | + Conductor:
Sheath: Brown Sheath: Black Sheath: Black Sheath: Black Sheath: Blue Sheath: Sheath: Black
— Conductor: Red — Conductor: Red — Conductor: Whfie - Conductor: Blue - Conductor: Green | - Conductor: Wiifita | — Conductor: Purple
K + Conductor: + Conductor: + Conductor: Green | + Conductor: Brown | + Conductor: Red + Conductor: Red | + Conductor:
Sheath: Brown Sheath: Sheath: Green Sheath: Red Sheath: Green Sheath: Blue Sheath:
- Conductor: Red - Conductor: Red - Conductor: Wifite | - Conductor: Blue n/a n/a n/a
N + Conductor: Orange | + Conductor: Orange | + Conductor: Pink | + Conductor: Orange n/a n/a n/a
Sheath: Brown Sheath: Orange Sheath: Pink Sheath: Orange n/a n/a n/a
n/a - Conductor: Red - Conductor: Wifite | - Conductor: Blue | —Conductor: Wifita | - Conductor: Wifits | - Conductor: Green
R n/a + Conductor: Black | + Conductor: Orange | + Conductor: Whilta + Conductor: Red + Conductor: Red + Conductor:
n/a Sheath: Green Sheath: Orange Sheath: Green Sheath: Wiife Sheath: Black Sheath: Green
n/a - Conductor: Red | —Conductor: Wi | - Conductor: Blue | - Conductor: Wifie | - Conductor: Whiis | - Conductor: Green
s n/a + Conductor: Black | + Conductor: Orange | + Conductor: Wifita + Conductor: Red + Conductor: Red | + Conductor:
n/a Sheath: Green Sheath: Orange Sheath: Green Sheath: Wihifte Sheath: Black Sheath: Green
- Conductor: Red - Conductor: Red - Conductor: Wiiite | - Conductor: Blue | —Conductor: Brown | - Conductor: Wiiits | - Conductor: Blue
T + Conductor: Blue + Conductor: Blue | + Conductor: Brown | + Conductor: Whiza + Conductor: Red + Conductor: Red | + Conductor:
Sheath: Brown Sheath: Blue Sheath: Brown Sheath: Blue Sheath: Brown Sheath: Brown Sheath: Blue

Table 3.2.4.5a - International Color Coding for Thermocouple Insulation

In some cases where economic considerations may
preclude the high cost of exotic metal extension wires
as are the platinum alloys used in TypesR, S, and B, a
less expensive copper alloy that has a similar emf to
that of the T/Citself may be used over a narrow range.
These leads are called Compensating Leads and
somewhat reduce the error described above.

Tip: There are many negative impacts on measurement
performance of remote mount T/Cs including the
potential errors that can be introduced into a T/C mea-
surement by the use of extension wires or compensating
leads from EMI and RFI, the costs of the specialized wire,
cost of replacing T/C extension wire on a scheduled
basis, and the possibility of wiring errors from color code
mismatching. These considerations strongly suggest
that consideration be given to using integrally mounted
transmitters wherever possible.

3.2.4.7 Mounting Methods

Since T/Cs are constructed using similar sheath sizes
as are RTDs, the mounting styles described above
also apply to T/Cs. Refer to section 3.2.3.3 above in
the RTD section.

3.2.4.8 Thermocouple Accuracy

Thermocouple accuracy is influenced by several fac-
torsincluding the T/Ctype, its range of interest, the
purity of the material, electrical noise (EMI and RFI),
corrosion, junction degradation, and the manufac-
turing process. T/Cs are available with standard grade

tolerances or special grade tolerances called Class 2
and Class 1 respectively. The most common control-
ling international standard is IEC-60584-2. The most
common U.S. standard is ASTM E230. Each standard
publishes limits of tolerance for compliance. Refer to
Table 3.2.4.8aand Table 3.2.4.8b.

Tolerance Tolerance Tolerance

ETED Class 1 Class 2 Class3 )
Type T
Temperature Range | -40 °C to +125 °C -40°Cto +133°C -67 °Cto +40 °C
Tolerance Value +0.5°C =1 +1°C
Temperature Range | 125 °C to 350 °C 133°Cto 350 °C -200 °C to -67 °C
Tolerance Value +0.004 - [t| +0.0075 - [ t] +0.015 - [t]
Type E
Temperature Range | -40 °C to +375 °C -40 °C to +333 °C -167 °Cto +40 °C
Tolerance Value +1.5°C +25°C +2.5°C
Temperature Range | 375 °C to 800 °C 333 °C to 900 °C -200 °C to -167 °C
Tolerance Value +0,004 - |t ] +0.0075 - [t] +0.015- |t ]
Type J
Temperature Range | -40 °C to +375 °C -40 °C to +333 °C -
Tolerance Value +1.5°C +2.5°C -
Temperature Range | 375 °C to 750 °C 333°Cto 750 °C -
Tolerance Value +0.004 - |t] +0.0075 - |t | -
Type K, Type N
Temperature Range | -40 °C to 375 °C -40 °Cto +333 °C -167 °Cto +40 °C
Tolerance Value +1.5°C +2.5°C +2.5°C
Temperature Range | 375 °C to 1000 °C 333 °C to 1200 °C -200 °C to -167 °C
Tolerance Value +0.004 - |t +0.0075 - |t | +0.015 - [t]
Type R, Type S
Temperature Range |0 °Cto 1100 °C 0°Cto +600 °C -
Tolerance Value +1°C +1.5°C -
Temperature Range | 1100 °C to 1600 °C 600 °C to 1600 °C -
Tolerance Value +[1+ 0,003 (t-1100)] °C | +0.0025 - |t | -
Type B
Temperature Range - - 600 °C to 800 °C
Tolerance Value - - +4°C
Temperature Range - 600 °C to 1700 °C 800 °C to 1700 °C
Tolerance Value - +0.0025 - |t | +0.005 - |t

1) Thermocouple materials are normally supplied to meet the manufacturing tolerances specified
in the table for temperatures above -40 °C. These materials, however, may not fall within the
manufacturing tolerances for low temperatures given under Class 3 for Types T, E, K and N.

If thermocouples are required to meet limits of Class 3, as well as those of Class 1 or 2, the
purchaser shall state this, as selection of materials is usually required.

Table 3.2.4.8a - Thermocouple Tolerance Requirements for
Compliance with IEC 60584-2
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Tolerances on Initial Values of Emf vs. Temperature for Thermocouples

Norte 1 — Tolerances in this table apply to new essentially homogeneous thermocouple wire, normally in the size range
0.25 to 3mm in diameter (No. 30 to No. 8 AWG) and used at temperature not exceeding the recommended limits of
Table 6 (?). If used at higher temperatures these tolerances may not apply.

Note 2 — At a given temperature that is expressed in °C, the tolerance expressed in °F is 1.8 times larger than the tolerance
expressed in “C. Where tolerances are given in percent, the percentage applies to the temperature being measured when
expressed in degrees Celsius. To determine the tolerance in degrees Fahrenheit, multiply the tolerance in degrees Celsius
by 9/5.

Norte 3 — Caution: Users should be aware that certain characteristics of thermocouple materials, including the Emf-vs.-
temperature relationship may change with time in use; consequently, test results and performance obtained at the time
of manufacture may not necessarily apply throughout an extended period of use. Tolerances given in this table apply
only to new wire as delivered to the user and do not allow for changes in the characteristics with use. The magnitude of
such changes will depend on such factors as wire size, temperature, time of exposure, and environment. It should be
further noted that due to possible changes in homogeneity, attempting to recalibrate used thermocouples is likely to
yield irrelevant results, and is not recommended. However, it may be appropriate to compare used thermocouple in-situ
with new or known good ones to ascertain their suitability for further service under the conditions of the comparison.

Temperature Range Tolerances-Reference Junction 0 °C [ 32 °F ]
Thermocouple =
Type - . Standard Tolerances Special Tolerances
°C (whichever is greater) °F °C (whichever is greater) °F
T 0to 370 32 to 700 +1.0 or £0.75% Note 2 +0.5 or +0.4% Note 2
J 0to 760 32 to 1400 +2.2 or +0.75% +1.1 0or £0.4%
*E 0to 870 32 to 1600 +1.7 or £0.5% +.01 °C or +0.4%
KorN 0to 1260 32 to 2300 +2.2 °C or £0.75% +1.1 °C or £0.4%
RorS 0to 1480 3210 2700 +1.5 °C or £0.25% +0.6 °C or £0.1%
B 870 to 1700 | 1600 to 3100 +0.5% +0.25%
Cc Oto 2315 32 to 4200 +4.4 0r 1% Note 2 Note applicable
TA -200t0 0 -328 t0 32 +1.00r £1.5% B
*EA -200to O -328 t0 32 +1.70r+1% B
KA -200to O -328 t0 32 +2.2 or £2% B

* The standard tolerances shown do not apply to Type E mineral-insulated, metal-sheathed (MIMS) thermocouples
and thermocouple cables as described in Specifications E608/E608M and E585/E585M. The standard tolerances for
MIMS Type E constructions are greater of +2.2 °C or +0.75% from 0 to 870 °C and the greater of +2.2 °C or +2% from
-200to 0 °C.

4 Thermocouples and thermocouple materials are normally supplied to meet the tolerances specified in the table for
temperatures above 0 ‘C. The same materials, however, may not fall within the tolerances for temperature below 0 °C in
the second section of the table. If materials are required to meet the tolerances stated for temperatures below 0° C the
purchase order shall so state. Selection of materials usually will be required.

B Special tolerances for temperatures below 0 °C are difficult to justify due to limited available information. However, the
following values for Types E and T thermocouples are suggested as a guide for discussion between the purchaser
and supplier:

Type E, -200 to 0 °C, +1.0 °C or +0.5% (whichever is greater)
Type T, -200to 0 °C, +0.5 °C or +0.8% (whichever is greater)

Initial values of tolerance for Type J thermocouples at temperatures below 0 °C and special tolerances for Type K
thermocouples below 0 °C are not given due to the characteristics of the materials. Data for Type N thermocouples
below 0 °C are not currently available.

Table 3.2.4.8b - Thermocouple Tolerance Requirements for Compliance with ASTM E230 -11
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3.2.5 Measurement Response Time
Considerations

Asensor’s dynamic response time can be important
when the temperature of a process is changing
rapidly and fast inputs to the control system are
needed. A sensorinstalled directly into the process
will have a faster response time than a sensor with a
thermowell.

It’simportant to note that when no thermowell is
used, the sensing element is exposed to the process
and cannot be replaced without interrupting the
flow which often requires a process shutdown and
draining the process system. Engineering guidelines
in most process facilities will not permit exposed
sensors. Such installations are far less safe against
potential loss of containment of process fluids, can
cause more frequent sensor failure from exposure
to adverse process conditions, and often require an
expensive process shutdown to change out a failed
sensor. Use of a thermowell is the solution to this
problem.

However, when a thermowell is used, response time
clearly increases due to the increased thermal mass
of the assembly. The key to optimizing response time
is to reduce the mass while maintaining adequate
physical strength to withstand the process pressures
and flow forces. Smaller diameter thermowells
provide faster response, since less material needs

to be heated or cooled. A properly fit sensor is also
important to achieve a faster response time. The sen-
sor needs to be long enough so its tip is touching the
bottom of the thermowell bore for good conduction.
The sensor diameter also needs to fit snugly into the
thermowell bore so there is a minimum air gap be-
tween the sensor and the thermowell. Additionally,
response time is improved by using a spring-loaded
sensor and filling the voids in the well with thermally
conductive fluid. The characteristics of the medium
being measured are also factors, especially with
regard to flow velocity and density. A fast moving
medium transfers heat and changing temperature
better than a slow moving one, and higher density
media (fluids) are better heat conductors than lower
density media (gases). (Refer to Thermowell chapter
3.3 for more detail.)

When comparing the response of temperature
measurement systems using an bare T/C or an bare
RTD in a flowing water application, it has shown
that a grounded tip T/C will respond about 2 times
faster than will a spring-loaded RTD sensor. For
measurements in flowing air an RTD is slightly faster
thanaT/C.

However, that advantage is greatly minimized,

if not eliminated, when the sensoris installed

in a thermowell. The mass of a thermowell is so

large as compared to the mass of a sensor, that it
clearly dominates the response characteristics of the
system.

When using a 6mm (1/4”) diameter sensorin a
water measurement application, T/Cand RTD
response is about the same and when using a 3mm
diameter sensor a T/C s slightly faster than an RTD.
For measurements in air the response is about the
same for both RTDs and T/Cs using either a 3mm
(1/8”) or 6mm sensor.

Tip: Since very few process applications use bare sensors
for measurement, the inherent speed advantage of a T/C
is greatly reduced and possibly eliminated for most ap-
plications. The wise engineer will select the best sensor
for the application based on a myriad of other factors
and not be influenced by the misleading statements
made so often that “T/Cs are always faster than RTDs”.

3.2.6 Multipoint and Profiling Sensors

Multipoint Temperature Profiling Sensors measure
temperatures at different points along their length.
They have found frequent use in the chemical and
petrochemical industries to provide temperature
profiles for tanks, reactors, catalytic crackers

and fractionation distillation towers or columns.
Multipoint Temperature Profiling Sensors provide a
cost-effective, easily installed and maintained data
acquisition solution.

These profiling sensors can provide from 2 to 60+
measurement points within a single protection tube
using a single penetration. The sensors can be either
RTDs or T/Cs depending on the requirements of the
application. Refer to vendor product data sheets for
complete details and refer to Chapter 9 for some
application examples.

Summary

In this chapter we have provided a detailed insight
into the theory, design, construction, installation
and operation of the two primarily used temperature
sensors in the industrial process industries, RTDs and
Thermocouples. From the discussion of each of these
sensor’s performance and accuracy capabilities, it
may be deduced that there are many decision factors
involved in choosing the correct sensor for your
application. For some high temperature applications
T/Cs are the only choice and for other applications
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either sensor would function. The decision of
choice lies with other considerations including
required measurement system accuracy, long
term performance and cost of ownership.

These topics and many more are presented in further
detail in Chapter 4.2.

3.3 Thermowells
3.3.1 Overview

Temperature sensors are rarely inserted directly
into an industrial process. They are installed into
athermowell to isolate them from the poten-

tially damaging process conditions of flow-induced
stresses, high pressure, and corrosive chemical
effects. Thermowells are closed-end metal tubes
that are installed into the process vessel or piping
and become a pressure-tight integral part of the
process vessel or pipe. They permit the sensor to
be quickly and easily removed from the process

for calibration or replacement without requiring a
process shutdown and possible drainage of the pipe
orvessel.

The most common types of thermowells are
threaded, socket weld, and flanged. Thermowells are
classified according to their connection to a process.
For example, a threaded thermowell is screwed into
the process; a socket weld thermowell is welded

into a weldalet and a weld-in thermowell is welded
directly into the process pipe or vessel. A flanged
thermowell has a flange collar which is attached to a
mating flange on the process vessel or pipe.

3.3.2 Thermowell Types

Thermowells are most often constructed from
machined barstock in a variety of materials and

may be coated with other materials for erosive or cor-
rosive protection. They are available with threaded,
welded or flanged connections. The stem or shank
that extends into the process may be straight with
constant diameter, tapered all the way from entry
point to the tip, partially tapered, or stepped. See
Figure 3.3.2a.

Avariety of performance criteria and process condi-
tions must be considered when selecting the best
design for an application. In the following sections
we will discuss detailed aspects of thermowell design
and their application.

Figure 3.3.2a - Thermowell Family

3.3.3 Thermowell Design Insights
3.3.3.1 Materials

The material of construction is typically the first
consideration in choosing a thermowell for any
given application. Three factors affect the choice of
material:

¢ Chemical compatibility with the process media to
which the thermowell will be exposed

* Temperature limits of the material

» Compatibility with the process piping material
to ensure solid, non-corroding welds and junctions

Itisimportant that the thermowell conform to the
design specs of the pipe or vessel into which it will be
inserted to ensure structural and material compat-
ibility. The original design of the process had most
likely included temperature, pressure and corrosive
considerations as well as cleaning procedures,
agency approvals required and conformance with
codes or standards. Since an installed thermowell
effectively becomes part of the process, these
original design considerations also apply to the
thermowell and will drive the thermowell mate-

rial of construction and mounting type selection.
International pressure vessel codes are explicit about
the types of materials and the methods of construc-
tion allowed. Although there is no equivalent to the
pressure vessel codes for thermowells, the ASME
BPVC and B31 standards do have considerations for
the different types of pipe fittings including flanged,
socket-welded and threaded. Details on these
considerations can be found in the following:

ASME B16.5 covers flanged fittings; ASME B16.11
covers socket-welded and threaded fittings. Also
for reference, the ASME B31.3 covers process piping
while ASME B31.1 covers power piping, and ASME
B40.9 covers thermowells specifically (althoughin a
more general sense). Due consideration should be
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given to these codes when specifying thermowells as
integral parts of the process structure

Errorsin the specification of pressure retaining
components could have disastrous results leading
to loss of life, loss of containment and even potential
prosecution. See Thermowell Installation Examples
Figure 3.3.3.1a.

Although there are many choices of thermowell
material of construction, the most commonly

used materials are 316 stainless steel, 304 stainless
steel, Monel®, Inconel®, and Hastelloy®. See Figure
3.3.3.1b. There are also some exotic metals for very
demanding applications.

Maximum Operating Temperatures
2100 °C

—Ceramic Type 799
Kanthal Super
1800 °C Ceramic Type 530
—— Siliciumcarbid (Halsic, Protec)
Ceramic Type 610
Kanthal AF
1200 °C
—— Nickel Alloys (Hastelloy C4, C276, Incoloy 800, Inconel 600

Duplex / Super Duplex

900 °C
Stainless Steel

600 °C

Carbon / Mild Steel

300 °C

0°C

Figure 3.3.3.1b — Thermowell Material Recommendations

3.3.3.2 Styles

Thermowells are generally either tubular or
machined from barstock. Each style has pros and
cons and selection of the proper thermowell depends
on the requirements of the application.

3.3.3.2.1 - Protection tubes, sometimes called
Tubular Thermowells, are fashioned by welding a
flange or threaded fitting to one end of tube or small
section of pipe or tubing and capping the other
end. Protection tubes can also be constructed of
ceramic material and bonded to a metal process
fitting. Tubular thermowells can be constructed for
very long immersion lengths and are often used
for measurements where flow forces are low. Since
they are fabricated from tubing, they have a much
larger bore than other thermowells which causes a
considerable thermal lag. See Figure 3.2.3.8b.

Material Fil X
y[ !
B: Tip
A Diameter
Thermowell or Sensor Sheath t
Protection Tube Tip Thickness

Figure 3.2.3.8b - Factors Affecting Response Time for a Large
Bore Thermowell

Due to their construction, they have a much lower
pressure rating and the choice of materials is limited.
For measuring temperatures up to 1800 °C the
protection tubes are made from a ceramic material.
For temperatures up to about 1200 °C they are often
made from exotic metals like Inconel. Ceramics are
not prone to sagging as are metal tubes. When metal
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tubes sag it is more difficult, if not impossible, to
remove a sensor for replacement and the bending
can damage the sensor. Refer to Figure 3.3.3.2.1a and
Figure 3.3.3.2.1b.

:
i
i

=
¢ "y\;

Figure 3.3.3.2.1a - High Temperature Thermowell Assembly

Figure 3.3.3.2.1b - Typical High Temperature Installation

3.3.3.2.2 - Barstock thermowells are machined from
asolid piece of round or hex shaped metal. Barstock
thermowells can withstand higher pressures and
faster flow rates than protection tubes. They have
more material options and can be mounted in
various ways to meet different process pressure
requirements. Lengths are typically limited due to
bore drilling limitations. See Figure 3.3.2ain section
3.3.2.

3.3.3.3 Stem Profiles

Factors to be considered when selecting a stem style
include the process pressure, the required speed

of response of the measurement, the drag force of
the fluid flow on the well and the vortex shedding
induced vibration effects.

The stem or shank s the part of a thermowell that is
inserted into the process piping. The common stem
profiles are straight, stepped, and tapered.

See Figure 3.3.3.3a.

Stepped

Figure 3.3.3.3a - Thermowell stem profiles

3.3.3.3.1 - Straight profile thermowells have the
same diameter along the entire immersion length.
They present the largest profile to the process
medium and therefore have the highest drag force
as compared to other well styles with the same root
diameter. Because of the large tip diameter there is
more mass to heat which slows the thermal response
of the measurement assembly. See Figure 3.3.3.3.1a.

B |

Figure 3.3.3.3.1a - Straight Profile Thermowell

3.3.3.3.2 - Stepped profile thermowells have two
straight sections with the smaller diameter straight
section at the tip. Refer to Figure 3.3.3.3.2a. For the
same root diameter as a straight profile thermowell,
this design has less profile exposure to the flowing
process and therefore exhibits less drag force and
quicker response time due to the smaller mass at the
tip. In general, stepped thermowells will have thinner
walls. By the geometry of its design, the stepped well
has a higher natural frequency than the other profile
designs of the same root diameter and is therefore
less susceptible to vibration induced failure. See
Vibration section 3.3.7 below for more detail.

Figure 3.3.3.3.2a - Stepped Thermowell
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3.3.3.3.3 - Tapered profile thermowells have an
outside diameter that decreases uniformly from
root to tip. For the same root diameter, this profile
represents a good compromise between straight
and stepped thermowells. It’s drag will be less than
astraight type well but greater than a stepped type
well. Also the response time will be faster than a
straight type and slower than a stepped type. The
two general forms of a tapered stem are uniform
(tapered from root to tip) and non-uniform (straight
portion followed by tapered portion). See Figure
3.3.3.3.3a. Because of its profile shape it is a good
compromise for strength between the two other
styles. Itis the common choice for high velocity flow
applications where the flow forces typically are too
great to use a stepped well and the tapered design
has faster response than the straight type thus
offering an optimal balance of strength and response
factors.

Figure 3.3.3.3.3a - Tapered Threaded and Tapered Flanged
Thermowvells

3.3.4 Mounting Methods

Thermowells are typically mounted by one of the
following methods: See Figure 3.3.4a.

Transmitter Process Pipe

Thermowell

Flanged
Mounting
Threaded
]
————rlNNN

Q..

Vanstone
Flange

Mounting Welded

Figure 3.3.4a - Thermowell Mounting Methods

3.3.4.1 - Threaded thermowells are threaded

into process piping or tank, which allows for easy
installation and removal when necessary. While this
is the most commonly used method of mounting, it
has the lowest pressure rating of the three options.
Threaded connections are also prone to leakage and
therefore are not recommended for applications
with toxic, explosive or corrosive materials.

3.3.4.2 - Welded thermowells are permanently
welded to process pipes or tanks. Thus, removal is
difficult and requires cutting the thermowell out of
the system. Welded thermowells have the highest
pressure rating and are generally used in applica-
tions with high velocity flow, high temperature, or
extreme high pressure. They are necessary where a
leak-proof seal is required.

3.3.4.3 -Flanged thermowells are bolted to a mating
flange that is welded onto process pipe or tank.

They provide high pressure ratings, easy installation,
and simple replacement. Flanged thermowells are
used in applications with corrosive environments,
high-velocity, high temperature, or high pressure.

3.3.4.4 - Vanstone [ Lap Joint thermowells are
mounted between the mating flange and the lap
joint flange. These thermowells allow for the use of
different materials for the thermowell comingin
contact with the process and the overlaying flange
which can save material and manufacturing costs.
They are a good choice for corrosive applications
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since there are no welds in this design weld-joint
corrosion is eliminated. As an option they can be
provided as a forging.

3.3.5 Mounting Options

To accommodate pipe or vessel insulation layer
thickness or other offset considerations like high
ambient temperature, a thermowell may be specified
with varying lagging lengths. See Figure 3.3.5a and
the “Selecting and Installing” section 4.2 for more
detail.

T (English)
Thermowell
Lagging Length -

—l

T (Metric)
Thermowell
Lagging Length

—> |<_

Figure 3.3.5a - Thermowell Lagging Length

3.3.5.1 Installation without a Thermowell

In the industrial process industry thermowells are
used for almost all applications. Some examples

of exceptions to that rule include applications for
very-low-pressure air or ventilating systems, bearing
temperature measurement, and lube oil drain in
compressors. Reasons for directimmersion are
usually associated with a requirement for faster
response or where there are space limitations such as
casing drain in compressors. Installing temperature
elements without a thermowell is acceptable in some
applications or where certain conditions exist:

* The process fluid is not corrosive or otherwise
hazardous

* The process is not under significant pressure
* Air-in leakage is permissible

 The primary element has the necessary static and
dynamic mechanical strength for the application

¢ Afailure of the element may be tolerated until
the process can conveniently be shut down and
assuming the operation can continue without the
use of the measurement

* There is no personnel hazard if the temperature
sensor is inadvertently removed from the vessel,
pipe or duct.

3.3.6 Manufacturing

Thermowells are machined on special-purpose high-
accuracy machines exercising careful quality control
to ensure concentricity of the bore with respect to
the outside diameter and a consistent wall-thickness
over the full length of the thermowell. Meeting these
criteria is essential to ensure that the thermowell
meets the stated pressure ratings that are related to
uniform wall thickness. This in turn relates to code
conformance as was described above.

3.3.7 Thermowell Failure Considerations

Thermowell failures are often associated with one

or more of the following: high drag forces, excessive
static pressure, high temperature, corrosion and fluid
induced vibration.

3.3.7.1 Vibration

Most thermowell failures are caused by fluid induced
vibration. See Figure 3.3.7.1a.

When fluid flows past a thermowell inserted into

a pipe or duct, vortices form at both sides of the
well. These vortices detach, first from one side,

and then from the otherin an alternating pattern.
This phenomenon is known as vortex shedding,

the Von Karman Vortex Street or flow vortices. The
differential pressure due to the alternating vortices
produces alternating forces on the well resulting in
stresses that cause alternating transverse deflection.
In addition there are other forces produced along the
axial or parallel axis of the flow. See Figure 3.3.7.1b.
The frequency of shedding of these vortices - called
the vortex shedding frequency (or fs) — is a function
of the diameter of the thermowell, the fluid velocity
and, to alesser extent, the Reynolds number.

Figure 3.3.7.1a - Example of a Thermowell Failure
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Vortex Trail

N1

O Thermowell

(\9\%ij 9

Transverse
Deflection

Figure 3.3.7.1b - The von Karman Trail, Showing Transverse
Force Deflection and Direction

Each thermowell design has a natural frequency
referred to as fn that is dependent on its shape,
length, and material of construction.

As the vortex shedding frequency approaches the
natural frequency of the thermowell, the thermowell
will oscillate in resonance and may fracture with
potentially dire consequences.

Itis clear that the vortex shedding forces must be
taken into account when selecting a thermowell of
sufficient strength and stiffness to withstand the
service conditions, and generally thermowells are
selected such that the shedding frequency is always
< 80% of the natural frequency. Or mathematically
as aratio, where fs+ fn < 0.8. For liquid flow with a
fs+ fnratio from 0.4 to 0.5, the axial forces are an
important factor of concern.

By the geometry of its design, the stepped well

has a higher natural frequency than the straight or
tapered profile designs with the same root diameter
and will typically produce a wider separation of the
vortex shedding wake frequency fs from the natural
frequency of the thermowell fn (Lower ratio) result-
ingin less chance of resonant oscillation leading to
potential thermowell failure.

Tip: Wake frequency is a determining factor in selecting
a thermowell for a high-velocity application. Most
manufacturers have a software tool to provide an
analysis of the wake frequency effects that predicts
probability of failure of the thermowell. This tool is a
great help for the proper choice of thermowell to meet
the application requirements. These tools are defined in
ASME PTC 19.3 TW-2010.

Tip: The long awaited PTC 19.3 TW-2010 is a completely
new standard that establishes the practical design
considerations for thermowell installations in power

and process piping. This code is an expanded version of
the thermowell section contained in the PTC 19.3-1974,
and incorporates the latest theory in the areas of natural
frequency, Strouhal frequency, in-line resonance and
stress evaluation. It includes

 Expanded coverage for thermowell geometry

 Natural frequency correction factors for mounting
compliance, added fluid mass, and sensor mass

* Consideration for partial shielding from flow
« Intrinsic thermowell damping

« Steady state and dynamic stress evaluations
* Improved allowable fatigue limit definition.

See Reference Material in Chapter 8 for a white paper
“Thermowell Calculations” detailing insights into the
provisions and requirements of PTC 19.3 TW-2010.

3.3.8 Response Time Considerations

As was discussed in the Sensors chapter, the speed of
response of the sensor itself is dwarfed by the much
slower response of the measurement system using a
thermowell. The mass of the thermowell far exceeds
that of the sensor and will always be the dominant
factor of measurement response.

Several factors affect the overall response time of
temperature measurements when thermowells are
used, including:

e Stem style
« Tip thickness and diameter

¢ Sensor sheath OD to thermowell bore ID gap.
(“y” dimension in Figure 3.2.3.8b)

¢ AThermally conductive fill material such as
Silicone oil will provide far faster response than will
an air gap

 Process media (liquid, steam or vapor) See Table
3.3.8a - The more dense the fluid, the faster the
response

* Process flow rate with faster rates providing
shorter response time

For systems where the fastest possible response is
needed, there are system design considerations that
will optimize measurement speed including: Refer to
Figure 3.3.8a.
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Thermal Time Response Data (per IEC 751)

Sensor and Thermowell in water flowing at 0.4 meters/sec

1067 Sensor - 6mm diameter

1097 (D22) Thermowell Material Pt 100 Pt 100 Pt 100
Material Code |1(0.5)[s] t(0.63)[s] t(0.9)[s]|t(0.5)[s] t(0.63)[s] t(0.9)[s]|t(0.5)[s] t(0.63)[s] t(0.9)[s] | Deviation
316L Stainless steel A2 29 37 75 26 37 85 29 40 89 +10%
304L Stainless steel A5 29 37 75 26 37 85 29 40 89 +10%
304L Stainless steel with carbon steel flange A6 29 37 75 26 37 85 29 40 89 +10%
316L Stainless steel with Tantalum sheath B2 75 96 183 67 88 184 64 85 180 | +10%
SiclL Stanless steel with Tantalum sheath B3 | 75 | 9 | 183 | 67 | 88 | 184 | 64 | 8 | 180 |=10%
316L Stainless steel with PFA coating B4 76 97 181 78 101 197 80 104 203 | +10%
Carbon Steel Ct 29 37 75 26 37 85 29 40 89 | +10%
Alloy 20 D1 27 35 7 34 46 98 31 M 90 | +10%

Table 3.3.8a - Excerpt from Response Data Test Report

* Select a stepped well which has less mass at the
tip than do the straight and tapered thermowells.
(Dimensions “B” and “t”) (Straight wells are the
slowest and tapered are a compromise between
the two.)

* Use a tip sensitive sensor so that the sensitive
portion is at the thinnest part of the well.

« Select a spring loaded sensor to ensure tight
contact of the sensor to the bottom of the well.
(“x” =0in Figure 3.2.3.8b)

* Specify a thermally conductive media to fill the
void between the sensor and the wall of the
thermowell. (“y” dimension in Figure 3.2.3.8b)

* Specify the properimmersion length to ensure
that the tip of the well is in the faster moving
part of the fluid flow stream. (The faster the flow
the faster will be the response for a given fluid
density.)

Material Fill X
y[ !
B: Tip
A Diameter
Thermowell or Sensor Sheath t
Protection Tube Tip Thickness

Figure 3.2.3.8b - Factors Affecting Response Time

3.3.9 Thermowell Standards

3.3.9.1 - The ASME PTC 19.3TW-2010 is internation-
ally recognized as a mechanical design standard
yielding reliable thermowell service in awide range
of temperature measurement applications. It
includes evaluation of stresses applied to a barstock
thermowell asinstalled in a process based on

the design, material, mounting method, and the
process conditions. For detailed information about
this standard refer to the white paper “Thermowell
Calculations” in Chapter 8, Reference Materials.

3.3.9.2 - The Energy Institute Section T.4, Guidelines
for Avoidance of Vibration Induced Fatigue Failure
in Process Pipework, provides an overview of
vibration characteristics and how vibration affects
piping systems. This is a useful document on the
handling of vibration with some information that is
specific to thermowells. Included is a quantitative
assessment to determine the “likelihood of failure”
(LOF) using a natural frequency calculation based
on wall thickness. This document also presents valid
information on corrective actions that can be taken
to ensure longevity of existing thermowells.
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3.3.9.3-DIN 43772 is a European (German) standard
with specifications for thermowell design, construc-
tion, and materials. The design specifications cover
various types of thermowells, dimensions, wall
thicknesses, types of construction, connection
methods, and requirements for marking and testing
thermowells and extension tubes. Also included are
limited strength evaluations (load diagrams) based
on flow conditions.

3.3.9.4 - ASME B16.5 standard controls the design

of pipe flanges and flanged fittings. Included are
pressure/temperature ratings for various fitting
methods and materials of construction and complete
dimensional specifications and tolerances. Pressure
testing is also covered.

Summary

As has been discussed in this chapter, there are many
considerations involved in selecting a proper ther-
mowell for your temperature measurement system.
The system design engineer must gather all available
process information and performance expectations
before beginning the system design. Front end
engineering will pay large dividends by providing an
optimally performing temperature measurement
system with the lowest cost of ownership.
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4.1 Understanding Your Temperature
Measurement System

4.1.1 Overview

Temperature is a critical factor in many industrial
processes including reaction, fermentation, combus-
tion, drying, calcinations, drying, crystallization, and
extrusion.

If a temperature measurement is not accurate or reli-
able for any reason, it could have a detrimental effect
on process efficiency, energy consumption, product
quality and possibly process safety. As an example;
forincinerators, there is an optimum temperature
control point to ensure complete destruction of
hazardous compounds while maintaining minimum
energy cost. Even a small measurement error can

be disruptive in some processes, so it’s extremely
important to be certain your temperature measure-
ments are accurate and reliable. There are other
processes however where temperature is only
monitored for trends and absolute accuracy and
stability are notimportant factors. For this reason,
each measurement system needs to be evaluated
and carefully engineered to satisfy the specific
process requirements.

Obtaining the correct sensor, installing it properly,
and conveying a temperature measurement signal to
a control or monitoring system requires much more
analysis than just selecting a thermocouple or RTD
out of a catalog. Selecting the best transmitters for
the application and how they should be mounted

is equally important. Thorough investigations to
understand the temperature measurement system
requirements will pay off in providing a cost-effective
installation that meets those requirements of
measurement accuracy, response time, and signal
reliability.

Even though itis such a common process variable,
temperature is one that is the most misunderstood
as to how to make a reliable measurement. These
misunderstandings fool many users into believing
that they are making a better measurement than
they are in reality. When determining measurement
precision, accuracy and drift characteristics must be
considered for both the sensor and the transmitter.
Environmental conditions at the measurement site
can also have a significantimpact on the measure-
ment performance.

The basic question is: What is the best way to relate
sensor and transmitter performance considerations
to real world temperature measurement systems?

While the sophistication of electronics has improved
dramatically over the years, the basic fact that
measurement is only as good as its weakest link has
(and will) endure forever. The sensor is almost always
the weakest link in modern temperature systems.
And while I/O subsystems (DCS or PLC input cards)
have reasonable specifications, they are no match
for the performance of today’s quality temperature
transmitters.

Most still get confused on when to use a Resistance
Temperature Detector (RTD) vs. using a Thermo-
couple (T/C). The cost/performance trade-offs of
using transmitters vs. direct wiring to a receiver are
also widely misunderstood.

For Safety Instrumented Systems (SIS), the guidance
provided by the standards suggests a thorough
understanding of the reliability aspects of making a
stable and dependable measurement.

4.1.2 Selection Criteria

To the new or inexperienced engineer it may seem
like a daunting task to select the proper temperature
measurement system for an application. To properly
design areliable temperature measurement system
for each application, a series of questions need to be
answered to thoroughly understand the application
such that the best choice of components of the
system is made including the thermowell, the sensor,
and the signal conditioning device. Performance
requirements of the measurement must also be
determined. Operating conditions during startup,
steady-state, and potential abnormal conditions
must all be considered. Some applications require
the utmostin precision while others are merely
monitoring trends such that the component selec-
tion could be quite different.
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To select a proper thermowell the process conditions
must be identified, as they will influence decisions
regarding the material of construction, the well
design, the insertion length and the lagging required.
The performance expectations will drive selection of
the sensor and the signal conditioning device.

As with any task, a logical and methodical approach
usually begins with understanding the performance
and physical requirements of the measurement
application that will usually lead to the best path to
follow for a well engineered solution.

Review of process P&IDs, a site visit to ensure that the
drawings are accurate and to visualize the mounting
location, and consultation with process, mechanical,
environmental engineers and project managers will
usually provide answers to such questions as:

* What is the process?

* What s the process fluid? (Gas, liquid, steam or
granular)

* What s the operating pressure? The maximum
pressure?

* What is the normal, maximum and minimum fluid
flow rate?

¢ Isthe measurementin a pipe or a vessel?
e Is the pipe or vessel full or partially filled?

» What is the ambient temperature range around
the measurement point?

¢ Where will the measurement be taken? Ground
level or elevated?

e Isit desirable to have the field operator view a local
display?

* Is the requirement to monitor temperature trends
oran actual controlled value?

e What is the temperature range? The control
point? Its maximum temperature? Its minimum
temperature?

* Are there established plant preferences for choice
of sensor that may influence your selection?
(Proven in useis a valuable consideration)

» What is the control precision requirement?
For example furnace temperature control may
tolerate + 10 °C while a pharmaceutical batch
process may require + 0.25 °C or better.

* What s the speed of response to temperature
change requirement?

« Is there a significant ROI for best possible accuracy
and stability? (Like custody transfer, energy
management or distillation column throughput
forexample)

What are the costs associated with a measure-
ment failure? Production downtime costs?
Off-spec product that requires reprocessing or
selling at a reduced price? Energy inefficiency?
Troubleshooting and maintenance time?
Dangerous runaway reactions?

What are the plant engineering standards for
installation? Integrally mounted transmitters;
remote-mount transmitters; direct wiring to

marshalling cabinets; etc.)

What other corporate or plant level guidance
policies and procedures must be observed

What are the physical parameters? Pipe material,
insulation thickness and diameter; tank material,
wall and insulation thickness; reactor detail; duct
detail; etc.

Are there any obstructions in the intended
mounting location?

Are there explosive, abrasive or corrosive
considerations in the process? In the surrounding
environment?

What is the frequency and severity of the piping |
vessel vibration (typical and maximum?)

How fast will the temperature change during
normal operation? During an upset condition?

Is there the expectation of significant EMI,
electrical surges, and RFlin the area of the
measurement from pumps, motors, radio
antennas, welders, etc.?

* Is this measurement part of a safety instrumented
system?

After gathering answers to the above questions,
there should be adequate information to make
informed decisions about the choice of thermowell,
sensor and signal conditioning device.

4.1.3 Installation Best Practices

Following is guidance on best practices for a reliable
installation.

¢ Have a thorough understanding of the require-
ments of the application

* Whenever possible visit the site and talk to those
who know the process and the applicable codes,
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standards and plant practices for that facility and
ensure that your design and specifications are in
compliance

Typically total wire length between the measure-
ment point and the control system is between 2 to
3 times longer than the line of sight distance due
to positioning of conduits and wireways.

Always consider cost of ownership not purchase
costin your design. Poor performance, more
frequent replacement and higher maintenance
costs associated with low cost products or
deficient designs most often tilt the cost of
ownership scale in favor of a proper design using
high quality components

Always allow for a margin of errorin your design
performance. A rule of thumb is 4 times better
accuracy than what is specified by the process
engineers

For many applications a properly specified RTD
sensor should be the first choice unless the
temperature range exceeds 600 °C. Up to 850 °C
the choice is application driven and over 850 °Ca
T/Cis the only practical choice.

Many applications in the refining and metal
processing industries typically use T/C sensors

Consider specifying and using transmitter

intelligent filtering, diagnostics and other options
to enhance measurement integrity, reliability and
accuracy. Refer to Transmitter Chapter, Section 6.

For non fieldbus systems, make use of the HART
capabilities for configuration, maintenance and
enhanced monitoring of transmitter operation
and performance

For applications where high measurement preci-
sion provides a significant process performance
benefit, strongly consider sensor-transmitter
matching. Examples include temperature
compensation for custody transfer of gasses,
energy management, and distillation column
throughput.

Proper grounding, shielding and surge protection
can pay huge dividends in enhanced system
performance

For SIS applications there are many guidelines and
procedures that must be followed to be in compli-
ance with the safety standards. These include use
of properly certified transmitters, use of specified
redundancy strategies, commissioning, proof
testing and documentation.

« For high velocity or high viscosity applications a
failure probability analysis should be performed
on the thermowell design to ensure selecting a
design that will withstand the vibration stress
caused by vortex shedding forces. See Thermowell
Chapter, Section 3.3.

HOW TO CHOOSE THE
CORRECT THERMOWELL

Temperature sensors are rarely inserted directly
into an industrial process. They are installed into
athermowell to isolate them from the potentially
damaging process conditions of flow-induced
stresses, high pressure, and corrosive chemical
effects. Thermowells are closed-end metal tubes
that are installed into the process vessel or piping
and become a pressure-tight integral part of the
process vessel or pipe.

To select a proper thermowell the process
conditions must be identified, as they will influence
decisions regarding the material of construction,
the well design, the insertion length and the
lagging required.

Refer to:
4.1.2 - Selection Criteria

4.2.2 - Thermowell Overview

3.3.7 - Thermowell Failure Considerations

4.2 Selecting and Installing the
Correct Components

4.2.1 Overview

In this section we will discuss the selection of the
proper Thermowell, Sensor, and Signal Conditioning
Device to best meet the physical and performance
requirements of your temperature measurement
system. As you proceed through this section keep

in mind the concept of cost of ownership. It is often
foolish to “buy cheap” to meet a budget and then
find out later that such things as poor performance,
higher maintenance costs or more frequent
replacement are costing the facility many times over
the original savings.

Tip: Before proceeding in this section it will be
assumed that you have read the “Understanding Your
Temperature Measurement System” Section 4.1 of this
Engineering Chapter and have gathered the required
process information by obtaining answers to the
questions provided.
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4.2.2 Thermowell Overview

Temperature sensors are rarely inserted directly
into an industrial process. They are installed into
athermowell to isolate them from the poten-
tially damaging process conditions of flow-induced
stresses, high pressure, and corrosive chemical
effects. Thermowells are closed-end metal tubes
thatare installed into the process vessel or piping
and become a pressure-tight integral part of the
process vessel or pipe. They permit the sensor to
be quickly and easily removed from the process
for calibration or replacement without requiring a

process shutdown and drainage of the pipe or vessel.

TIP: Refer to the “Thermowells” Section 3.3 in the
Temperature Measurement Basics, Chapter 3 for
additional thermowell information.

Thermowells are most often constructed from
machined barstock in a variety of materials and

may be coated with other materials for erosive or
corrosive protection. Thermowells are classified
according to their connection to a process. For
example, a threaded thermowell is screwed into the
process; a socket weld thermowell is welded into a
weldalet and a weld-in thermowell is welded directly
into the process pipe or vessel; a flanged thermowell
has a flange collar which is attached to a mating
flange on the process vessel or pipe. The stem or
shank that extends into the process may be straight
with constant diameter, tapered all the way from
entry point to the tip, partially tapered, or stepped.
They are available with threaded, welded or flanged
connections. Also See Figure 3.3.2a.

:
Q\
= 7!

Figure 3.3.2a - Typical Thermowell Styles

4.2.2.2 Installinga New Thermowell
4.2.2.2.1 Locate the Point of Penetration

Start by locating a suitable measurement point
thatis representative of the desired measurement
and is accessible. Determine the size of the pipe or
vessel, the insulation thickness, and the presence of
surrounding structures that may impede installation
of the thermowell and future maintenance or
replacement access. Take into consideration the
dimension of the entire assembly including an
integrally mounted transmitter or connection head.

Forinstallations downstream of static mixers or heat
exchangers the insertion point must optimize the
tradeoffs of minimal thermal loss with adequate
mixing to avoid two phase flow or process noise.
Generally a downstream distance of about 25

pipe diameters is sufficient. There are special
considerations for some other difficult applications
like desuperheaters where stream velocity condi-
tions must be considered. After a suitable location is
chosen, determine if it will be necessary to drain and
clean the pipe or vessel before cutting into it to install
the well. Ensure that the appropriate permits and
approvals are secured.

4.2.2.2.2 Select Material of Construction

The material of construction is typically the first
consideration in choosing a thermowell for any given
application. Factors that affect the choice of material
include:

* Chemical compatibility with the process media
* Temperature limits of the material Figure 3.3.3.1b

¢ Compatibility with the process piping or vessel
material to ensure solid, non-corroding welds and
junctions Figure 4.2.2.2.2a

Itisimportant that the thermowell conform to
the design specs of the pipe or vessel into which it
will be inserted to ensure structural and material
compatibility.

Process Rating!" (psi) at Temperature (°F)

Materials
Usage 0°F | 300°F | 500 °F | 700 °F | 900 °F | 1000 °F | 1300 °F

Good resistance

804 88T to oxidation.

5600 | 4800 | 4700 | 4600 | 3400 2400 780

Good resistance
to corrosion.
316SST | Better resistance | 5600 | 5400 | 5300 | 5200 | 4400 | 8200 | 1250
to chemical attack
than 304 SST.

Carbon For non-corrosive

3700 | 3700 | 3700 | 3650 | 2000 - -
Steel service.

(1) In case of an explosion, the integrity of the thermowell is maintained to the specified pressures.

Figure 4.2.2.2.2a - Materials of Construction
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Maximum Operating Temperatures
2100 °C

—Ceramic Type 799
——————————Kanthal Super
1800 °C

———————————————————————————————————Ceramic Type 530
—— Siliciumcarbid (Halsic, Protec)

Ceramic Type 610
Kanthal AF

1200 °C
Nickel Alloys (Hastelloy C4, C276, Incoloy 800, Inconel 600

————————Duplex / Super Duplex

900 °C
Stainless Steel

o
600 5 — Carbon / Mild Steel

300°C

0°C

Figure 3.3.3.1b — Maximum Temperatures of Thermowell
Materials

4.2.2.2.3 Determine Process Connection -
Mounting Style

The choice of threaded, welded, flanged or Vanstone
orlap joint flanged connection depends on the
pressure rating of the installation, fluid velocity, type
of fluid, conformance with codes and standards and
plant piping specifications and preferences. See
Figure 3.3.4a

Consider the following as a guideline:

Transmitter Process Pipe

Thermowell

Flanged
Mounting
Threaded

o

Vanstone
Flange

Mounting Welded

—

Figure 3.3.4a - Thermowell Mounting Methods

4.2.2.2.3.1 Threaded

Threaded thermowells are threaded into process
piping or tank, which allows for easy installation

and removal when necessary. While this is the most
commonly used method of mounting, it has the
lowest pressure rating of the three options. Threaded
connections are also prone to leakage and therefore
are not recommended for applications with toxic,
explosive or corrosive materials.

4.2.2.2.3.2 Welded

Welded thermowells are permanently welded to
process pipes or tanks. Thus, removal is difficult and
requires cutting the thermowell out of the system.
Welded thermowells have the highest pressure
rating and are generally used in applications with
high velocity flow, high temperature, or extreme
high pressure. They are necessary where a leak-proof
sealis required.

4.2.2.2.3.3 Flanged

Flanged thermowells are bolted to a mating flange
thatis welded onto process pipe or tank. They
provide high pressure ratings, easy installation,
and simple replacement. Flanged thermowells are
used in applications with corrosive environments,
high-velocity, high temperature, or high pressure.

4.2.2.2.3.4 Vanstone or Lap Joint

Vanstone or Lap Joint thermowells are mounted
between the mating flange and the lap joint flange.
These thermowells allow for the use of different
materials for the thermowell coming in contact with
the process and the overlaying flange which can
save material and manufacturing costs and may be
supplied as a forging.

4.2.2.2.4 Small Diameter Pipe Installations

Due to imperfect mixing and wall effects, the
process temperature will vary with the fluid location
in the vessel or pipe. For highly viscous fluids such as
polymers the fluid temperature near the wall can be
dramatically different from that at the centerline.
Since these pipes are often less than 4 inches in
diameter, there can be a problem in getting sufficient
immersion length and still having the tip near the
centerline.

For these applications an angled “T” fitting or elbow
mounting should be considered. By installing the well
with the tip facing the oncoming flow, good thermal
contact is maintained and response is optimized. See
Figure 4.2.2.2.4a for an elbow installation.
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{'ﬁ
1 Elbow
¥
Thermowell
Sensor Integral with
Elbow

m

Fluid

Figure 4.2.2.2.4a - Thermowell Elbow Installation

Figure 4.2.2.2.4b and Figure 4.2.2.2.4c shows
alternative mounting options numbered according
to preference. If the well is facing away from the flow,
swirling may cause a less representative measure-
ment. Using a stepped thermowell optimizes speed
of response.

Figure 4.2.2.2.4b - Examples of Thermowell Insertions in Small
Diameter Pipe Numbered by Preference

Figure 4.2.2.2.4c - Thermowell Angled Installation Options

TIP: Consideration must be given to impeded flow,
pressure loss and pipe cleaning and flushing issues.
Difficult-to-clean cavities may present a problem in
sanitary applications.

4.2.2.2.5 Determine Insertion Length

Confirm the pipe or tank diameter to determine

the insertion length of the thermowell. There is no
standard formula to determine the insertion length
of the thermowell. Rather there are a few common
practices that the process industry follows along
with good engineering judgment. Ideally the tip

of the thermowell should be located at an optimal
process point, typically near the centerline, thatis in
turbulent flow conditions and is representative of the
true process temperature. A measurement along a
pipe wall would have an offset from the slower flow
and wall temperature effects of the pipe. For tanks
and other vessels, the internal flow pattern must be
understood to ensure placement of the thermowell
tip at the optimal point. A general guideline for
insertion length into pipe for where optimal
performance is required is ten times the diameter
of the thermowell for air or gas and 5 diameters for
liquids. Another guideline is at least one-third of the
way into the pipe for liquids and two-thirds of the
way into the pipe for air or gas measurements. The
American Petroleum Institute (API) has a specific
recommendation of using an insertion length of the
sensing element plus 50 mm (2 inches).

Once the optimal insertion length has been
determined a thermowell may be specified with
the required “U” dimension. See Figure 4.2.2.2.5a
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and Figure 4.2.2.2.5b. The other dimensions of the
thermowell may be determined by consideration of
factors such as

* Insulation thickness

» Connection type

* Lagging length

* Length of any required extensions to protrude
through the insulation layer

- Be aware of connection head orintegral
transmitter housing dimensions added to the
extension length relative to interference with
nearby structures or equipment.

With the process connection, pipe or tank diameter,
and the pipe insulation dimensions the overall
dimensions of the thermowell can be determined.
Consult vendor product data sheets for additional
guidance.

Sensor dimensions, English

.7
T e—@h)—e———— v — >
A = Tip Diameter
H = Flange Thickness
Flange Mount
Vo-14 L] fange Moun L = Total Length
NPSM* 25— R = Root Diameter
(6.4) A T = Lagging Length
\ ¥ ¢ U = Immersion Length
—-— — — Inches (mm)
' T T Inside
0.875 l«—>| R Diameter
(22) 0.26
Max. @)
o] |
L [«—0.25

()
Nominal

Figure 4.2.2.2.5a - Typical Thermowell Dimensional drawing
(English)

Sensor dimensions, Metric

Flange Size D [a [T

1-n. 1501500 bs, |19 | 125 | 60
DN 25

|

m Flange Mount

d 112t02-in.150-  [265(18 | 60

15102-in. 90011500 | 26.5| 18 | 80

u
J ! 600 Ibs, DN40 - 50
—
I f

3

| -

N

Inside
Diameter
70

50

Figure 4.2.2.2.5b - Typical Thermowell Dimensional drawing
(Metric)

4.2.2.2.6 Selecting a Stem Profile Style

Factors to be considered when selecting a stem style
include the process pressure, the required speed of
response of the measurement, the drag force of the
fluid flow on the well and the wake frequency.

The stem or shank is the part of a thermowell that
isinserted into the process piping or vessel. The

WHAT IS THE RECOMMENDED
INSERTION LENGTH FOR A
THERMOWELL?

Confirm the pipe or tank diameter to determine
the insertion length of the thermowell. There is
no standard formula to determine the insertion
length of the thermowell. Ratherthere are a

few common practices that the process industry
follows along with good engineering judgment.
Ideally the tip of the thermowell should be located
at an optimal process point, typically near the
centerline, thatis in turbulent flow conditions and
is representative of the true process temperature.

A measurement along a pipe wall would have an
offset from the slower flow and wall temperature
effects of the pipe. For tanks and other vessels,
the internal flow pattern must be understood to
ensure placement of the thermowell tip at the
optimal point. A general guideline for insertion
length into pipe for where optimal performance
is required is ten times the diameter of the ther-
mowell for air or gas and 5 diameters for liquids.
Another guideline is at least one-third of the way
into the pipe for liquids and two-thirds of the way
into the pipe for air or gas measurements. The
American Petroleum Institute (API) has a specific
recommendation of using an insertion length of
the sensing element plus 50 mm (2 inches).

Refer to:
4.2.2.2.5 - Determine Insertion Length

See also:

Figure 4.2.2.2.5a - Typical Thermowell Dimen-
sional drawing (English)

Figure 4.2.2.2.5b - Typical Thermowell Dimen-
sional drawing (Metric)

common stem profiles are straight, stepped, and
tapered. See Section 3.3 and Figure 3.3.3.3a.In
general, tapered or stepped stems provide faster
response, create less pressure drop, and are less
susceptible to conduction error due to thermal lag
and to failure due to vibration from wake frequency.

Refer to the Thermowell Chapter (Section 3.7.1)
Fluid Flow Induced Vibration Considerations for
complete detail.
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Figure 3.3.3.3a - Thermowell stem profiles

Consider the following as a guideline and note
that complete detail on each type can be found in
Chapter3.3

4.2.2.2.6.1 Straight

Straight profile thermowells have the same diameter
along the entire immersion length. They have the
highest pressure rating of the three profile types
but, accordingly, they present the largest profile to
the process medium and therefore have a high drag
force.

4.2.2.2.6.2 Stepped

Stepped profile thermowells have two straight
sections with the smaller diameter at the tip. They
have the lowest drag force profile and have reduced
pressure ratings than the straight type.

4.2.2.2.6.3 Tapered

Tapered profile thermowells have an outside
diameter that decreases uniformly from root to tip.
These are a compromise between the other two
types for drag force profile and pressure rating.

4.2.2.3 Reusing an existing thermowell

If only the sensor is being replaced, determine if the
existing thermowell is satisfactory for continuing
use. It would be appropriate to review the original
selection criteria in light of the guidance discussed
above. There is no time like the present to correct
animproperinstallation. If the old sensor was not a
spring loaded design, an upgrade to this design could
increase response and reduce the potential for vibra-
tion damage. Historically older installations often did
not adequately take wake frequency into account.
Itis suggested that a new calculation be performed
using the guidance in the latest version of ASME

PTC19.3 TW-2010. (Note that the standard covers
many - but not all - configurations and additional
engineering judgment may be required for those ap-
plications to complete an analysis.) Wake frequency
is a determining factorin selecting a thermowell for a
high-velocity application. Most manufacturers have
a software tool to provide an analysis of the wake
frequency effects that predicts probability of failure
of the thermowell. More detail is in 2.2.3.7.1 Fluid
Flow Induced Vibration Considerations section of the
Thermowell Chapter. Once reuse of the thermowell
is confirmed, determine the sensor insertion length
from data on the sensor being replaced, by adding
the well bore depth extension length and connection
head allowance or by actual measurement. Vendor
product data sheets typically provide guidance on
this selection process.

4.2.2.4 Surface Mounting

Surface mounting is often an efficient and
convenient installation method that is used when itis
impractical orimpossible to insert a sensor assembly
into the process. For example, this situation may
exist because of frequent use of a “pig” to remove
process material that builds up in the piping and the
pig cannot pass by obstructions such as a thermowell
protruding into the pipe. See Figure 3.2.3.5.2a. Orit
may be an added measurement where an expensive
process shutdown would be required to install the
new thermowell. Surface measurement is only as
reliable as the temperature on the surface of the

pipe orvessel. In general, the goal is to maximize
heat conduction from the pipe or vessel surface to
the sensing element. Sensors can be mounted with
adhesives, screws, clamps, or welds and recognizing
that good thermal contact is necessary. See Figure
3.2.3.5.2b.

Thermal insulation is used to minimize the loss of
heat energy from the surface of the pipe toits sur-
roundings and should cover the sensor and the lead
wires for some distance to minimize any conduction
heat losses to the leads. See Sensor Chapter section
3.2.3.5.2 - Surface Mounting for more information.

Figure 3.2.3.5.2a - Piping Pigs
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Figure 3.2.3.5.2b - Surface Mount Sensor - Pipe Clamp

4.2.3 Sensor Selection

While several types of temperature sensors may

be used, resistance temperature detectors (RTDs)
and thermocouples (T/Cs) are most common in

the process industry. See Figure 3.1.2.1a A detailed
discussion of sensors may be found in the Sensors
Chapter of this handbook in Sections 3.2.3 and 3.2.4.

Figure 3.1.2.1a - Sensor Family

In the “Understanding Your Temperature Measure-
ment System” section of this Engineering and Design
Chapter a series of questions were provided to assist
in system selection decisions. Those questions
associated with sensor selection are listed below
along with insights into the selection implications:

* Isthe requirement to monitor temperature trends
oran actual controlled value?

- Monitoring trends does not typically require
high precision suggesting that eithera T/Coran
RTD would serve well enough.

* Abasic transmitter or monitoring system input
card would fill the need for signal conditioning.

- For control applications more insight is required

* What s the temperature range? The control
point? Its maximum temperature? Its minimum
temperature?

- If the maximum temperature to be measured is
over 850 °C, a T/Cis the only choice.

- For most other applications either sensor would
serve

« Are there established plant preferences for choice
of sensor that may influence your selection? While
Proven-in-Use is a valuable consideration, do not
fallinto the trap of following “we have always done
it that way” mentality

- Many plants have adopted the position that
they will use an RTD unless limited by a high
temperature application where using a T/Cis the
only practical choice

- Others use specific sensor types on specific
applications based on successful experience.
Itis often wise to follow this trend

* Are certain sensor types kept in inventory?

- Using a normally stocked sensor may save
inventory costs for spares assuming that the
stocked model meets the requirements of your
application

¢ What is the control precision requirement?

- For example furnace temperature control may
tolerate + 10 °Cwhile a pharmaceutical batch
process may require + 0.25 °C or better.

- If the accuracy requirement is for better than
+2°F, an RTD is the better choice

- Long term stability highly favors an RTD

- Best accuracy is provided by a spring loaded wire
wound design

- See Sensor Chapter 3.2.3.11.2, RTD Accuracy/
Interchangeability and 3.2.4.8, Thermocouple
Accuracy

¢ What is the speed of response to temperature
change requirement?

- Spring loaded sensors and stepped thermowells
optimize speed of response

- Use thermally conductive oil to fill the voids
between the sensor and the inside bore of the
thermowell to increase the speed of response
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- See Sensors Chapter 3.2.5 - Measurement
Response Time Considerations

Is there a significant ROI for best possible

accuracy and stability? (Custody transfer, energy
optimization or distillation column throughput are
examples providing significant ROI)

- Consider using an RTD with sensor-transmitter
matching option for system accuracy as good as
0.015°C

What are the costs associated with a measure-
ment failure? Production downtime costs?
Off-spec product that requires reprocessing or
selling at a reduced price? Energy inefficiency?
Troubleshooting and maintenance time?
Dangerous runaway reactions?

- Even a one degree error could cost thousands
of dollars in wasted energy per year

- Any of these “cost of ownership” consequences
suggest using a high quality transmitter
integrally mounted with a quality sensorin a
well-engineered system

Most often this will be a high quality RTD

What s the frequency and severity of the piping
vessel vibration (typical and maximum?)

- Highvibration suggests using a thin film spring
loaded RTD sensor

Refer to Sensors chapter section 3.2.3 on RTDs

- In some cases a helical coil wire wound RTD will
perform better

Refer to Sensors chapter section 3.2.4 for T/C
- Aheavy gauge T/Cis another possible alternative

- Consult vendor product data sheets for
specifications

Is this measurement part of a safety instrumented
system?

- Ifyes refer to Transmitter chapter section
12.0, Safety Certified Transmitters and to the
Appendix

- Ingeneral, use the highest reliability system as is
practical as described above.

4.2.3.1 Comparison of RTD vs. T|C

Over the years there have been purported
advantages for using a T/C but most of these are of
little relevance for industrial process applications.

HOW TO CHOOSE THE
RIGHT SENSOR TECHNOLOGY
(RTD OR T/C)

Over the years there have been purported
advantages for using a T/C but most of these are of
little relevance forindustrial process applications.
Although some T/Cs made with heavy gauge

wire are quite rugged with a high tolerance for
vibration, in general, an RTD properly selected
and installed in a properly designed thermowell

is suitable for challenging high velocity steam or
liquid applications and even applications in the
nuclearindustry.

Refer to:

4.2.3.1 - Comparison of RTD vs. T/C

4.2.3.1.1 - RTD Characteristics and Advantages
4.2.3.1.2 - T/C Characteristics and Advantages
Table 4.2.3.1.2a - Sensor Comparison Table

Although some T/Cs made with heavy gauge wire
are quite rugged with a high tolerance for vibration,
in general, an RTD properly selected and installed

in a properly designed thermowell is suitable for
challenging high velocity steam or liquid applications
and even applications in the nuclear industry.

T/Cs are said to be less expensive but when the cost
of extension wire, more frequent calibration and
replacement, and lower accuracy impacts on the
process are considered this advantage disappears.

In fact, in many cases, the cost of ownership of a T/C
installation easily exceeds that of an RTD installation.

The most viable reason for using a T/Cis if the
measured temperature range exceeds what is
practical foran RTD. The RTD potential upper limit is
about 850 °C (1,500 °F).

For applications where only trends are monitored
and errors of several degrees can be tolerated,
multipoint or single T/C assemblies may have a cost
advantage when wired to a multichannel transmitter
oramultiplexer.

For process control applications and especially for SIS
applications, a properly designed and installed RTD
system is clearly the better choice for temperatures
below 500 °C (900 °F). At higher temperatures up to
850 °Cthere can be increased drift that may nullify
some of the accuracy advantage. See Figure 4.2.3.1a.
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Figure 4.2.3.1a - Potential Sensor Ranges in °C

4.2.3.1.1 RTD Characteristics and Advantages

Refer to section 3.2.4 in the Sensors Chapter for a
detailed discussion of RTDs

* Potential range is -200 to 850 °C
* Much better repeatability thana T/C

* Long term drift is predictable while a T/C drift is
erratic. This provides the benefit of less frequent
calibration and therefore lower cost of ownership

* Much better sensitivity than a T/C. When used
with a high resolution transmitter a much more
precise measurement can be made

* Excellent linearity. When coupled with the
linearization performed in a quality transmitter, a
precision of about 0.1 °C is possible which is much
better than what is possible with a T/C

e Can be used with standard copper lead wires and
connection cables

* May be provided with CVD constants that allow
matching the sensor to a transmitter to produce
extraordinary accuracy (Up to 0.015 °C)

» Demonstrate negligible hysteresis

* Normally supplied as 4-wire design and, when
used with a quality transmitter, lead length is
inconsequential

* Low susceptibility to EMI and RFI

4.2.3.1.2 T|CCharacteristics and Advantages

Referto section 3.2.4 in the Sensors Chapter for
guidancein selecting the T/C type best suited to your
measurement range and application

* Practical range depends on T/C type and can be as
low as -270 and up to 2300 °C

« Linearity depends on type and can be extremely
non linear over wide ranges This is compensated
to adegree by the linearization performed by a
transmitter

Measurement accuracy is dependent on an
accurate Cold Junction Compensation (CJC)
as performed by a transmitter or other signal
conditioner

Subject to hot junction degradation over time
and especially at higher temperatures causing
unpredictable and erratic drift

Must be used with matching T/C extension wire
which is also subject to degradation

Susceptible to EMI and RFI. (Use with an integrally
mounted transmitter minimizes this effect)

Heavy gauge wire construction can withstand
high vibration

When used in athermowell, a T/C has a response
time about the same as an RTD. Bare element
installations are faster but are not widely used in
the process industries due to safety concerns of
potential leakage and exposure of the sensor to
adverse process conditions

T/Cs are available with standard grade tolerances
or special grade tolerances called Class 2 and Class
1 respectively with Class 1 having about twice as
good of a tolerance specification. However, over
time and depending on the application, the T/C
degradation may nullify this advantage.

Refer to Table 4.2.3.1.2a for a detailed comparison of
RTDs and T/Cs.

4.2.3.2 Specifying a Sensor
4.2.3.2.1 Specifying an RTD Assembly

The following considerations are relevant to a proper
selection of an RTD to best meet the requirements of
your application:

« Referto section 3.2.3 in the Sensors Chapter fora
detailed discussion of RTDs

« Consider plant standards and recommended
practices for guidance

« Itis typically most cost effective to specify and
order the RTD as part of a factory assembled
tested and calibrated measurement system
complete with the thermowell and transmitter to
assure proper fit and function. Approximately 50%
savings vs. ordering individual components and
assembling, testing and calibrating in the field.
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Attribute RTD

Thermocouple

Class A: +[0.15 + 0.002 (1) ]
Class B: +[0.30 + 0.005 (t) ]
Per IEC 60751

Accuracy
Interchangeability

Typicalis + 1.1 °C or + 0.4% of measured temperature
(Greater). Depends on Type and Range. Degraded by
extension wire.

Stability Greater at higher temperatures.

+0.05 °C per 1000 Hrs at < 300 °C.

Wire wound better than thin film.

Highly dependent on T/C type, quality of the wire and
operating temperature.
Typical is + 2 to 10 °C per 1000 Hrs.

Speed of Response in
Thermowell Installation in Liquid

For 6mm sensor about the same as T/C.

For 6mm sensor about the same as RTD.
Slightly faster for 3mm sensor.

Easily recalibrated for long service life.

Life Span Shorter at higher temperatures.

Calibration Best accuracy with Sensor-Transmitter Matching. Limited to in situ comparison to “Standard T/C".
Potential Temperature Range -200 to 850 °C -270t0 2300 °C
Many years. Degradation indicates frequent replacement.

Much shorter at high temperatures.
Higher life cycle costs.

Use standard copper wire.

Installation Considerations Good EMI and RFl immunity.

Requires expensive matching extension wire.
Low level signal is very susceptible to EMI and RFI.

Vibration Tolerance Thin film design is very good.

Larger wire diameters are very good.

Life Cycle Cost Lower.

Higher.

Purchase Cost Wire wound higher.

Thin film design about the same.

Types R and S most expensive.

System Performance with Transmitter | Always better below 650 °C.

Order of magnitude lower.

Table 4.2.3.1.2a - Sensor Comparison Table

 Consider what styles may be kept in inventory

* Athin film design will be the least expensive and
fastest responding choice

* A Spring-loaded thin film design is almost always
the best choice for fastest time response and least
susceptibility to vibration. See Figure 3.2.3.1.2b.
However, some designs of helical style wire wound
elements are another good choice. See Figure
3.2.3.2.2a.

Threaded
Adaptor

External
Lead Wires

Sensor

Compression Potting
Sheath i

Spring Seal

Figure 3.2.3.1.2b - Spring Loaded Threaded Style

Coiled High Purity

Element Leads Platinum Sensing Wire

\/ - s G

e — ‘ 9

e — pr— (N

—_— r@ =
High Purity

Ceramic Insulation

Figure 3.2.3.2.2a - Coiled Suspension RTD Sensor

* Best performance and accuracy is achieved by
using 4-wire sensor-transmitter systems since
they are immune from the lead wire resistance
errors generated by 2 and 3-wire systems. See
section 3.2.3.1.3.1in the Sensors Chapter for a
discussion.

Mounting is dependent on choice of local or
remote mounting with the transmitter and the
connection head style chosen. ADIN style design
is an option for some transmitter or connection
head options while a threaded style could be
chosen for direct mounted dual compartment and
some other style housings.

Immersion length must be suitable for the
thermowell bore depth that has been specified.
The vendor Product Data Sheet will provide
guidance in determining this dimension.

Forimproved speed of response specify that the
void between the sensor and the well bore be filled
with thermally conductive fluid.

Consider dual element sensors for redundancy
and for the Hot Backup® feature or where the
measurement may be connected to two separate
systems or devices. See Figure 3.2.3.1.7a.
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Sensor Threaded
Packing Weld Adaptor

External
Lead Wires

A

Dual Sensing Sensor Internal Potting
Elements Sheath Lead Wires Seal

Figure 3.2.3.1.1a - Dual Element RTD

4.2.3.2.2 Specifyinga Thermocouple Assembly

In addition to the considerations mentioned above
for specifying an RTD, there are several other factors
to be considered for selecting the best T/C type,
style, and mounting options.

* Referto section 3.2.4 in the Sensors Chapter for
guidance in selecting the T/C type best suited to
your measurement range and application.

e Itis typically most cost effective to specify and
orderthe T/C as part of a factory assembled tested
and calibrated measurement system complete
with the thermowell and transmitter to assure
proper fit and function. Approximately 50%
savings vs. ordering individual components and
assembling, testing and calibrating in the field.

For profiling applications, consider multipoint
assemblies.

Ensure that the proper T/C extension wire is
specified. It must match the T/C type and be
produced in accordance with the same color code
standard as the T/C.

Choose either grounded or ungrounded sensor
design. While grounded are somewhat faster
responding they are also more susceptible to
noise pickup from the process and more prone to
junction poisoning. Note that the response time
of the measurement is mostly dependant on the
thermowell mass as opposed to the sensor mass.

Consider a dual element design where redun-
dancy, the Hot Backup® feature or Sensor Drift
Alert may be a benefit or where the measurement
may be connected to two separate systems

or devices. Dual elements can be isolated or
unisolated configurations. Isolated junctions may
not read identical temperatures but can identify
drift due to poisoning of one of the elements.

If one junction fails, the second junction is not
necessarily affected. Un-isolated junctions
measure identical temperature to increase the
integrity of the measurement point. However, if
one junction fails, it is likely that both junctions will
fail at the same time. Refer to Figure 3.2.4.3.1a.

/ Sensor Sheath

( <

Single, Grounded

<

Single, Ungrounded

Dual, Grounded, Unisolated

<

Dual, Ungrounded, Isolated

{  S—

Exposed Tip T/C

Dual, Ungrounded, Unisolated

Figure 3.2.4.3.1a - T/C Junction Configurations

4.2.3.3 Ordering Details

Once it has been decided to use an RTD or T/C based
on the above criteria, there are a variety of details
that must be specified to build a model number of
your specific sensor assembly. See Figure 4.2.3.3a

for typical model numbers. Using your company
forms or those supplied by ISA or your vendor and
using the vendor product data sheet as a guide for
available options, complete the various sections of
the form that define the design of your sensor system
including:

Tip: Refer to Temperature Measurement Basics, Chapter
3, Section 3.2 and 3.3 for detail on any of the following
topics

Note: This example is for a sensor and thermowell
assembly
* Sensor type
-RTD

¢ 100Q (Most common);
Others: 200Q2; 500Q2; 100002

* 4-wire design (Best choice for most
applications)

-TjC
e Type:E, |, K, T, etc.
¢ Connection head Style
— Material; Terminals; Cover
 Sensor Mounting Style
- General Purpose; Spring-Loaded; Bayonet
— Standard or High Temp Construction
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* Extension Detail

- Nipple Coupling; Nipple Union — Tapered
- Length -
* Thermowell Material _!W‘W“W“,ﬂ_=
Straight
- Consistent /| Compatible with pipe or vessel
- Consider pressure, erosion and corrosion _gjwjn‘lew;‘)_=l
Stepped

» Thermowell Process connection See Figure 3.3.4a
- Threaded; Flanged; Weld-in
* Flanged for ease of replacement

Figure 3.3.3.3a - Thermowell Stem Profiles

« Sensor length See Figure 4.2.2.2.5a

* Weld-in for high pressure applications - Overall length (L) includes insertion length (U),

extension (E), wrench and thread allowance,
lagging nominal allowance (T), thread engage-
ment into connection head, and allowance for
spring-loaded style

Transmitter Process Pipe

Thermowell
Sensor dimensions, English
Flanged
Mounting ] e EZ#SD | v
Threaded A = Tip Diameter
lange Moun H = Flange Thickness
= " e L
— — NPSM éf. N b e
L ¢ ¢ U = Immersion Length
] — —— | inches (mm)
| [ T T f
Inside
‘ 0.875. <—>‘ R Diameter
(22) 0.26
Max. @)
L H|
L |[<— 0.25
(6)
Vanstone Nominal
fonge Figure4.2.2.2.5a - Th 11 Dimensi
Mounting Welded igure 4.2.2.2.5a - Thermowell Dimensions
e Calibration Requirements
- Consider Total Probable Error (TPE) of system
Figure 3.3.4a - Thermowell Mounting Methods vs. process requirements
- Let the calculations drive the decision
* Thermowell Style See Figure 3.3.3.3a — Customer specified range
- Straight, Stepped, Tapered - CVD constants for transmitter-sensor matching
* Stepped offers fastest response (Refer to section 3.2.3.12 for more detail)
* Fluid velocity and viscosity if wake * Highest accuracy
frequency calculations are required
4 y 4 * Agency Approvals
- FM; CSA; IECEx; KEMA/CENELEC
Model Number Example (English)

. Model Lead Wire Sensor Extension Extension Material Immersion Mounting Additional
IX&',C:I' Terminati Type Type Length Code Length Style Options
Number 0078 N 21 A 30 A 075 T22 E5
Model Number Example (Metric)

. Model Connection | Lead Wire Sensor Extension Extension | Thermowell | Immersion Mounting Additional
-I[chliceelil Head Terminati Type Type Length Material Length Style Options
Number 0065 c 2 1 D 0135 D 1225 T12 X8

Figure 4.2.3.3a - Typical Sensor Model Number Examples
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4.2.4 Transmitters

The transmitter converts the sensor measurement
input signal to high level robust output signal.

The output signal can be either analog or digital,
both of which are highly accurate and reliable with
strong noise immunity and may be transmitted
over long distances. The most common analog
signal is 4-20mA with HART® protocol. The digital
communication protocols are HART (including
WirelessHART™), FOUNDATION™ Fieldbus, and
Profibus, all of which are open and interoperable
standards. The use of digital technology adds
flexibility to the output of each transmitter, enabling
transmission of more than one temperature value as
well as large amounts of diagnostic information.

Refer to the Temperature Measurement Basics in
Chapter 3, Section 3.1.3 - Output Options for more
detail

Transmitters are available in a variety of housing
styles that may be mounted into any of a wide
selection of enclosures that are available in many
different materials of construction. Refer to

Figure 3.1.1a. They may be mounted integrally

with a sensor/thermowell assembly at the process
measurement point and transmit either a hard-wired
orwireless signal. Alternatively, they can be mounted
remotely from the sensor assembly in any of several
types of enclosures. They can be configured locally
or remotely and can provide local indication. They
have an array of standard and optional performance
features to provide remarkable functionality.
Systems may be provided to meet virtually any
agency approval requirement.

Refer to the Temperature Measurement Basics
Chapter 3 Section 3.1.10 - Transmitter Styles; Housing
and Mounting Options for more detail.

Figure 3.1.1a - Transmitter Styles

4.2.41 Performance and Functionality

Considerations

From the discussion in section 4.1.2 of the
Understanding Your Temperature Measurement System
section you should have analyzed your application to
the point where you understand all aspects in detail.
Itis impractical to specify the best possible transmit-
ter for simple applications where a basic model will
provide adequate performance. These applications
could include monitoring trends or where accuracy
requirements are not as stringent and optimal
accuracy and performance is not beneficial.

However, for systems requiring high accuracy and

[or high reliability performance, a top-of-the-line
model mounted into a dual compartment housing
and installed as close as possible to the measurement
pointis awise choice. See Figure 3.1.10.2a. As stated
in the introduction, cost of ownership considerations
should drive your selection.

Electronics
Compartment

Terminal
Compartment

Figure 3.1.10.2a - Dual Compartment Housing

Most transmitters accept RTD, T/C, mV, or ohm
signals. Many transmitters have a dual-input capabil-
ity, allowing them to acceptinputs from two sensors.
Duals sensors offer the option of redundancy with
the Hot Backup® feature, monitoring for sensor drift,
and allows for a measurement of differential and
average temperatures.

Where a large number of temperature measurement
points are close together a multi-input transmitter
may be specified. These high density transmitters
minimize installation costs in applications such

as heat exchangers, boilers, chemical reactors,

and distillation columns by reducing purchase,
installation, operation and maintenance costs vs.
multiple transmitters. They are also often used for
temperature profiling of furnaces and reactors. See
Figure 3.1.10.3b.
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Figure 3.1.70.3b - High Density Field Mount Installation

4.2.4.2 Mounting Location

Mounting location is another guiding factor in trans-
mitter style selection that begins with determining
where the transmitter will be mounted relative to the
sensor. Where possible and practical, transmitters
should be mounted close to the measurement point
to minimize potential EMI and RFI noise pickup. This
is especially important for low level T/C signals which
are especially susceptible to noise.

High process fluid temperature radiates from the
pipe or vessel causing a high ambient temperature
situation that may be unsuitable for close coupled
transmitter mounting. This situation may be
addressed by installing an insulation layer and/or by
using sensor extensions to position the transmitter
housing further away from the heat source. See
Figure 4.2.4.2a for an example of the temperature
effects on the transmitter.

60 (108) -

50 (90)

2002 815 °C (1500 °F) Oven Temperature
540 °C (1000 °F)

30 (54) Oven Temperature

250 °C (482 °F)
Oven Temperature

22
20 (36)

Housing Temperature Rise,
Above Ambient °C (°F)

10 (18)

¥

USRI T T T T 1
3 36 4 5 6 7 8 9

Extension Length (inches)

Figure 4.2.4.2a - Transmitter Housing Temperature Rise vs.
Extension Length for a Test Installation

Example:

The maximum permissible housing temperature rise
(T) can be calculated by subtracting the maximum
ambient temperature (A) from the transmitter’s

ambient temperature specification limit (S).
Forinstance, if A=40°C.

T=S-A
T=85°C-40°C
T=45°C

For a process temperature of 540 °C (1004 °F), an
extension length of 91.4 mm (3.6 inches) yields
a housing temperature rise (R) of 22 °C (72 °F),
providing a safety margin of 23 °C (73 °F). A152.4
mm (6.0 inch) extension length (R=10°C (50 °F))
offers a higher safety margin (35 °C (95 °F)) and
reduces temperature-effect errors but would
probably require extra transmitter support. Gauge
the requirements for individual applications along
this scale. If a thermowell with lagging is used, the
extension length may be reduced by the length of
the lagging. See Figure 3.3.5a.
T (English)

Lagging Longtn

<

|

N J—

T (Metric)
Thermowell
Lagging Length

—> |«

Figure 3.3.5a - Lagging Dimension

If the extension length that would be required to
prevent excessive transmitter housing heating
becomes unwieldy, consider remote mounting the
transmitter. Remote mounting is also a good option
when the pipe or vessel is under high vibration
conditions. Frequently, transmitters are remote-
mounted away from a connection head to make
the instrument more accessible for calibration and
maintenance, or to simply make it easier to view the
LCD. It may also be desirable to group a number of
transmitters together on an instrument stand for
optimum operator and maintenance availability.
These stands should be located where they can be
easily accessed but where damage is unlikely.

Another alternative is high density DIN rail mounting
into a local field mounted cabinet. However, this op-
tion does not support explosion proof requirements
and should not be used in corrosive or excessively
humid environments.
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4.2.4.2.1 Additional Mounting Considerations

There are a variety of choices for mounting a
transmitter that are driven by process conditions
at the point of measurement, plant standards and
policies, and user preference.

A methodical approach of reviewing all related fac-
tors will very likely present the best choice. Here are
some examples of questions that must be answered
to drive the selection process.

* Isthe ambient temperature expectation at
the measurement site within the limits of the
transmitter specification?

- If yes integral mounting is acceptable

¢ Is the measurement site easily accessible?
- If yesintegral mounting is acceptable

* Is local temperature indication required?
- Specify an LCD indictor option

- Refer to Transmitter Chapter, Section 3.1.11.2 -
Local Display

* Can operator see display if assembly is integrally
mounted at the measurement point?

- Ifyesintegral mounting is acceptable
- If not, a remote mount option is required
* Is there high vibration at the measurement point?
- Ifyes, aremote mount option is required
- If no, integral mounting is acceptable

* What is the area classification? What is the
approval agency?

- Select a housing option that offers the protec-
tion and certification that is required. Check
P&IDs, plant standards and vendor product data
sheet

* Does the plant site require Intrinsically Safe (IS)
installation?

- If yes, specify a housing with IS certification

* Are there sources of EMI, RFl or electrical surges
near the measurement point?

- If yes integral mounting is desirable

- Refer to Transmitter Chapter, section 3.1.2.4.1 -

Noise filtering and 3.1.11.3 - Transient Protection

¢ |s this measurement associated with a SIS?

- If yes, specify a model with appropriate certifica-
tions for the SIL required.

- Atop-of-the-line system offering maximum
reliability and performance is most often the
best choice for safety related applications

- Verify the safety requirements with the
designated Certified Fuctional Safety Expert
(CFSE)

- Refer to Transmitter Chapter, Section 3.1.12 -
Safety Certified Transmitters and the SIS Section
8.3 in the Reference Chapter

¢ |s there a sanitary consideration?

- Ifyes, specify appropriately certified housing
and thermowell assembly

- Refer to Transmitter Chapter, Section 3.1.10.4 -
Sanitary Housing

¢ |s there a corrosive environment?

- If yes, verify suitability of selected housing
material with the contaminants present

- If material is not suitable a remote mount may
be required

Tip: Many times a site inspection and consultation with
process engineering and operations will greatly facilitate
the choice of the optimal system.

4.2.4.3 Model Styles

The most common mounting styles are:

Head-mount transmitters are compact disc

shaped transmitters most often mounted within a
connection head which can be mounted in the field.
Most common styles are DIN A and DIN B which differ
slightly in dimensions and mounting method. See
Figure 3.1.11.2.2a.

Figure 3.1.11.2.2a - Head Mounted Transmitter
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Dual-compartment transmitter housings are
atwo part housing, often known as field mount,
thatisolates the transmitter electronics module
from the terminal strip compartment to protect it
from exposure to harsh plant environments. The
terminal compartment contains the terminal and
test connections for the sensor and signal wires
and provides access to the terminal block for wiring
and maintenance while isolating the transmitter
electronics. See Figure 3.1.2.3a.

Figure 3.1.2.3a - Dual compartment transmitter

Rail-mount transmitters are thin rectangular
transmitters that are typically attached to a DIN-rail
(G-rail or top-hat rail) or fastened directly onto a
surface. This provides a compact high-density instal-
lation where a number of rail-mount transmitters can
be placed very closely together on the same DIN-rail.
Unlike the field-mount transmitters, the DIN style are
not designed for harsh environments nor can they

be used in areas designated as explosion-proof. See
Figure 3.1.10.3a.

Figure 3.1.70.3a - Rail-mount Transmitters

4.2.4.4 Transmitter Standard Features

Smart transmitters offer many standard features
including noise filtering, galvanic isolation,
linearization of nonlinear input signals, cold junction
compensation (CJC) for thermocouples, configurable
input selection, bidirectional communication with
the host, and internal and external self diagnostics.

In addition there are many optional features that can
be utilized to enhance the measurement reliability
and functionality. All of these are discussed in detail
in sections 3.1.6 and 3.1.8 of the Transmitter Chapter
and are listed below with reference sections.

4.2.4.5 IntelligentFiltering Features and Options

Tip: Refer to the Transmitter chapter sections listed
below for a detailed explanation of each feature or
option and then review your application requirements
to determine which options would provide the added
reliability and functionality needed.

3.1.6.1 - Damping

3.1.6.2 - Open Sensor Holdoff
3.1.6.3 - Transient Filtering

3.1.6.4 - EMF Compensation

3.1.6.5 - Line Voltage Filter

3.1.6.6 - The Hot Backup® feature
3.1.6.7 - Sensor Drift Alert

3.1.6.8 - Thermocouple Degradation

3.1.6.9 - Minimum and Maximum Tracking

4.2.4.6 Diagnostics

Tip: Refer to the indicated sections of the Transmitter
Chapter to better understand the functionality and
benefits of the various diagnostic functions.

3.1.8 - Diagnostics
3.1.8.1 - Internal Diagnostics
3.1.8.2 - External Diagnostics
3.1.8.3 - Open/Short Sensor Diagnostics
3.1.8.4 - Measurement Validation Diagnostic

3.1.8.5 - Diagnostics Log

4.2.5 Installation Best Practices

The following sections are suggested best practices
for designing, selecting, installing and configuring
a properly engineered temperature measurement
solution for your application.
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4.2.5.1 Thermowell Installation

* Ensure that the proper thermowell design has
been purchased and it is accordance with the
specification for pressure rating and materials of
construction Figure 3.3.4a.

* Secure the proper permits and permissions to
make the penetration into the pipe or vessel.

e Ensure that the pipe or vessel has been properly
drained and cleaned as may be required. This
is especially important for toxic or flammable
materials.

* Follow the applicable vessel code requirements for
weld certification and leak testing as is specified.

Transmitter Process Pipe

Thermowell

Flanged
Mounting
Threaded

)
Vanstone :

Flange
Mounting

Welded

Figure 3.3.4a - Thermowell Mounting Methods

4.2.5.2 Transmitter Installation
4.2.5.2.1 Configuration

Depending on the ordering specification, the
sensor-transmitter assembly may or may not have
been factory configured and calibrated to the
specific process requirements. It is always prudent

to verify all settings to ensure that they conform to
the latest revisions of the loop drawings. The vendor
User’s Manual will provide guidance on such things as
ranging, alerts, alarms, damping, various intelligent
filtering settings etc.

4.2.5.2.2 Calibration

Once the transmitter is configured, calibration
may be required. This calibration may have been
performed by the manufacturer in which case it

should not be changed. It may be prudent to verify
the sensor-transmitter integrity however by using
temperature baths or blocks to exercise the system
over its range. Refer to Maintenance Chapter 5,
Section 5.7 for more calibration detail.

4.2.5.2.2.1 Transmitter-Sensor Matching

A more precise compensation for RTD inaccuracies is
provided by Transmitter-Sensor Matching using the
transmitter’s factory programmed Callendar-Van
Dusen equation. This equation describes the
relationship between resistance and temperature
of platinum resistance thermometers (RTDs). The
matching process allows the user to enter the four
sensor specific Callendar-Van-Dusen constants into
the transmitter. The transmitter uses these sensor-
specific constants in solving the CVD equation to
match the transmitter to that specific sensor thus
providing outstanding accuracy. System accuracies
of +/-0.025 °F are possible (+/- 0.014 °C). See Figure
3.1.4.3.3a.

System Accuracy Comparison at 150 °C

Standard Sensor

e o High Accuracy Transmitter:  + 0.10 °C
ti Standard Sensor: +1.05°C
3

£ oz Total System*: +1.05°C
3

3

é 0s Sensor with CVD Option

% : High Accuracy Transmitter: = 0.10 °C
@ o2 Sensor with CVD: +0.18°C
E Total System": £021°C

Sg;':gg';d wsitiné?lb *Total System Accuracy =

Constants V(transmitter accuracy)? + (sensor accuracy)?

Figure 3.1.4.3.3a - Sensor-Transmitter Matching

4.2.5.2.3 Installation Detail

Frequently the transmitter is integrally mounted
with the sensor and installed into a thermowell.
Alternatively the transmitter is remotely mounted as
near the measurement point as is practical on a rack,
pipe-stand or on a bracket. A connection head should
be used in these installations such that the sensor
leads may be kept as short as possible to reduce noise
pickup and potential damage. There are typically
plant standards and loop drawings that dictate the
details of transmitter mounting and wiring but in
general, locations are selected to facilitate access

for viewing of indicators if so provided, calibration
and maintenance and away from areas of potential
physical damage, splashing or dripping. See Figure
3.1.10.2b.

Transmitters should be positioned higher than the
conduit runs and with the conduit connection at the
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bottom to minimize potential egress of moisture
from leaking conduit seals. Threaded connections
may require PTFE tape. A pressure test should

be completed and documented before wiring is

installed and power is applied.

Control Room Field

«— 4-20mA
Remote Mounted
Head-mount Transmitter
mVorQ
Control <— 4-20mA Signal
System |
Il Integrally
Mounted s
Field Mount Connection
Transmitter Head
!
|‘\ Process Pipe /l
T/C or RTD

Figure 3.1.10.2b - Installation Options

4.2.5.2.3.1 Wireless Considerations

There are installation issues for wireless instrumenta-
tion that are unique including:

* Proper height from ground or structure and
with respect to neighboring device (s) Figure
4.2.5.2.3.1a

* Mounting position with respect to nearby
structures or devices (305 mm(1 foot) minimum)

* Line of site to “neighbor” device

* Proper antenna for distance required (high gain |
low gain)

* Follow proper configuration guidelines in vendor
manual using typical HART configuration tools
(Field configurator, laptop, asset management

Sft.i g

Structure

system)
—

Figure 4.2.5.2.3.1a - Wireless Mounting Guideline

4.2.5.2.4 Wiring

Ideally the proper cable types have been specified
during the design phase of the project. In all cases
the conductors should be twisted and shielded

with an outerinsulated sheath selected to be in
conformance to the environmental conditions where
the wiring trays will be installed. For multi-conductor
cables there are many designs. Some have individu-
ally shielded pairs with an overall shield with drain
wire for maximum noise protection and have an
overallinsulated sheath.

The sensor wires and output cables should be pulled
through the conduits and fittings and into the
transmitter housing through a conduit seal similar to
that shown in Figure 4.2.5.2.4a and secured to the
instrument termination screws.

T mnmn
Figure 4.2.5.2.4a - Typical Conduit Seal
There are also poured seals and seals with drains that
may be appropriate for some applications. See Figure

4.2.5.2.4b.

Sealing Compound

Union Coupling
with Extension

Conduit for
Field Wiring

Thermowell Sensor Hex

Poured Conduit Seal
(Where Required)

Figure 4.2.5.2.4b - Typical Mounting with Drain Seal

There are specific mounting recommendations for
both North American and European accepted best
practices as shown in Figure 4.2.5.2.4c and Figure
4.2.5.2.4d.

Consult the Loop Diagram or the transmitter user
manual for wiring termination designation. Appropri-
ate tagging of all conductors should be attached.

Conduit for
Union or Field Wiring
Thermowell Extension Coupling (dc power)

<«— Extension —>|
Fitting 3.2"

Length (81mm)

Figure 4.2.5.2.4c - Typical North American Mounting
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Shielded Cable

and Cable Glands

Connection Head
/ (Sensor Inside)

\Thermowel\ and
Extension Assembly

Figure 4.2.5.2.4d - Typical European Mounting

4.2.5.2.4.1 Grounding - Shielding

Each process facility has their own guidelines for the
proper installation of grounds and shields. These
guidelines should be followed where practical and
appropriate. However, if it is desirable to verify that
these guidelines are appropriate for your installation
orifin doubt about how to proceed, the guidelines
below should be followed. See Figure 4.2.5.2.4.1a

Option #1 Remote mount with 2 separate
grounding points

e Connect the sensor shield, if supplied, only at the
remount mount head and ensure that it is not
connected at any other point and is electrically
isolated from any grounded equipment.

* Ground signal wiring shield only at the power
supply end to an instrument system grounding
pointand ensure that the transmitter end is
carefully isolated

* SeeFigure4.2.5.2.4.1a

WHAT ARE THE RECOMMENDED
GROUNDING BEST PRACTICES?

Each process facility has their own guidelines for
the proper installation of grounds and shields.
These guidelines should be followed where
practical and appropriate. However, it is desirable
to verify that these guidelines are appropriate
foryourinstallation orif in doubt about how to
proceed.

Refer to:
4.2.5.2.4.1 - Grounding - Shielding

3.1.2.2 - Isolation

Tip: Instrument system ground should not be connected
to power wiring ground which can carry noise, surges
and spikes that could interfere with measurement
signals and/or destroy transmitters. Instrument system
ground must be a very low resistance path to an earth
grounding rod or grid.

Remote

Sensor Housing \

Transmitter \

DCS

L Shield Ground F’oints—/

Sensor\

Figure 4.2.5.2.4.1a - Option #1 for Shield Grounding

Option #2 Remount mount with a continuous shield

* Connect the sensor shield only to the signal cable
shield and ensure that it is electrically isolated
from the transmitter and all other field equipment

¢ Connect the signal cable shield to instrument
system ground only at the power supply end

¢ SeeFigure4.2.5.2.4.1b

Remote Transmitter
Sensor Housing \ \

DCS

Shield Ground Point—/

Sensor\

Figure 4.2.5.2.4.1b - Option #2 for Shield Grounding

Option #3 Integral mount

¢ Ground the signal wiring shield at the power
supply end only to instrument system ground
ensuring thatitis electrically isolated from the
transmitter housing and all other field equipment

« This is used forintegral mount installations

* See Figure 4.2.5.2.4.1c

Transmitter

N

\ Shield Ground Point —/

Figure 4.2.5.2.4.1c - Option #3 for Shield Grounding

DCS

Sensor
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4.2.5.2.5 Commissioning

Commissioning has been referred to over the years
as “ringing out the system” or ‘loop checking the
system”. Whatever it may be referred to as in your
facility the task is the same. It includes verifying
every connection of every loop is properly secured,
tagged and connected at both the field and control
room ends. It furtherincludes an operational check
of each loop to verify that all settings are properly
set and that the functionality of the design has been
implemented. Extensive use of loop sheets and
instrument specification sheets helps to guide this
procedure.

For a Safety Instrumented System it is mandatory
to completely document this procedure. In other
applications complete and proper documentation is
considered best practice.

4.2.5.2.6 Acceptance Testing

The acceptance testing procedure is similar to

the commissioning procedure but is intended for

an official turn-over of a system that is operating
according to design specification from the vendor
to the owner. For some systems, especially for SIS,
this is first conducted at the vendor facility, known
as Factory Acceptance Testing or FAT, and then again
afterinstallation and commissioning. The terms

Site Acceptance Testing (SAT) and Pre-start-up
Acceptance Testing (PSAT) are often applied.

4.2.6 Documentation Considerations

Apart of the engineering of each temperature
measurement system is the development of docu-
ments that contain all of the necessary information
about the application. These include the Plot Plan,
Process Flow Diagram, Piping and Instrument
Diagram (P&ID), Installation Details, Instrument Lists,
Loop Sheets, and Specification Sheets.

4.2.6.1 - APlot Planis an engineering plan drawing
or diagram which shows the buildings, utility runs,
and equipment layout, the position of roads, and
other constructions of an existing or proposed
project site at a defined scale. Plot plans are also
known more commonly as site plans. See Figure
4.2.6.1a.

Figure 4.2.6.1a - Typical Plot Plan

4.2.6.2 - The Process Flow Diagram shows the major
pieces of equipmentin a process area and the design
operating conditions. See Figure 4.2.6.2a.

SOLVENT RO, WATER
STRIPPER SYSTEM

WaSH
B

Process Flow
WASTEWATER
TREATMENT SYSTEM

asc
Chemical,ine. o™ [Rgw,

Figure 4.2.6.2a - Typical Process Flow Diagram

4.2.6.3 - Piping and Instrument Diagrams (P&ID)
show the anticipated need for measurement and
control instrumentation. See Figure 4.2.6.3a.

Figure 4.2.6.3a - Example of a P&ID

The P&ID does not indicate precisely where to
install the sensors and transmitters, leaving a great
deal of latitude in the selection and placement of
the specific components by the engineering staff
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and piping designer. The P&IDs are to be used to
describe the relationships between equipment

and instrumentation as well as other relevant
information that will enhance clarity. Computer
software programs that do P&IDs or other diagrams
useful to the information package may be used to
help meet this requirement. Decisions regarding

the use of specific components are often influenced
by corporate standards, local preferences, and the
existing infrastructure. For temperature loops,
P&IDs will show such things as temperature sensing
elements (TE), thermowells (TW), temperature
indicating transmitters (TIT), temperature indicators
(TI), and temperature indicating controllers (TIC).
Figure 4.2.6.3b shows typical loop sheet ISA symbols
for both anintegrally mounted transmitterand a
remote mounted transmitter.

Integrally Mounted Transmitter TE = Temperature Element

Tl = Temperature Indicator
DCS TIT = Temperature Indicating

Transmitter
) , TW = Temperature Thermowell

xxx = Loop Number
Pipe or group ——| @

Remote Mounted Transmitter

DCS

®1-© B &

Pipe or group ——>|

Figure 4.2.6.3b - Typical ISA Symbols for a Temperature Loop

The information pertaining to process equipment
design must be documented. In other words, what
codes and standards were relied on to establish good
engineering practice? These codes and standards
are published by such organizations as the American
Society of Mechanical Engineers, the American
Petroleum Institute, American National Standards
Institute, National Fire Protection Association,
American Society for Testing and Materials, The
National Board of Boiler and Pressure Vessel Inspec-
tors, National Association of Corrosion Engineers,
American Society of Exchange Manufacturers
Association, and Model Building Code groups.

For existing equipment designed and constructed
many years ago in accordance with the codes and
standards available at that time and no longerin
general use today, the employer must document
which codes and standards were used and that the
design and construction along with the testing,
inspection, and operation are still suitable for

the intended use. Where the process technology

requires a design that departs from the applicable
codes and standards, the employer must document
that the design and construction are suitable for the
intended purpose.

4.2.6.4 - The Installation Detail Drawing tells
contractors and pipefitters the location of each
measurement point and how the components are
to be installed. This construction document evolves
from many decisions regarding thermowells, sensor
elements, connection heads, transmitters, etc. See
Figure 4.2.6.4a.

G NOWBER | 746 NOWGER

ABC CHEMICAL INC. JNSTRWENT TNSTAILATION GETAT
pec

Figure 4.2.6.4a - Installation Detail Drawing

4.2.6.5 - Loop Sheets are developed in some cases,
with detailed wiring schematics for the sensors,
junction boxes, transmitters, power supplies, and
marshalling points reflecting the system architec-
ture. Every loop is numbered, and every sensor and
device in the field is tagged. It is an engineering
function to create these diagrams, which are
cross-referenced with Instrument Lists, so that the
system installers know where every single wire is
terminated and how every device is grounded. As
part of commissioning and before the system can be
started and run, the engineers and technicians verify
that the wires are installed correctly and that the
loops are functioning. See Figure 4.2.6.5a.

FIELD MARSHALLING SYSTEM

REFERENGE DRAWINGS
DESC - e

—_onc# |

Figure 4.2.6.5a - Typical Loop Sheet
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Sensor Sensor Sensor P Transmitter | Transmitter ; P&ID
Type Sensor Model # Mfgr Tag # Transmitter Model # Mfgr Tag # Service e Tt
RTD 0078N21A30A075T22E5 | Rosemount | TE 1234 3144PD1ATESM5C8C2 | Rosemount TIT 1234 Fractionation H-17

Figure 4.2.6.6a - Typical Instrument List

4.2.6.6 - Instrument Lists document every instru-
ment comprising the input/output loops, and there
can be hundreds of such loops in one automated
process. Columns show the type of sensor its model
number and manufacturer, the service, the transmit-
ter type model number and manufacturer, the tag
name/number for each device, and the location on
the P&ID. See Figure 4.2.6.6a It may also include

1/0 detail information showing where every input

is terminated by rack, card, and terminal, with the
same detail for every output.

4.2.6.7 - ISA standard Specification Sheets are the
basis for ordering instruments, so they must contain
all the dimensions and other information needed

by a manufacturer to configure each component to
function according to the design and the demands
of the process. Specification Sheets are generally
kept on file in the plant along with P&IDs as reference
documents. See Figure 4.2.6.7a.

THERMOCOUPLES / THERMOWELLS SHT 10OF 1
5] DAE | REVsON | SPECNO | ReV.

ABC CHEMICAL, INC.

B A
o e
S 'U'= Insertion Length
y

i N/ Nippo Extension Length
gﬂ&jﬂ]ﬁm:
J i L—J

~ e v

Rev [ TagNo P&ID Service TW Dimensions | Pracess | Notes
g T Connection

T [rEors PID-1254 [Compressor 1 Discharge Temperature (e 0 [i5e00F 123

Notes 1. Vendor to permanently attach a 316SS tag to each instrument containing Tag No., Service, and PO No.
TIC element shall be mineral insulated with 0.375 * O.D. SS sheath.

Purchase thermocouple element, thermowell & head.

Process Data for thermowell velocity calcs: Discharge temp normal 110 deg F, Discharge press normal 880 psig

Discharge flowrate 17 mmscid, Molecular weight 84 (76 min, 89 max), Pipe size? 11-12 inch

Figure 4.2.6.7a - ISA Temperature Transmitter
Specification Sheet

WHAT IS THE BENEFIT
OF TRANSMITTER-SENSOR
MATCHING?

Temperature sensor-transmitter assemblies

can be visualized as “good-better-best” where a
transmitter used with a Class B sensor is “good”;
atransmitter used with a Class A sensor is “better”
and a transmitter matched to a sensor using the
CVD constants method is “best”.

Refer to:
Figure 3.2.3.12b - Good-Better-Best: Calibration

Comparison of Systems Using a Class B Sensor vs.
Using a Class A Sensor vs. Using the CVD Method

3.1.4.3.3 - Transmitter-Sensor Matching

4.2.7 - System Error Analysis, with Example TPE
Calculations

4.2.7 System Error Analysis

As discussed in the Temperature Measurement
Basics chapter 3 Section 3.1.4.2, Worst Case Error
(WCE) is the largest possible error expected under
the anticipated conditions. A more realistic measure
is the Total Probable Error (TPE) which is a root sum
of the squares of multiple error producing factors
affecting the accuracy.

Two calculations are presented that contrast the
TPE of a basic transmitter using a standard Class B
sensor against a high accuracy transmitter matched
with a Class A sensor using the Callendar van Dusen
constants of the sensor. For precision applications
the results clearly show the benefit of sensor-
transmitter matching.
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Example 1: Low Accuracy TPE Calculation

The conditions:
 Basic accuracy transmitter
¢ Class BRTD sensor
¢ Ambient temperature change: 20-40°C
* Process temperature range: 40 - 400 °C
* Reference temperatureis 20 °C

Digital Accuracy: +0.150 °C for a PT 100 (alpha .00385) RTD sensor

DJA Accuracy = :0.030% of transmitter span
=0.030% x (400-40) °C
=0.108°C

Digital Temp Effects = 0.003 °C per 1.0 °C change in ambient temperature
=0.003 x (40-20)°C
=0.060°C

D/A Effect = 0.001% of span per 1.0 °C change in ambient temperature
=0.00001 x (400-40) °C x (40-20) °C
=0.072°C

Sensor accuracy = +2.30 °C @ 400 °C for a class B RTD sensor

TPE = \ Digital Accuracy?+ D/AAccuracy? + DigitalTempEffects? + D|AEffects? + SensorAccuracy?
=40.1502 +0.1082 + 0.0602 + 0.0722 + 2.3002
=+2.309°C

Example 2: High Accuracy TPE Calculation

The conditions:
¢ High accuracy transmitter
¢ Class ARTD sensor with CVD constants
¢ Ambient temperature change: 20-40°C
* Process temperature range: 40 - 400 °C
 Reference temperature is 20 °C

Digital Accuracy = +0.100 °C for a PT 100 (alpha .00385) RTD sensor

DJA Accuracy = :0.020% of transmitter span
=0.020% x (400-40) °C
=0.072°C

Digital Temp Effects = 0.0015 °C per 1.0 °C change in ambient temperature
=0.0015 x (40-20) °C
=0.030°C

D/A Effect = 0.001% of span per 1.0 °C change in ambient temperature
=0.00001 x (400-40) °C x (40-20) °C
=0.072°C

Sensor accuracy = +0.420 °C @ 400 °C for a class A RTD sensor with CVD constants

TPE =+ Digital Accuracy? + D/AAccuracy? + DigitalTempEffects? + D/AEffects? + SensorAccuracy?
=+0.1002 +0.0722 + 0.0302 + 0.0722 + 0.4202
=10.445°C
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For the most critical of applications a more in-depth
analysis of the overall temperature measurement
system accuracy includes consideration not only of
the sensor and transmitter accuracy specifications
but also a variety of other factors including T/C
junction degradation, sensor insulation deteriora-
tion, sensor cycling drift, flow rate variations, heat
conduction losses, etc. Since many of these are
difficult orimpractical to measure, good engineering
judgment should be applied starting with the
selection of a high quality sensor-transmitter system
and then adding a margin of error allowance. For
example, instead of operating using standard
calibration procedures opt for sensor-transmitter
matching to increase the system accuracy by about a
factor of four.

4.2.8 Durability and Reliability -
The Confidence Factor

Selecting a temperature measurement system
with a proven track record of reliability is valuable
to process confidence. A system with documented
results from long term operation and proof testing
will ensure confidence. If a problem is suspected
with the process system, time is often wasted

troubleshooting the source of the issue. If a particular

sensor is determined to be the cause or a contributor
to theissue, the sensor will need to be recalibrated
orreplaced. Replacement often requires shutting
down the process causing unplanned and expensive
production downtime. Product quality issues or
even product loss can occur when a process control
loop is operating inconsistently orinaccurately.

If the solution is frequent replacement of a lower
quality sensor, additional and often hidden costs are
incurred including additional spares inventory with
related purchasing and stocking costs. Added to that
overhead cost is the cost of recalibration services and
process verification procedures. These costs are very
real yet often are hidden and difficult to capture and
measure.

Itisimportant to match the sensor accuracy with the
requirements of the process. General good practice
would suggest that the sensor accuracy should

be about 4 times better than the measurement
accuracy required by the process. The value of

this approach relates not only to process control
confidence but also energy savings. For energy
intensive processes, wasted thermal energy can add
asignificant amount of cost over time. For example,
just a one degree errorin control of a small heat
exchanger could easily cost over $10,000 per year in
wasted energy.

4.2.9 Guidance Review for Ensuring Optimal
System Performance and Accuracy

Throughout this handbook guidance has been
offered for ensuring the best accuracy and perfor-
mance of your temperature measurement system
including:

¢ Use a4 wire spring loaded RTD unless the
measured range exceeds 850 °C

« Integrally mount the sensor with the transmitter
whenever possible to minimize noise pickup

* Use a transmitter in a dual compartment housing
to minimize environmental influence on the
transmitter

¢ Use a stepped well for fastest response

 Perform a wake frequency analysis to ensure
selection of a proper thermowell configuration
that will withstand the vibration caused by vortex
shedding from the well

« Specify sensor-transmitter matching for best
accuracy

¢ Consider use of dual element sensors for
redundancy and drift monitoring

« Forinstallations in electrically noisy environments,
specify transient suppression

« Consider specifying intelligent filtering options
as they may be appropriate See section 6.0 in the
Transmitter chapter for a detailed description

Tip: Proceed to Chapter 4.3, Connecting to Your Control
System for further guidance.

4.3 Connecting to the Control System
4.3.1 Overview

To be useful for control, monitoring or logging of
the measured temperature, the signal must be
communicated from the field measurement site to
the control room. Many plant sites have established
preferences on how this is accomplished most
commonly using field mounted transmitters or
direct wiring from the field to control room device
input cards. Each method has its proponents but the
following discussion will make the case for a strong
preference for using transmitters over using direct
wiring.
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Typical
Host

Profibus DP Serial or

TCP/IP

Module

Sensor Multiplexer Remote HART I Fieldbus Profibus Wireless
Wire e} 4-20mA
Direct

A<
£

l Transmitters and Sensors—I

@3 @3 o3

Figure4.3.1a

In the following sections each available technologyis ~ Transmitters are available in a variety of housing

discussed in detail. styles that may be mounted into any of a wide selec-
tion of enclosures that are available in many different

A system diagram illustrating all technologies is in materials of construction. They may be mounted

Figure 4.3.1a. integrally with a sensor | thermowell assembly at

the process measurement point and transmit either

Pros and Cons of these technologies are comparedin a hard-wired or wireless signal. Alternatively, they

Figure 4.3.1b.
g can be mounted remotely from the sensor assembly
in any of several types of enclosures. They can be
ety (i) S configured locally or remotely and can provide
2 High Wiring and Infastructure Gost local indication. They have an array of standard and
. ‘one to Interference . .
wire Sensors | 1 i o e optional performance features to provide remark-
Directly to DCS B " . . .
e Limited Feature Functionality and Performance able functlonallty. Systems may be pr0V|ded to meet

vs. Transmitter

virtually any agency approval requirement.

* Dated Technology
* Slow Updates . X
Multiplexors | * Feliabilty Issues o A smart transmitter generally provides a more
¢ Limited Accuracy and Performance Specifications
* Area Certification and Environmental Limitations accurate and robust temperature measurement
* Limited Parts, Service thanis provided by direct wired 1/O systems. A
+ Gooa Basic Capabllty smart transmitter provides signal isolation, filtering,
Control System ‘ropnetary Infrastructgre _ A N . .
Remote /O Racks | © Limited Feature Functionality and Performance linearization and sensortype or sensor speaﬁc

vs. Transmitter
Area Certification and Environmental Limitations

compensation to the measurement before sending
the value to the host system.

Highest Accuracy
Excellent Noise Immunity
Lowest Cost of Ownership

Wide Choice of Measurement Enhancement Features TIP: Refer to the Temperature Measurement Basics,
Figure 4.3.1b - System I/O Option Comparison Section 3.1 for a detailed discussion.

Transmitters
and Sensors

4.3.2 Transmitters

. ) 4.3.2.1 OutputSignals
The transmitter converts the measurement input

signal from RTDs, T/Cs, mV or resistance sensors to After the signal conditioning functions as described
highly robust analog or digital signals for communi- above are completed, the measurement is converted
cating with the host. to a highly accurate analog or digital signal with
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excellent noise immunity as compared to the weaker
and noise susceptible signals coming directly from
the sensor.

4.3.2.1.1 Analog Current:

Industry standard 4-20 mA analog signals are used
globally to communicate with field mounted devices
over long distances.

LENA P N
[ g " a ') ¥ NERVIRV
COMMUNICATION PROTOCOL

4.3.2.1.2 HART®

The HART (Highway Addressable Remote Transducer)
protocol is a hybrid protocol that provides fora
digital signal superimposed onto the 4-20 mA
signal. The protocol also has a provision for all digital
multi-drop communication.

Fieldbus

Foundation
4.3.2.1.3 FOUNDATION™ Fieldbus

Foundation Fieldbus is an all-digital, serial, deter-
ministic peer-to-peer communications protocol that
serves as a field-based device networkin a plant or
factory automation environment.

P]R]OJF] 1]

BLULS
4.3.2.1.4 PROFIBUS

PROFIBUS PA s an all-digital master/slave com-
munications protocol that serves as a field based
device network in a plant or factory automation
environment

l CICOSiMam i

4.3.2.1.5 WirelessHART™

WirelessHART™ is an open-standard wireless
self-organizing mesh network based wireless
communication protocol developed to complement
the existing HART protocol.

4.3.3

Direct wiring terminates the temperature sensors
directly to control or monitoring system input
cards where it is converted into a digital value of the
temperature measurement for use in that system.
These control room systems could be a DCS, PLC,
datalogger, or controller.

Direct Wiring

For RTD sensors standard copper extension wire is
used for all four leads. However, for thermocouple
sensors, specially matched extension wire must be
used or huge measurement errors will result.

4.3.31

Field wiring may have each sensor cable run all the
way to the control room in cable trays or conduits
terminating at1/O cardsin a rack room or control
room. Care must be taken to separate and isolate the
low level signal wiring from any higher voltage wiring
to reduce EMI and RFI noise interference. Minimum
separation distance is dependent on several factors
including voltage levels, current levels of switched
signals, digital signal level, etc. and if they are
shielded and properly grounded. Some facilities

use separate trays for high level signals and others
suggest separation distances ranging from 150 to
600mm (5.9 to 23.6in). All signal conditioning takes
placeintheinput card.

Control System I/O

4.3.3.2 Remotel[O

Another alternative is using field mounted 1/O
subsystem mounted into I/O cabinets. This
subsystem uses a digital communication link to
connect to control room systems. These com links
may be Ethernet, vendor proprietary, or a fieldbus
protocol which must also be separated and isolated
from high voltage wiring. This approach can be cost
effective for high density measurement applications
where the higher accuracy and performance of a
transmitter is not required. While this design reduces
the length of sensor extension wire it does have other
limitations and requirements. Operating power must
be supplied to the cabinet which may limit access

to the I/O without a hot work permit. There are also
environmental concerns and limitations that may
require purged cabinets. Environmental conditioning
such as heating and air conditioning may be required
as control system I/O generally has more restrictive
limits for operating temperature, humidity, corro-
sion, and other environmental factors. Explosion
proof certification is impractical.
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WHY SHOULD LONG SENSOR
WIRES BE AVOIDED AND WHAT
ARE THE ALTERNATIVES?

The cost of ownership of sensor extension wire
far exceeds the cost for standard two-wire cable
typically used for transmitter output signals. Just
for this reason alone mounting the transmitter
as close as is practical to the sensor will be cost
effective.

From a performance point-of-view, long leads act
as an antenna for electrical noise that will always be
presentin a plant environment where there will be
electrical interference sources like pumps, motors,
Variable Frequency Drives (VFD’s) and radios as
well as sources of electrostatic discharge and
other electrical transients. Low level sensor signals
from RTDs and T/Cs are very susceptible to this
noise potentially causing very large errors in the
measurement. The longer the leads (The antenna)
the greater will be the noise pickup.

The best alternative to this problem is to use a
transmitter that is designed to reject common
mode and normal mode interference as well as
provide a high degree of immunity to EMI, ESD and
RFI. Where possible and practical, transmitters
should be mounted close to the measurement
point to minimize potential noise pickup by the
sensor leads. This is especially important for low
level T/C signals which are especially susceptible

to noise.

Refer to:
3.1.2.4.1 - Noise filtering

4.3.4 - Advantages of Using Transmitters vs.
Direct Wiring

4.3.3.3 Multiplexers

Multiplexers communicate with the control system
using either a serial transmission (RS232C or RS485)

or Ethernet. The communications may utilize a

proprietary protocol provided by the control system
manufacturer or one of the other standard protocols

such as Modbus, OPC, or Profibus. This is a dated

4.3.4 Advantages of Using Transmitters vs.

Direct Wiring

Cost of installation and ownership of using a
transmitter approach vs. direct wiring shows a clear
advantage to the transmitter for most applications

technology that has serious reliability issues and that

has decreasing usage in the process industries.

« Specifying a single temperature transmitter, sen-
sor, and thermowell assembly to meet a specific
performance goal places all the responsibility on
asingle vendor and saves multiple specification
sheets, quotation requests, bid reviews and
purchase orders

Drafting costs are lower with only a transmitter
symbol to show for a field device and only copper
wire to show on the P&ID and bill of material.
Drafting costs can be further reduced using
multi-point temperature transmitters on digital
bus applications.

Wiring between the transmitter and the control
system is done using standard copper wires in
shielded, twisted pairs. This is far less expensive
than multiple types of T/C extension wire or 4-wire
RTD extension cable. Note that 4-wire RTDs are
highly recommended vs. 3-wire systems

Less wiring infrastructure is needed in transmitter
based systems for RTD installations. Two wires
instead of four save wiring which can be used for
other measurement needs. Two wire solutions
also save on overall wiring infrastructure including
junction boxers, cable, conduit, cable trays, and
the physical infrastructure to support and route all
the wiring.

The requirement for using different types of T/C
extension wire often leads to wiring errors at
installation. This problem is eliminated by having
all copper for the field wiring

All transmitters can be the same manufacturer
and model minimizing spares

Only one type of high level input card is required
for the control system instead of a mixture of high
level and low level cards. Low level sensor input
cards are typically more expensive than 4-20 mA
input cards and spares inventory is reduced

No need to periodically replace degraded T/C
extension wire. Copper wire typically lasts for the
life of the plant.
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* Higher performance is assured since a transmitter-
sensor assembly may be calibrated as a system
for optimal accuracy which cannot be done with
adirect wired system and sensor-transmitter
matching may also be performed

* Trouble shooting and maintenance time is
reduced by utilizing transmitter diagnostics that
are not available or are quite limited in input cards

e Transmitter accuracy and performance is typically
twice as good as direct wired temperature inputs.

* The robust transmitter output signalis far less
susceptible to EMI and RFlinterference than low
level sensor signals where the extension cables
act as antennas for the noise signals

* Transmitters offer a local indication option
which improves operator interface and reduces
maintenance time

« Intelligent filtering options, common in transmit-
ters, must be done in system software (if at all) in
the DCS

* For T/C applications, accuracy deterioration due to
extension wire degradation can be severe

» Safety related applications are by far best done in
atransmitter system. In SIS an error in excess of 2%
is considered an undiagnosed dangerous failure

« Sensor types can be changed from T/Cto RTD
orto a different type of T/C or RTD and the same
transmitter is easily reconfigured to the new
sensor type. The output cable and the DCS input
card stay the same. For direct wiring extension
cable would likely need to be changed as well as
the DCSinput card type.

4.3.5 Advantages of Direct Wiring Strategy

* May be lowerinitial cost. This is highly dependent
on the cable distances involved, the cost of the
cable and installation costs, and available wiring
infrastructure

4.3.6 Grounding and Shielding Considerations

In general, established facility policies and guidelines
should be followed where appropriate. See
4.2.5.2.4.1, Grounding-Shielding.

4.3.7 Loop Load Insights

The majority of field measurement 4-20 mA signals
are connected to a single input on a control or
monitoring system. However, there are some
occasions when connecting two or more devices

in series is required.

Typically, for a 24 VDC power supply and a transmit-
ter requirement of 12 VDC, 12 Volts remain to drive
the load. If we allow for a maximum loop current of
24 mA, the maximum load is 500 Q. (12 V = 24 mA.)
Since the load of most input circuits in control
systemsis 250 Q, one transmitter could drive two
receiving channels in a series connection.

Increasing the power supply voltage to 42 VDC
(The maximum voltage allowed for field devices
is 42.4.) would allow a maximum load of 1250 Q.
See Figure 4.3.8a.

Maximum Load = 40.8 x (Supply Voltage — 12.0)"

4-20mA dc
1240

1100 +

1000

750 4
HART and Analog
Operating Range

Load (Ohms)

500

250
Analog Only Operating Range
T T 1

10 { 18.1 30 42.4
12.0 Minute

Supply Voltage (Vdc)
Figure 4.3.8a - Loop Loading
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5.0 Overview

Maintenance policies and procedures have evolved
over the decades as instrumentation has evolved.
Older transmitters using analog circuitry required
maintenance much more frequently than do today’s
microprocessor-based transmitters. The analog
devices had multiple potentiometers to adjust for
various drifting or offset conditions and were repair-
able at the board level while microprocessor-based
units have almost negligible drift and are not unlike
our cell phones, TVs and laptop computers that have
“no user-repairable parts”.

Similarly, sensor technology has matured over the
years with better manufacturing methods that

tend to reduce long term drift and failure rates.
However, sensor drift, degradation and failure

are still the driving factor of temperature system
maintenance scheduling. High quality RTDs can be
expected to have minimal acceptable driftup to 5
years or even longer depending on the application.
However, thermocouples inherently begin drifting
to some extent from the beginning. This junction
degradation-caused drifting is exacerbated by
adverse operating conditions. In applications where
errors of a few degrees are acceptable, the life may
be several years and for other more demanding
applications the drift can be several percent per year
necessitating more frequent maintenance. Addition-
ally, the special leadwire extension cable that must
be used for thermocouples also degrades over time
and must be replaced on a regular basis.

Proper maintenance planning should be done at

the beginning of the lifecycle of the installation.
Scheduling will vary dramatically depending on the
application and the operating and environmental
conditions. Clearly a critical measurement with
serious consequences for inaccuracy or failure will
have a higher priority than a simple monitoring

or non-critical control measurement loop. There
must be a balance struck between the lower costs

of long maintenance intervals with the potential of
consequences from measurement errors and the
higher costs of shorter intervals. Maintenance costs
include not only manpower but also costs associated
with taking a loop out of service for the maintenance
duration. Some loops will operate just fine in manual
while others could precipitate process upsets if
placed in manual and may necessitate a process
shutdown.

Unfortunately, calibration has costs associated with
itand in uncertain economic times, this activity can

often become neglected or the interval between
calibration checks on instruments can be extended
in order to cut costs or simply through a lack of
resources or manpower. However, neglecting
calibration can lead to unscheduled production or
machine downtime, product and process quality
issues or even product recalls and rework.

Furthermore, if the instrument is critical to a process
orislocated in a hazardous area, allowing that sensor
to drift over time could potentially result in risk to
employee safety. Similarly, an end product manufac-
tured by a plant with poorly calibrated instruments
could present arisk to both consumers and
customers. In certain situations, this may even lead
to a company losing its license to operate due to the
company not meeting its regulatory requirements.
This is particularly true for the food and beverage
sector and for pharmaceutical manufacturers where
there are very specific requirements for documented
calibration.

Calibration also ensures that product or batch
quality remains high and consistent over time.
Quality systems such as 1SO 9001, 1SO 9002 and
ISO 14001 require systematic, well-documented
calibrations with respect to accuracy, repeatability,
uncertainty and confidence levels. This affects all
process manufacturers.

In planning a maintenance strategy it is wise to
carefully evaluate the benefits of proper calibration
intervals of increased throughput, less product
waste, reduced energy costs, fewer unscheduled
production shutdowns and regulatory compliance
against the savings associated with the reduced labor
requirements of longerintervals.

5.1 What Qulifications are Required
for Maintenance Personnel

Maintenance Technician qualifications will vary from
company to company and from plant to plant within
the same company. In some companies seasoned
veterans of many years of attending the “school

of hard knocks” possess invaluable experience for
troubleshooting and maintenance. In many cases
however, young “unseasoned” techs are thrustinto
the maintenance responsibility. For these people
itis strongly suggested that they be encouraged
(required?) to attend courses to obtain a Certified
Control System Technician (CCST) accreditation.
ISAis very strong in providing such courses.
(www.isa.org) There are also courses available
through community colleges and other commer-
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cially taught programs as well as apprenticeships and
mentoring opportunities.

Since potential errors in calibration or other
maintenance procedures can have expensive and
even dangerous consequences, the technician must
demonstrate a high degree of honesty and integrity,
keen attention to detail and excellent documenta-
tion practices. Calibration Data Sheets must be
neat, complete, signed and, if required, reviewed

in a timely manner. When changes occur, all

related documentation, such as drawings, manuals,
specifications and databases must also be updated.

Proper training and experience should be a require-
ment for control system technicians.

5.2 Whatis Included in a Maintenance
Program

Although maintenance by definition is concerned
with maintaining something that exists, many plants
rightfully get the maintenance technicians involved
early onin the design phases to offer opinions that
help to make equipment selection decisions based
on user experience. Further they may participate in
commissioning and acceptance testing to help verify
that a properly working system exists at start-up

for which they will then have the responsibility for
keeping it operating that way throughout the life of
the installation.

Tasks and responsibilities that typically fall under the
maintenance departmentinclude:

* Participating in Site Acceptance Testing (SAT)

* Participating in commissioning and start-up
procedures

» Maintenance scheduling and planning

* Physical inspection of field devices to verify
physical and electrical integrity

* Routine analysis of diagnostic information

* Routine calibration or recalibration of sensors and
instruments

* Loop Tests
» Configuration verification and/or changes

* Troubleshooting and resolving abnormal
performance issues

* Installation and commissioning of replacement or
expansion equipment

¢ Documentation of all stages and facets of any
procedure

« Continuing education and training

¢ Cross training with co-workers

5.3 Maintenance scheduling and
Planning Considerations

As was mentioned in the introduction, there needs
to be a balance between too little and too much.

To make this determination requires a thorough
understanding of each measurement loop consider-
ing such things as:

¢ What measurement precision is required and with
what tolerance for drift

— Critical loops with serious consequences for
errors always have a higher priority than other
loops

The drift aspects and expectations of the system
sensor

- RTD loops are typically more stable than T/C
loops and would have a longerinterval between
calibrations

— Control loops usually have higher priority than
monitoring loops

Any adverse operating conditions associated with
the measurement installation that could acceler-
ate drift requiring more frequent maintenance

- High temperature, vibration, and corrosive
environment can all accelerate drift

What is involved to take each loop out of service
for calibration | repair

- What permits and permissions are required to
work on the loop

- Can the loop be bypassed [ placed in manual
- Is advance notice to operations required
- Is any special equipment necessary and available

- Are equipment lock-outs and tagging involved
(LOTO)

- Are there safety issues involved

- Is transmitter in hazardous area

Can the calibration be done in situ or does the
transmitter and/or sensor need to be brought to
the shop
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* Availability of any spares that may be needed for
the maintenance procedure

¢ Isthe measurement a safety instrumented
function thatis part of an SIS

- Safety related instrument loops are typically
tested according to a very specific and detailed
procedure in a SIS Test Plan for a unit operation

- If redundancy is involved as in dual sensors, 1
out of 2 (1002) or 2 out of 3 (2003) transmitter
voting, the test plan will have very specific
methodology that must be carefully followed
and properly documented

- See SIS section below and in Chapter 8.3 for
furtherinsights

* Evaluation of multiple before and after calibration
results over time to adjust calibration scheduling

- For critical loops perform calibration checks
often at first (like once per month) for several
months to get statistical data and then continue
to extend interval to a time period where results
are just at the edge of their allowable range

- Loops with similar time schedules should then be
grouped together

- Consideration of process shutdown schedules

- This process is greatly facilitated by using a
calibration management software entity and/or
an asset management system

* Coordination with any outside contractors that
may be involved

Tip: Many of the considerations listed above may be
implemented in an asset management system linked
to a calibration suite of software and documenting
calibrators. The benefits include faster and more
accurate calibrations, improved scheduling and
documentation. See Maintenance Management
Section 5.4 for more detail.

5.4 Maintenance Management

Historically many companies performed
maintenance on as-needed basis. Many followed

the old adage that “if it is not broken, don’t fix it”.
However, today’s modern process plants, production
processes and quality systems, put new and much
tighter requirements on the accuracy of process
instruments and on process control.

Quality systems, such as the ISO9000 and ISO14000
series of quality standards, call for systematic and
well-documented calibrations, with regard to
accuracy, repeatability, uncertainty, confidence
levels etc. Intoday’s world there are techniques and
calibrations systems that greatly facilitate meeting
these calibration requirements.

The limiting factor in most processes is the quality of
the measurements provided to the control system.
Optimization of any process makes decisions based
on the information provided. Inaccurate information
will lead to less than optimal system performance.
The more critical the process the more important ac-
curate and stable measurements become. Examples
caninclude energy management, custody transfer,
pharmaceutical production, and fractionation
optimization.

All measurement instruments will drift over time.
The only questions are how much will they drift
and what amount is acceptable for that particular
measurement. The pharmaceutical industry in the
USA and for any company manufacturing for sale in
the USA s particularly stringent about calibration
procedures, test equipment, and documentation.
Detailed requirements may be found in FDA
regulation 21 CFR Part 11.

Maintenance Management Software Systems can
greatly facilitate plant instrumentation maintenance
programs. See figure 5.4a.

Choosing professional tools for maintaining calibra-
tion records and doing the calibrations can save a lot
of time, effort and money.

A basic calibration management system consists of
calibration management software and documenting
calibrators.

Figure 5.4a - Documenting Calibrator and Calibration
Management Software (Courtesy of Beamex)
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Modern calibration management software canbe a
tool that automates and simplifies calibration work at
all levels. It automatically creates a list of instruments
waiting to be calibrated in the near future. If the
software is able to interface with other systems like
an asset management system with a device manager
capability the scheduling of calibrations can be

done in the maintenance system from which the
work orders can be automatically loaded into the
calibration management software.

When the technician is about to calibrate an instru-
ment, they simply download the instrument details
from the calibration management software into the
memory of a documenting calibrator; no printed
notes, etc. are needed. The “As Found” and “As Left”
are saved in the calibrator’s memory, eliminating the
need for manual documentation with its associated
potential for error.

The instrument’s measurement ranges and error lim-
its are defined in the software and also downloaded
to the calibrator. Thus the calibratoris able to detect
if the calibration was passed or failed immediately
after the last calibration pointis recorded. There is
no need to make tedious calculations manually in the
field.

All this saves an extensive amount of time and
prevents the user from making mistakes. The
increase in work productivity using such a system
allows for more calibrations to be carried out within
the same period of time.

While the calibration results are uploaded onto the
database, the software automatically detects the
calibrator that was used, and the traceability chainis
documented without requiring any further actions
from the user.

Calibration records, including the full calibration
history of an instrument, are kept in the database;
therefore accessing previous results is also possible
in just a few seconds. When an instrument has been
calibrated several times, software displays the “His-
tory Trend”, which assists in determining whether or
not the calibration period should be changed.

One of today’s trends is to move towards to a “paper-
less office”. If the calibration management software
includes the right tools, it is possible to manage
calibration records in a database with minimal paper.
If paper copies of certificates are preferred, they may
be printed with simple formatting.

Today’s documenting calibrators are capable of
calibrating a variety of measurement signals and can
interface with basic milliamp signals as well as HART,
FOUNDATION™ fieldbus and Profibus protocols
(Optional on some models). See Figure 5.4b.

These systems provide a great benefit to
maintenance managers for planning purposes, QA
departments, and outside auditors.

Figure 5.4b - Documenting Multifunction Calibrators (Courtesy
of Beamex)

5.4.1 Additional Benefits of Asset
Management Systems

Today’s widespread use of smart field instruments
adds a new dimension to maintenance management.
The wealth of operational and diagnostic data resi-
dentin smartinstruments is extensive. Using HART
or fieldbus protocol makes this information readily
available. On a very basic level, field configuration
tools can access any of this information by request
oneinstrument at a time. If a maintenance technician
does nothing else he should review this information
on a regular basis to catch performance or failure
issues before they can affect the process. However, in
most process plants there are manpower and priority
issues that typically leave little time for this proactive
type of activity no matter how beneficial the practice
would be to a better and more efficient maintenance
plan.

An alternative solution to accessing this information
exists on a higher level where this data can be ac-
cessed continuously from all field devices simultane-
ously using fieldbus or HART-enabled multiplexors
interfaced with an asset management system suite.
There are even wireless solutions to collect this data.
When used with asset management system software
suites, all performance and diagnostic data from

all field devices can be immediately available. With
these tools predictive scenarios can be recognized
and action implemented proactively instead of
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reactively after a problem manifests itself and
the process is affected and costs are incurred.
See Figure 5.4.1a.
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Figure 5.4.1a - Typical asset mangement system
Calibration Screen

An asset management system with a device manager
capability helps avoid these unnecessary costs with

a universal window into the health of intelligent field
devices. It provides maintenance and operations
personnel the ability to work smarter. Based on real-
time condition data from intelligent field devices,
plant staff can respond fast and make informed
decisions on whether to maintain or replace field
devices.

With an asset management system, you can
commission and configure instruments and valves,
monitor status and alerts, troubleshoot from the
control room, perform advanced diagnostics,
manage calibration, and automatically document

activities with a single application. There is also the
ability to interface an asset management system to
documenting calibrators as is described above with
all of the data required to perform calibration. See
Figure 5.4.1b.
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Figure 5.4.1b - Asset mangement system Interface to
Documenting Calculator
5.5 Maintenance Basics
5.5.1 Transmitters
¢ Mechanical inspection/repairs - Inspect for:
- Properinstallation guidelines followed
- Corrosion
- Loose mounting
- Erosion
- Covers are on tight with metal-to-metal seal
- Conduit seals are tight
- Moisture intrusion
« Electrical inspection/repairs - Inspect for:
- Clean and tight terminations
- Corrosion on terminals or housing
- That the surge suppressoris not damaged
- LCD operating properly

- The shield and case grounding is correct and
intact. Refer to Section 4.2.5.2.4.1inthe
Engineering and Design Chapter for grounding
detail.

¢ Additional Considerations for Wireless Devices

- Verify that no new equipment or structures have
beeninstalled nearby to the wireless transmitter
that could affect the wireless signal transmission

* Must maintain about 1.8 meters minimum (6 ft)
- Verify power module voltage | replace if necessary

« Slower update rates provide longer battery life
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5.5.2 Sensors and Thermowells

* Remove sensor from thermowell for calibration or
replacement

- Refer to Calibration section below
* Clean well bore of thermal paste and/or corrosion

* Inspect for corrosion on terminals, enclosures and
on thermowell.

* Inspect thermowell mounting for evidence of
cracking indicating potential failure

* Inspect and tighten flange bolts

* For high temperature applications verify integrity
of protection tube

* For surface mount sensors

- Verify mounting is secure for good thermal
contact of the sensor tip with the process vessel
or pipe

- Verify that the insulation surrounding the sensor
is in place with minimal leakage

— For pipe clamp units ensure clamp bolts are tight
and that no corrosion exists

5.6 Configuration

The process of configuration includes the selection
and adjustment of a wide assortment of transmitter
operating parameters including the most simplistic
to the more advanced features. Many of these

are factory set to either a default or user specified
condition or value. Others are application specific
and are field set as part of commissioning of the
measurement loop. While some settings are physical
procedures on the transmitter (Like switches or
jumpers), other of the settings are accessed using a
field configurator, a laptop, an asset management
system, a DCS or other electronic means. The
majority of loops support HART, FOUNDATION™
fieldbus, or Profibus protocols.

Since HART has been in widespread use in the
process industry for many years there are millions of
the devices installed globally. These devices will likely
stay in service and overlap with newer devices using
fieldbus protocol. As plants begin to use fieldbus

for new operational units or upgrades of older units
there will be a requirement for the maintenance
technician to have a working familiarity with more
than one protocol.

HART and fieldbus devices typically have similar De-
vice Description Languages (DDL) for configuration
and diagnostic data contained in them and there are
universal field communicators that can access some
or all of the devices. See Figure 5.6a. Each protocol
uses its own specific method to access various menu
trees for status, operational data, configuration and
diagnostics.

——

1475

FIELD
COMMUN:CATOR

Figure 5.6a - Hand held Field Communicator

5.7 Calibration
5.7.1 Overview and Definition

Calibration is distinctly different from transmitter
ranging or adjustment of other transmitter
configuration parameters that are normally entered
during commissioning. Changes to these values are
not typically part of a calibration procedure although
some parameters may be authorized by manage-
ment to be done at that time like adjusting damping
or changing an alarm setpoint.

There are as many definitions of calibration as there
are methods. According to ISA’s “The Automation,
Systems, and Instrumentation Dictionary”, the word
calibration is defined as “a test during which known
values of measurand (the quantity being measured)
are applied to the transducer and corresponding
output readings are recorded under specified condi-
tions.” The definition includes the capability to adjust
the instrument to zero and to set the desired span.
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An interpretation of the definition would say that a
calibration is a comparison of measuring instrument
against a standard instrument of higher accuracy to
detect, correlate, adjust, rectify and document the
accuracy of the instrument being compared.

Another source defines calibration as including the
process of adjusting the output or indication on a
measurement instrument to agree with the value of
the applied standard, within a specified accuracy. As
an example for a temperature transmitter, a known
inputis applied and the output adjusted so that the
output as seen by the useris within a given tolerance
of the actual value of the applied standard.

Typically, calibration of an instrument is checked at
several points throughout the calibration range of
the instrument. The calibration range is defined as
“the region between the limits within which a quantity
is measured, received or transmitted, expressed by
stating the lower and upper range values.” The limits
are defined by the zero and span values that were
configured into the unit at commissioning.

The zero value is the lower end of the range. Span

is defined as the algebraic difference between the
upper and lower range values. The calibration range
may differ from the instrument range, which refers
to the capability of the instrument. As an example,
atemperature transmitter with an RTD input has a
potential range of -200 to 850 °C to produce a 4-20
mA output. However, for a specific application it is
to be calibrated to a range of 0 to 50 °C for 4-20 mA
output. For this example the input zero value is 0 °C
and the input spanis 50 °C and the output zero value
is 4 mA and the output spanis 16 mA.

Different terms may be used at your facility. Just be
careful not to confuse the range the instrument is
capable of with the range for which the instrument
has been calibrated.

5.7.2 Whento Calibrate

Calibration is performed for one or more of the
following reasons:

* During commissioning of a new instrument
* After atransmitter has been repaired or modified
* When a specified time period has elapsed

» When a specified usage such as operating hours
has elapsed

« Before and/or after a critical measurement

WHAT ARE BEST PRACTICES
FOR CALIBRATION?

Every industrial facility will have policies,
procedures, and guidelines concerning calibration.
Some may be well founded and based on years of
experience and others may follow the “We have
always done it this way” mentality wheather it is
right or wrong.

Here are some insights and recommendations.

Refer to:

5.7.2 - “When to calibrate”

5.7.3 - “Understanding the terms”

5.7.5 - Equipment

5.7.5.1 - Procedures

5.8 — High-Precision considerations

After an event has occurred that may have put

it out of calibration or damaged it like shock,
vibration, exposure to an adverse condition like a
lightning strike, or sudden changes in weather

Whenever observations appear questionable or
instrument indications do not match the output of
related instruments

As specified by a requirement, e.g., customer
specification or instrument manufacturer recom-
mendation

The calibration process for a temperature measure-
ment system including a sensor and a transmitter is
optimal when done as an operating system. While
connected to the transmitter the sensor is exposed
to a precision temperature source like a calibration
block or a calibration bath held at a fixed tempera-
ture as measured by a standard sensor.

A standard sensor has accuracy traceability to a
National Metrology Institute of the user country like
NIST in the USA, NPL in the UK, and PTB in Germany
among others. To communicate the quality of a
calibration standard the calibration value is often
accompanied by a traceable uncertainty statement to
a stated confidence level.

Since it is often impractical to calibrate the transmit-
terand the sensor as a system, they are often
calibrated individually and the sensor calibration data
is then loaded into the transmitter. This procedure

is quite adequate for the majority of applications.

For the best accuracy sensor-transmitter matching
should be performed and the system tested as a
complete assembly.
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TIP: The individual testing method does not account for
any errors introduced from degradation / variation of
leadwire and terminal corrosion which are a potential
source of error for T/Cs and 3-wire RTD circuits. 4-wire
RTD circuits are relatively immune from these issues.

5.7.3 Calibration Terms and Considerations

Calibration Tolerance: Every calibration should be
performed to a specified tolerance which is defined
as permissible deviation from a specified value that
may be expressed in measurement units, percent of
span, or percent of reading.

This term should not be confused with Accuracy
which is defined as the ratio of the error to the full
scale output or the ratio of the error to the output,
expressed in percent span or percent reading,
respectively.

Itis generally recommended that tolerance in mea-
surement engineering units be used for calibration
requirements. This will eliminate the potential errors
in calculating % of span or % of reading values.

As an example from our transmitter range described
above of 0to 50 °C that has been specified with a
tolerance of + 0.25 °C the calculation would be:

(0.25°C - 50°C) x 16 mA =0.08 mA

Generally, the tolerance would be listed as + 0.25 °C
and + 0.08 mA on the calibration data sheet.

The determination of the tolerance should take into
account the following:

* Requirements of the process
« Capability of available test equipment

* Consistency with similarinstruments at your
facility

» Manufacturer’s specified tolerance

TIP: Proper calibrator traceability should be an
absolute requirement in any operating facility.
Using calibration equipment that itself has not been
properly calibrated will surely provide unreliable
results that could lead to product quality issues,
energy waste, non optimal production rates or
possible dangerous conditions.

Accuracy Ratio: A good rule of thumb is to ensure an
accuracy ratio of 4:1 when performing calibrations.
This means the instrument or standard used should
be four times more accurate than the instrument
being checked. Therefore, the test equipment (such
as afield standard) used to calibrate the process
instrument should be four times more accurate than
the process instrument, the laboratory standard
used to calibrate the field standard should be four
times more accurate than the field standard, and
soon.

Using an accuracy ratio of 4:1 provides a safety
margin that will make the calibration results less
likely to be compromised by out-of-spec standards or
test equipment or technician error.

Traceability: All calibrations should be performed
traceable to a nationally orinternationally recognized
standard. As discussed above the standards used for
calibration should be traceable to a National Metrol-
ogy Institute like NIST in the USA. There may be many
levels of traceability between your shop and NIST

but the trail should exist and the tolerance of the
standards fully understood. Your standards should be
routinely calibrated by a “higher level authority” and
the results properly documented. See 5.7.3a.

National
Measurement
Standard (NIST)

Primary Standards

Secondary Standards

Working Standards
(“normal” shop instruments)

Process Instrument

5.7.3a - Traceability Pyramid

The calibration technician’s role in maintaining
traceability is to ensure the test standard is within
its calibration interval and the unique identifieris
recorded on the applicable calibration data sheet
when the instrument calibration is performed.
Additionally, when test standards are calibrated, the
calibration documentation must be reviewed for
accuracy and to ensure it was performed using NIST
traceable equipment.
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5.7.4 Proof Testing | Loop Testing

There are several terms applied to the process of
verifying that an instrument loop is properly installed
and functional in accordance with operational and
functional specifications. Acommonly used term is
aloop test where a simulated signal is applied at the
transmitter and the proper response is verified at the
receiving device.

A more rigorous test is often referred to as proof test-
ing — a term commonly used in Safety Instrumented
Systems (SIS). In a proof test, the entire installation
and functionality of the loop must be verified includ-
ing sensors, transmitter, cabling, junction boxes,
receivers, outputs, final control elements, and alarm/
shutdown elements. Mechanical as well as electrical
verification is performed.

Proof testing of safety related functions - referred
to as safety Instrumented functions - is typically a
very detailed procedure and must be completely and
thoroughly documented.

5.7.5 Calibration Equipment

To calibrate a temperature sensor, it must be
inserted into a known temperature and compared
against a precision calibration standard sensor either
by using a temperature dry block or liquid bath along
with the appropriate display and control devices. For
industrial applications the field dry block is typically
favored due to its ruggedness, portability and safety.
Liquid baths are more suited for laboratory use.

The mostimportant criterion in the calibration of
temperature sensors is how accurate the sensors are
at the same temperature.

Dry blocks are available with an internal reference
PRT that will provide an accuracy capability that will
be adequate for most sensors (Typically = 0.5 °C).
For sensors in more critical applications, an external
reference sensor will provide greatly enhanced
calibration accuracy capability. However, the
calibration accuracy is limited by the stability and
resolution of the dry block system. There are higher
accuracy and resolution dry block models available
that offer laboratory grade calibration capability.
These are referred to as metrology grade dry blocks.
See Figure 5.7.5a.

When selecting a field dry block you should consider:

» Temperature range
e Accuracy and stability

» Well flexibility (Bore sizes and available inserts)

* Portability
* Sensorimmersion (Proper depth is important)

¢ Throughput (Number of sensors accommodated
and automation features)

Dry blocks use inserts for the heated | cooled cavity
that are bored out to various diameters to accommo-
date a wide variety of sensor diameters. These inserts
may be easily interchanged as may be required.

Figure 5.7.5a - Typical Field Dry Block and Metrology Grade Dry
Blocks (Courtesy of Beamex)

The uncertainty of calibration is not the same as the
accuracy of the device. Many factors influence the
total uncertainty, and performing calibration is not
the leastinfluencing factor. All heatsources show
measurement errors due to their mechanical design
and thermodynamic properties. These effects

can be quantified to determine the heat source’s
contribution to the measurement uncertainty.

The major sources of measurement uncertainty
are axial homogeneity (Along the length of the
sensor), radial homogeneity (Horizontally between
the sensors), loading effect (Multiple sensors in

the block), stability (In the measurement zone),
and immersion depth (typically 10x to15x sensor
diameter). There are guidelines for minimizing
measurement uncertainty that should be applied.
In Europe they are from the European Association of
National Metrology Institutes calibration guide for
temperature blocks. (Euromet [cg-13/v.01).

Depending on the application, plant policies and pro-
cedures and accuracy requirements, sensors may be
calibrated and the data recorded and subsequently
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loaded into the transmitter’s database or to trim the
transmitter. Or, alternatively, the sensor-transmitter
assembly may be calibrated as a system.

TIP: It is important to note that calibrating the sensor
and the transmitter separately does not take into account
any error introduced by the interconnecting wiring. In
the case of three-wire RTD and T/C installations this
error can be significant. Four-wire RTD installations are
not affected by wiring resistance imbalance or terminal
corrosion.

5.7.5.1 Using a Temperature Calibration Block

Adry block consists of a heatable and/or coolable
metallic block, controller, an internal control sensor
and optional readout for an external reference
sensor. There are fast and lightweight dry blocks
forindustrial field use as well as models that deliver
near bath-level stability and resolution typical of
laboratory use. See 5.7.5.1a.

The temperature range of the dry block must meet
your minimum test requirements for the sensors
being calibrated. The ideal calibration spans the
entire usable range of the test sensor.

5.7.5.1a - Temperature Field Dry Block (Courtesy of Beamex)

After a full-range calibration of your temperature
sensor, it’s a good idea to check its accuracy in the
precise range it is most often used. Forexample,
if you calibrate an RTD over its full 0 - 100% range
butintend to use it at the 65% point, it would be
appropriate to verify its calibration at that specific
point.

TIP: All calibrations should be performed traceable
to a nationally or internationally recognized
standard like NIST in the USA. There may be many
levels of traceability between your shop and NIST
but the trail should exist and the tolerance of the
standards fully understood. Your standards should
be routinely calibrated by a “higher level authority”
and the results properly documented. Failure to
follow this traceability will potentially lead to incor-
rect calibration of every temperature measurement
system that is processed. Use of an inaccurate

dry block system, decade box, millivolt or current
source, andjor field calibrator could yield dozens or
even hundreds of incorrectly calibrated instruments
that could have a major impact on product quality,
production throughput, energy usage and could
even create dangerous operating conditions.

Accuracy and Stability are the two most critical
specs on adry block. Accuracy is how close the
dry-well is to the programmed set-point. Stability
is the temperature fluctuation of the instrument
around the desired set-point over time. These two
parameters add together to create the uncertainty
of your calibration. If your dry-well does not meet
your accuracy requirements and does not maintain
astable temperature, your probe could be reading
amuch different temperature than your display
indicates.

A good rule of thumb is to make sure that your dry
block s at least twice as accurate as the sensors you
are checking. For critical applications three or four
times betteris suggested. A dry block calibration
system should have accuracy traceability to a
National Metrology Institute of the user country like
NIST in the USA. See 5.7.3a page 41.

The dry block should have at least the set-point
resolution of the accuracy it claims or your target
accuracy. Forexample, if you are calibrating an
RTD to £0.5 °Cat 100 °C and your instrument only
displays temperature to +1 °C, you obviously can’t
claim better than 1 °C(1.8 °F) for your calibration.

Depending on the number of sensors to be
calibrated in a given time period there are two basic
approaches:

* Use asingle block with a capacity of one or more
sensors and a reference standard. Typically
three to five measurements are taken over the
range of use of the sensor and the block must be
stabilized at each of those temperatures before
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the measurement is taken. This is typically 15 to
30 minutes or more between readings. Some dry
block systems are programmable to automatically
cycle through the setpoint temperatures.

* Use multiple blocks with each one held at a
specific calibration temperature and move the
sensor being calibrated and the reference sensor
sequentially to each block, allow them to stabilize,
and then take the readings.

Assure that all connections to the measurement
instruments are clean and tight.

5.7.5.2 Using a Universal Field Calibrator

Universal field calibrators are available in a variety of
models from several major suppliers. Many models
are HART compliant and others also interface with
FOUNDATION™ fieldbus and Profibus PA.

They have the ability to simulate RTD, T/C, mv, volt-
age, and frequency signals that may be connected to
a transmitter for calibration purposes. Many provide
a dual screen capability to simultaneously see the
simulated signal and the transmitter output. Some
also have the ability to read signals from sensors and
display the actual value of the variable.

Some instrument shops do not have field calibrators
and must still rely on using decade boxes to simulate
resistance values, and a current [ voltage source to
simulate volt, millivolt and current signals. As with all
calibration instrumentation, these devices must have
certified traceability for accuracy 4 times better than
the calibrated device requires. Referto 5.7.3

Tip: For calibrations carried out in areas of the plant
classified as hazardous locations, it is necessary to use a
calibrator that is properly certified for use in hazardous
areas. These are typically intrinsically safe models (IS)
and a typical international certification is certification to
Ex ia IC T4. This would be applicable to all vapor hazards
where a temperature class of 135 °Cin a 50 °C ambient
is acceptable. In the USA FM certification is Intrinsically
Safe for Class I/ll/lll, Division 1, Groups A, B, C,D, E, F, and
G. Temperature Codes: T4A (T, =- 60 to 60 °C) and T5
(T, =— 600 50°C)

5.7.5.3 Interfacing With Hart Instruments

Multifunction or HART-specific calibrators can oper-
ate as a HART Communicator to access all HART data
in the instrument and trim or reconfigure as may be
required. Additionally, they can be connected using
aninternal or external power supply to measure the
analog output value and measure the HART digital

value while applying a simulated test signal to the
transmitter input. (RTD, T/C, mV, ohms, etc.)

To begin calibration the instrument’s data must have
been loaded into the calibrator either manually,
from a calibration software entity or from an asset
management system. An input signal may now be
applied to the transmitter and the output values
read. If so authorized, the transmitter may be
trimmed or adjusted as may be required. Consult the
user guide for your calibrator for specific procedures.

5.7.5.4 Interfacing with Foundation Fieldbus
or Profibus PA Instruments

Interfacing to fieldbus enabled transmitters typically
requires an interface module either within the
calibrator or external from it. As with the HART
devices, the instrument data must have been input
to the calibrator either manually, from a calibration
software entity or from an asset management
system. The transmitter may be individually
connected as a stand-alone device with the calibrator
providing the power or with an external power
supply and depending on the instrument’s input
signal, itis either generated/simulated or measured
with the calibrator.

Alternatively, the calibrator may be connected to a
live fieldbus segment for calibration, trimming and
configuration verification or changes if required.
Theoretically a segment may have up to 32 devices
connected but few users connect more than 16 due
to power supply considerations and other factors.
Refer to the calibrator user manual for specific
procedures for connecting, calibrating, trimming or
configuration.

5.8 Calibration for High-Precision
Application

There are applications in most industries where the
utmost in accuracy is mandated for safety, product
quality, production throughput, or custody transfer
purposes.

For high precision applications the recommended
practice is to perform sensor to transmitter matching.
Although excellent results may be achieved by match-
ing to sensors with 3-point or 5-point calibration
curve data, the best possible accuracy is obtained
when matching to a sensor using the sensor’s
Calendar van Dusen constants. Refer to Chapter 3
Temperature Measurement Basics section 3.1.4.3.3,
Transmitter-Sensor Matching for more detail.
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One of the most demanding high precision certifica-
tions is to have been certified to meet the European
Union Measurement Instrument Directive (MID) for
Custody Transfer metering of liquids and gases. This
certification is allotted to a specific sensor model
type used with a specific transmitter model and is
available from only a very few manufacturers.

5.9 Introduction to Troubleshooting

Everything will eventually fail and finding the cause of
the failure is a big part of troubleshooting. Under-
standing failure mechanisms is important when the
cause of the failure is not readily apparent. Failures
can take different forms including both hardware and
software failures, functional due to misapplication
orabuse orit could be systematic due to human
error. Failures from a single cause can affect multiple
instruments or loops and have complex cause and
effect relationships.

Instrument failures can be classified in a number of
different ways. They can fail safely, fail dangerously,
orin a known state (Upscale drive or downscale drive
forexample) orinan “I don’t care” state. The failures
can be self-revealing or overt orit can be latent or
covert.

The failed state in which you find an instrument is
not always the actual failure. It may be in that state
because it was “directed” to be in that state due to
another failure unrelated to the instrument that
stopped operating. An example would be an upscale
or downscale drive of a transmitter with a sensor
failure or shorted or open leadwire.

Others can be covert or hidden and may only be
revealed when something is supposed to work on
demand like a safety shutdown function and fails to
respond to that demand.

Always review the applicable loop drawings

for directed failure states before beginning to
troubleshoot the problem. Close coordination with
the operators to assure that safety is maintained
and which loops may be taken out of service when
is vitally important. Systematic troubleshooting is
a skill taught in many training courses that can help
resolve issues more quickly and cost effectively.

Troubleshooting frameworks or methodology can
use any or all of three basic formats. Itis typical to
start with the easiest methods first and then proceed
to the structured procedure only if necessary.

5.9.1 Symptom-Cause Tables

¢ Often found in vendor user manuals

5.9.2 Flowcharts orlogical decision trees
¢ Consult vendor user manuals or troubleshooting
training texts
5.9.3 Structured Approach to Troubleshooting

The following steps are typical of a structured
approach to troubleshooting:

* Define the problem
¢ Get the facts - not just opinions

* Be sensitive to bias in the reporting - like blaming
theinstrument when itis an operational issue

* Collectinformation regarding the problem
¢ Symptoms, characteristics and parameters

- Whatis working and what is not

- Was anything changed since it was last operating
properly

- Any recent weather related issues (Lightning,
heavy rain, snow)

- Any recent cleaning or maintenance activity in
the area (Welding?)

- Inspect the instrument
- Review all related documentation

* Analyze the information

¢ Categorize the information; eliminate the
extraneous

¢ Is problem event or time driven
¢ Isthere a history of repeat occurrence
¢ Similar-to analysis

- How is this problem similar to another one; what
isin common

¢ What s the exact problem?
¢ Where was it first noticed?
e When was it discovered?

e Consult user manuals

* Determine if enough information has been
gathered

¢ Incrementally gather data and then review if there
is enough to propose a solution
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* Propose a solution or several solutions
* Which is most likely

e Which is quickest

* Which can be done without a shutdown
» What are the cost implications of each

e Test the proposed solution

* Secure the proper permissions and permits first if
required

* Repair the problem

e Document completely (See Documentation
section 4.2.6 below)

- Asfoundvs. as left

- Failure analysis

- Reports

- Permit closeout

- Update maintenance reports and databases

- For transmitter replacement confirm all
configuration details

5.10 Safety Instrumented System (SIS)
Considerations

5.10.1 Background

Atransmitter thatis used in a SIS will be part of a
Safety Instrumented Function (SIF).

ASIFis defined as a function to be implemented
by a SIS which is intended to achieve or maintain a
safe state for the process with respect to a specific
hazardous event.

ASIFis asingle set of actions and the corresponding
equipment needed to identify a single hazard and act
to bring the system to a safe state.

In the case of a temperature measurement the
function could be to identify a dangerously high
orlow temperature condition by comparing the
measurement against a predefined safe value and
initiating an action to arrest or contain the situation
should it exceed this limit. An example might be to
initiate emergency cooling to a runaway reactor.

Depending on the consequences of this event
happening, the safety engineers will have selected a
Safety Integrity Level (SIL) for this SIF which defines

a target for the probability of failure of this measure-
ment. A SIL 2 must be more reliable thanaSIL1and a
SIL 3 must be more reliable than a SIL 2 function and
will be designed accordingly.

5.10.2 The Technician’s Role and Responsibilities

For any safety related device there will be a very
detailed and precise test plan for the unit operation.
The safety standard requires that all personnel
involved with SIS should have the proper qualifica-
tions and training.

Note that transmitter output is not safety-rated
during: configuration changes, multi-drop, and loop
test. Alternative means should be used to ensure
process safety during transmitter configuration,
maintenance and testing activities.

To ensure compliance with the IEC 61511 safety stan-
dard, there are normally permissions and permits
that must be completed to take aloop out of service
and the testing procedure must be followed to the
letter and often witnessed and signed and co-signed.
Any abnormalities or failures must be carefully
documented with multiple sign-off signatures. Any
changes made to the loop must be incorporated into
the Management of Change (MOC) documentation.
These include any device replacement or upgrade
and any configuration and calibration changes.

The test procedure will typically have steps to ensure
that there is proper communication from the field
transmitter to the DCS and that a proper signal is
being received and that all alarm values are properly
configured and operational.

The procedure will also include verification that the
final control element properly functionsin ac-
cordance with the Safety Requirements Specification
(SRS).

Since the SIF also includes the sensor, its lead-wires,
the signal wiring and any terminations, these also
must all be tested and verified. The ultimate and
ideal test is to subject the sensor in situ to a precisely
known standard temperature such as a calibration
block or bath which forces a simultaneous test of all
components of the SIF. Since this is rarely practical in
the real world, other simulation sources are typically
used and the sensor and its circuitry independently
tested and calibrated.
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5.11 Diagnostics

While all smart transmitters have diagnostics, some
are considerably more extensive than others. Those
with a HART™, FOUNDATION™ fieldbus, or Profibus
protocol offer the most sophistication. Each protocol
uses different technologies and different ways of
accessing the diagnostic information described
below.

WHAT BENEFITS CAN BE
GAINED BY USING TRANSMITTER
DIAGNOSTICS?

While all smart transmitters have diagnostics,
some are considerably more extensive than others.
Those with a HART™, FOUNDATION™ fieldbus, or
Profibus protocol offer the most sophistication.

There are internal diagnostics that monitor
transmitter functionality and output validity. Also,
there are a wide range of external diagnostics that
monitor the measurement signal for such things
as drift, degradation, measurement validity, and
broken or damaged leads among others.

The Control System Technician (CST) should
coordinate with operations to routinely review
available diagnostic information reported via
the DCS, PLC, field communicator, and/or asset
management system.

Transmitters initiate either Alerts or Alarms based
on these diagnostic processes.

Discussed below are common diagnostic capabilities
and maintenance flags available on temperature
transmitters. Consult the product data sheets and
the user manuals for availability on your particular
product.

Alerts cover diagnostics that are determined not
to affect the transmitter’s ability to output the
correct measurement signal and therefore will
notinterrupt the 4-20 mA output. An example is

5.11.1 Basic Transmitter Diagnostics “Process Variable Out-of-Range”.

Alarms cover diagnostics that are determined to
affect the transmitter’s ability to output a correct
value of the measurement. Detected alarms will
drive the transmitter output either high or low
depending on user’s choice.

Typical information that is useful for diagnostic and
maintenance purposes includes:

* Sensor(s) failures — open, shorted, intermittent

- The transmitter has detected an open or
shorted sensor condition. The sensor(s) might
be disconnected, connected improperly, or
malfunctioning. Check the sensor connections
and sensor continuity.

Alerts and alarms can be read on a local indicator
(if so specified), on a field communicator oron a
HART-compliant monitoring system like Emerson
Process Management’s AMS Suite application.

Refer to:

* Field Device Malfunction 5.11.1 - Basic Transmitter Diagnostics
- The device has detected a hardware error or
failure on the device. This pertains to a variety
of errors that can occur. Malfunctions in the
memory, A/D converters, CPU, etc are covered

under this status bit.
* Process Variable (PV) Out of Limits

- The HART transmitter is reporting that the
primary variable read by the transmitteris
outside of the 4-20 mA range. This signal can
be used to detect open/short circuits in the
transmitter wiring.

* Process Variable (PV) Output Saturated

3.1.8 - Diagnostics

the PV to the saturation values, but no further.
The transmitter will clamp the analog output
and PV to the saturation values (not the 4 and 20
mA values). PV’s between the 4-20 mA limits and
the saturation limits may still be valid signals.

Process Variable (PV) Output Fixed

- The analog and digital signals for the Primary
Variable are held at the requested value. They
will not respond to the applied process. The
output s fixed when a transmitter has been

- The analog and digital signals for the Primary
Variable are beyond their limits and no longer

represent the true applied process. If the process

variable goes outside of the 4-20 mA range, the
HART transmitter will drive the mA output and

taken out of service during calibration or
maintenance (changing a range, for example).
Unless the transmitter has been put back in
service, the outputs will continue to be fixed
indefinitely.
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* Analog-Digital Mismatch

- The HART transmitter is reporting a difference
between the analog 4-20 mA signal and
the digital Primary Variable (PV) signal. This
functionality can be used to determine a small
ground in the home run cable to the instrument
oranintermittent device. If a small ground exists
in the loop, any alarm trip limit of the loop may
never be reached even under trip conditions due
to earth leakage.

* Loss of Digital Comms

- This status bit is set when the HART digital
communications with the device is lost. The
4-20 mA analog signal may still be valid, but the
digital HART signal is not available.

* Hot back-up initiated (for dual sensors)

- Upon failure of the primary sensor, the transmit-
ter will instantly change over to the secondary
sensor. The primary and secondary may be
either RTDs or T/Cs or one of each to reduce
common cause failure issues.

* Sensor drift alert (with dual sensors)

- Sensor Drift Alert notifies the control system
of the degradation of a sensor that is causing
its measurement signal to drift away from the
actual value, thus decreasing the measurement
integrity. By using two sensor inputs, the dif-
ference between the two sensors is monitored.
When the difference becomes greater than a
value entered by the user, the transmitter sends
an alert to indicate a sensor drift condition.

- This feature may be used in conjunction with
a hot back-up feature to instantly switch the
transmitter from the drifting sensor to the
secondary sensor.

- The two sensors can be RTDs, T/Cs or one of each
for reduction of common cause factors

» Thermocouple Degradation Diagnostic

- This feature acts as a gauge of general ther-
mocouple health and is indicative of any major
changes in the status of the thermocouple or the
thermocouple loop. The transmitter monitors
the resistance of the thermocouple loop to de-
tect drift conditions or wiring condition changes.
The transmitter uses a baseline and threshold
Trigger value and reports the suspected status of
the thermocouple. This feature is not intended
to be a precise measurement of thermocouple
status, butis a general

¢ Measurement Validation

- Deviation Alarming

« Before a sensor fails, it will exhibit signs of
degradation such as increased signal noise
which will often result in inaccurate on-scale
readings. Measurement Validationis a
diagnostic that can provide validation of tem-
perature measurement data, ensuring visibility
of measurement and process abnormalities
before a sensor failure occurs. Measurement
Validation monitors the signal noise and uses
it to calculate a deviation value indicating the
magnitude of the noise which is compared to
auser selected alert limit. When this limit is
exceeded, the useris notified, allowing action
to be taken. Measurement Validation can also
detect on-scale failures associated with loose
or corroded connections, high vibration and
electronic interference which can contribute to
asignal noise increase.

- Rate-of Change Alarming

* In addition to detecting on-scale failures and
validating measurement values, Measurement
Validation also performs a rate of change
calculation which can be used to identify
abnormally fast temperature changes that
could indicate a runaway reaction condition
even before alarm conditions are met.

¢ Minimum and Maximum Temperature Tracking

- Minimum and Maximum Tracking can record
lifetime minimum and maximum temperatures
with date and time stamps. This feature records
values for Sensor 1, Sensor 2, differential and
terminal (body) temperatures.

* Statistical Process Monitoring Algorithm

- This feature provides basic information
regarding the behavior of process measure-
ments such as PID control block and actual
valve position. The algorithm can monitor up to
four user selected variables. All variables must
reside in a scheduled function block contained
in the device. This algorithm can perform higher
levels of diagnostics by distribution of computa-
tional power to field devices. The two statistical
parameters monitored by the Statistical Process
Monitoring are mean and standard deviation.
By using the mean and standard deviation, the
process or control levels and dynamics can be
monitored for change over time. The algorithm
also provides:
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* Configurable limits/alarms for High variation,
low dynamics, and mean changes with respect
to the learned levels

* Necessary statistical information for Regula-
tory Control Loop Diagnostics, Root Cause
Diagnostics, and Operations Diagnostics.

* Transmitter Diagnostics Logging

- This feature will store advanced diagnostics
information between device resets. This feature
stores what caused the transmitter to go into
alarm even if that event has disappeared. For
example, if the transmitter detects an open
sensor due to aloose terminal connection the
transmitter will gointo alarm. If, due to vibra-
tion, that wire begins making a good connec-
tion, the transmitter will come out of alarm. This
jumpingin and out of alarm is very frustrating
when determining what is causing the problem.
However, the Diagnostics Logging feature will
keep track of what caused the transmitter to
gointo alarm and will save valuable debugging
time.

5.12 Documentation

Every plant will have documentation policies and
procedures that must be followed. There are require-
ments before, during and after any procedure.

TIP: If a documenting calibrator is being used in
conjunction with a calibration management soft-
ware entity or an asset management system, much
of the following information will be automatically
provided in the form of reports, graphs and logs.

5.12.1 The Planning Stage

* Review trouble reports and operational requests
for troubleshooting

* Review diagnostics logs looking for abnormalities

 Determine what requests for permits must be
completed for any required procedures

« Secure required loop drawings, P&IDs, specifica-
tion data sheets, vendor manuals, test procedure
checklists, etc.

5.12.2 TheImplementation Phase
* As-found reports

* Procedure checklists
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Figure 5.12a - Typical Calibration Documentation

5.12.3 Completion Phase

¢ Complete calibration data sheet with as-left data
(See Figure 5.12a)

¢ Close out work permits including finalizing any
LOTO locations

¢ Update loop sheets

* Update tagging

¢ Complete MOC report if required

¢ Update any associated operational procedures
 Update P&ID if required

¢ Update specification sheet if required

¢ Update appropriate computer databases

« File hard copies of completed reports as backups
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Best Practices
A Compendium of Challenging Applications Each With an Analysis and Recommended Solution(s)

Itis the intent of this chapter to provide a variety of As compared to the vast array of application experi-
common user application challenges and to present ence at Emerson Process Management this section
one or more options that provide a viable and cost merely scratches the surface.

effective solution.

The intent is to promote your intuitive analysis of
your specific problem as a path to your selection of
aproper solution

NO. APPLICATION PAGE
1 How to Get the Most Accurate Temperature Measurement System m
2 Directly Wire Sensors to Control System or Use a Transmitter 112
3 High Ambient Temperature Mounting of Temperature Transmitter 114
4 High Vibration at Measurement Location 115
5 Understanding Measurement Error 116
6 Mount Transmitter in a Tight Space in Field-Mounted Junction Box 17
7 Sensor Redundancy 118
8 Wake Frequency Calculations and Thermowell Selection 119
9 Adverse Environmental and Electrical Noise Application 120
10  Local Display on Transmitter 120
11 Local Operator Interface 121
12 Thermocouple Sensor Drift Monitoring 122
13 Minimum - Maximum Tracking for Quality Assurance 122
14 Remote Pipeline Temperature Measurement 123
15  Excessive Measurement Drift Error 123
16  Remote Tank Temperature Profile 124
17  Add-On Measurement without a Thermowell 125
18  EMIand Surge Withstand Concerns 126
19  Thermal EMF Compensation 127
20 Efficient Chiller Control 127
21 FastResponse and High Precision Requirement 128
22  Safety Certified Transmitters 129
23 Temperature Profile of a Reactor Vessel 129
24  Custody Transferin Accordance with Measurement Instruments Directive (MID) for Europe 131
25 High Temperature - High Pressure Gasification 131
26  Chemical Process Fractionation Temperature Gradient 132
27 Smoke Stack Flare Monitoring 132
28  Fluid Catalytic Cracker (FCC) Temperature Profile 133
29 Electrowinning and Electrorefining of Metals 134
30 Hydrocracker False Temperature Reading Control Issues 134
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Best Practices #1

Category:
How to Get the Most Accurate and Reliable
Temperature Measurement System

The Challenge:

The application requires a precision temperature
measurement at a specific level in a distillation
column. The following requirements and conditions
have been documented:

» Temperature rangeis 0 to 80 °C (32 - 176 °F)
e Control pointis 60 °C + 0.1 °C (140 °F)

e Column throughput variation due to off-spec
temperature affects other levels of the column
with cascading detrimental effects to product
quality, energy usage and throughput indicating
that this measurement must have the best
possible performance and complete on-board
diagnostic capability

* To maximize performance and minimize installa-
tion costs it is preferable to mount the transmitter
integrally with the sensor-thermowell assembly

Analysis and Solution:

* Due to the significant consequences to the
process that a failure of this measurement would
cause, the sensor/transmitter system must be
designed to have the best possible reliability.

* Select a top-of-the-line temperature transmitter
from a major supplier to ensure the system
performance will meet the process requirements

- Opt for a model that uses a dual-compartment
housing to ensure the greatest tolerance for
adverse environmental conditions

Electronics
Compartment

Terminal
Compartment

* Figure 3.1.10.2a - Dual Compartment Housing

* The application requires using a precision
platinum RTD-based system since it is impossible
foraT/Cbased system to achieve the accuracy and
stability requirements of this measurement

¢ The system must be designed in a four-wire
configuration.

— Athree-wire system will always have measure-
ment error due to lead wire imbalance. Note that
this fact precludes using a dual element sensor
since a dual sensor only provides three wires per
Sensor.

¢ Selecta 0.25” diameter spring-loaded, tip
sensitive, helical wire-wound style of platinum
RTD sensor to provide the best possible sensor
accuracy and reliability

Coiled High Purity
Element Leads Platinum Sensing Wire

High Purity
Ceramic Insulation
¢ The best possible performance is achieved when
the sensoris matched to the transmitter using
the sensor’s specific Callendar Van Dusen (CVD)
constants.

- System accuracy will be about 5 times better
than standard calibration providing a comfort-
able margin vs. the control requirement of the

process
s
i
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Class B Class A CvD

System Calibration Comparing a System Using a Class A Sensor
vs. a System Using a Class B Sensor vs. a CVD Matched Sensor

¢ Order the system assembled, tested and
calibrated complete with a thermowell as a unit
assembly from the factory

- Single source responsibility for the complete
calibrated system package from the factory
ensures best performance

- Should a sensor fail, ensure that the replacement
sensor is provided with CVD constants and the
system is recalibrated using those constants
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Conduit for
Field Wiring
(dc power)

Union or

Thermowell Extension Coupling

<«—Extension
Fitting 3.2"
Length (81mm)

Sensor - Transmitter Preassembled System

Best Practices # 2

Category:
Directly Wire Sensors to Control System or Use a
Transmitter

The Challenge:

When designing a control system for a plant facility,
engineers often must make decisions about the
use of directly connecting sensors to the control
system or the use of transmitters. The engineers
must consider a myriad of performance and cost of
ownership issues to make a proper decision.

Analysis and Solution:

Here are some factors that should be considered.

To be useful for control, monitoring or logging of

the measured temperature, the signal must be
communicated from the field measurement point to
the control room. Many plant sites have established
preferences on how this is accomplished; most
commonly using field mounted transmitters or
direct wiring from the field to control room device
input cards. Each method has its proponents but cost
of ownership and performance considerations make
the case for a strong preference for using transmit-
ters over using direct wiring. In some plants remote
1/0 modules from the control system present a viable
alternative.

Direct wiring, as the name implies, is characterized
by connecting field sensors directly to input card
racks within control room systems where it is then
conditioned or converted into an analog signal
representing the temperature measurement for use
in that system. These control room systems could be
a Distributed Control System (DCS), a Programmable
Logic Controller (PLC), a data logger, or a controller.
The sensor signals can be directly connected to the
control system 1/O subsystems, connected to remote
1/O, or use multiplexers.

For RTD sensors, standard copper extension wire is
used for all four leads. However, for thermocouple
sensors, specially matched extension wire must be
used or huge measurement errors will result. For
more detail refer to the “Connecting to the Control
System” section 4.3.4.

The transmitter converts the measurementinput
signal from RTDs and T/C sensors to a high level
robust 4-20 mA output signal that is highly immune
from Electromagnetic Interference (EMI), and Radio
Frequency Interference (RFI) and most models
support the HART protocol. Other fieldbus models
have a digital signal output for connection to remote
devices or systems.

There are many advantages of using transmitters
vs. direct wiring. Some of the most salient are listed
below and for a more complete list refer to the
“Connecting to the Control System” section 4.3.4.

Cost of ownership of using a transmitter approach
vs. direct wiring awards a clear advantage to

the transmitter for the majority of applications.
Considerations include:

 Higher performance is assured since a transmitter-
sensor assembly may be calibrated as a system
for optimal accuracy which cannot be done with
adirect wired system and sensor — transmitter
matching may also be performed

Transmitter accuracy and performance is always
better than what can be expected from direct
wired system design by a factor of about 2:1

There are many “intelligent” features and options
available in transmitters that are not available or
require special software programming in most
DCSs including hot back-up, sensor drift alerts,
thermocouple degradation, min-max tracking,
and intermittent sensor detection among others.

The robust transmitter output signal is far less
susceptible to EMI and RFlinterference than low
level sensor signals where the extension cables act
as antennas for the noise signals

Transmitters can be configured to fail to predeter-
mine output levels.

Trouble shooting and maintenance time is
reduced by utilizing transmitter diagnostics that
are not available or are quite limited in input cards

Sensor types can be changed from T/Cto RTD
orto a different type of T/C or RTD and the same
transmitter is easily reconfigured to the new
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TCP/IP
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Sensor Multiplexer Remote HART I Fieldbus Profibus Wireless
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l Transmitters and Sensors—I
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Figure4.3.1a

sensor type. The output cable and the DCS input
card stay the same. For direct wiring extension
cable would likely need to be changed as well as
the input card in the DCS.

* There is only one type of extension wire and it
can be purchased in larger lots to reduce cost.
Twisted pair shielded copper signal wire is far less
expensive than multiple types of T/C extension
wire or 4-wire RTD extension cable. Note that
4-wire RTDs are highly recommended vs. 3-wire
systems

* Only one type of high level input card is required
for the control system instead of a mixture of high
level and low level cards. Low level sensorinput
cards are typically more expensive than 4-20 mA
input cards and spares inventory is reduced

* Single vendor sourcing saves multiple specifica-
tion sheets, quotation requests, bid reviews and
purchase orders

« Drafting costs are lower with only a transmitter
symbol to show for a field device and only copper
wire to show on the P&ID and bill of material

* The requirement for using different types of T/C
extension wire often leads to wiring errors at
installation. This problem is eliminated by having
all copper for the field wiring

* All transmitters can be the same manufacturer
and model minimizing spares

* No need to periodically replace degraded T/C
extension wire. Copper wire can last for decades

« Transmitters offer a local indication option
which improves operator interface and reduces
maintenance time

* For T/C applications, accuracy deterioration due to
extension wire degradation can be severe

A system diagram illustrating all technologies is in
Figure4.3.1a.

Pros and Cons of these technologies are compared in
Figure 4.3.1b.

Technology Pros and Cons

High Wiring and Infrastructure Cost

Prone to Interference

High Maintenance

Limited Feature Functionality and Performance
vs. Transmitter

Wire Sensors
Directly to DCS

Dated Technology

Slow Updates

Reliability Issues

Limited Accuracy and Performance Specifications
Area Certification and Environmental Limitations
Limited Parts, Service

Multiplexors

Good Basic Capability

Proprietary Infrastructure

Limited Feature Functionality and Performance
vs. Transmitter

Area Certification and Environmental Limitations

Control System
Remote I/0 Racks

Highest Accuracy

Excellent Noise Immunity

Lowest Cost of Ownership

Wide Choice of Measurement Enhancement Features

Transmitters
and Sensors

Figure 4.3.1b - System I/O Option Comparison
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Best Practices #3 ¢ Select a HART-smart temperature transmitter

with a dual-compartment housing to ensure the
Category: greatest tolerance for adverse environmental
High Ambient Temperature Mounting of Tempera- conditions

ture Transmitter
- The transmitter should be specified with an

The Challenge: integral LCD indicator to locally display process
The application requires a temperature measure- temperature, output signal and diagnostic
ment on a high temperature reactor. The following information

conditions have been documented: - It should have the ability to monitor dual

sensor inputs as a consideration for the adverse

» The ambient temperature at the surface of the N
conditions

reactor at the measuring point ranges from 75 to
100°C. (167 - 212 °F) The thick layer of insulation ) )
helps somewhat to mitigate the radiated heat but — ? ‘ = E';ﬁ,',‘;”r{ﬁem
concern exists about mounting electronics onto —— 2
the reactor.

Terminal

e Local indication is required for the area operator
Compartment

to verify the measured temperature and to ensure
that the transmitter is operating properly.

* HART communication capability is required such
that the operational and configuration integrity
of the transmitter may be remotely accessed,
verified and changed as may be required.

Analysis and Solution: * For temperature ranges below 600 °C (1112 °F),

* Due to the high ambient temperature at the selectan RTD sensor.
measuring point, a remote mounted transmitter is
the proper solution

Figure 3.1.10.2a - Dual Compartment Housing

- Higher temperatures may require use of a T/C

. . . . - Dual sensors should be considered
- Select a nearby location with ambient conditions

cool enough so as to be reasonably comfortable
for the area operator

Single sensor with dual elements

Two separate sensors offer highest reliability

- Ensure that itis protected from damage,
splashing and dripping sources

- Refer to the Temperature Measurement Basics
Chapter 3.2 for more detailed suggestions

Connect the transmitter to the sensor assembly
using properly specified twisted and shielded
4-wire copper conductor cable runin a suitable
conduit or use a suitable armored cable.

- The shield should be connected to the transmit-
ter output cable shield and isolated from the
transmitter enclosure.

- Note that some plant standards require that the
sensor shield be grounded to the transmitter
housing and, in this case, the output cable shield
is left floating at the measurement point and
grounded at the receiver. Refer to Engineering
and Design Chapter section 4.3.6.

The HART signal that is superimposed on the
analog output signal of transmitters has a wealth
of data that can provide useful information. This
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typically includes the temperature inside the
transmitter housing and the process temperature.
Some transmitters have an on-board feature that
keeps records of both the process and ambient
temperature values. Alternatively the HART data
may be accessed using a field communicator or

by an asset management system. This enables

a user to verify that housing temperatures have
not exceeded recommended limits. Operating a
transmitter above its published maximum operat-
ing temperature may cause premature failure and/
orinvalid outputs. Operating it below its rated
ambient temperature may lead to degradation of
the accuracy.

The HART data also includes sensor diagnostics
information for open or shorted leads that often

is accessed by the internal transmitter diagnostics
and displayed on the LCD or alternatively or
supplementally they can also be accessed by a field
communicator or an asset management system.
In an asset management system any abnormal
conditions can be configured to trigger an alert or
alarm in the Distributed Control System (DCS).

Best Practices # 4

Category:
High Vibration at Measurement Location

The Challenge:

The pipeline where the measurement is to be made is
under varying but constant vibration. We want to use
an RTD but are unsure of how to select the right type
and how toinstall it.

Analysis and Solution:

In general a thin film style of RTD is a better choice.
It has a much lower mass than a mandrel style wire-
wound RTD and therefore is more likely to withstand
the vibration of this pipeline by approximately a
factor of two to one. The RTD should be a spring-
loaded design to fit tightly against the bottom of the
thermowell bore.

Threaded
Adaptor

External
Lead Wires

Sensor

Compression Potting
Sheath i

Spring eal

Figure 3.2.3.1.2b - Spring Loaded Sensor

Atypical vibration spec for a sensor is:

Vibration Limits: +0.05% maximum ice-point
resistance shift due to 30 minutes of 14 g peak vibra-
tion from 5 to 350 Hz at 20 °C (68 °F) for unsupported
stem length of less than 6 inches.

There are also some designs of helical coil style of
wire-wound RTDs that are resistant to vibration
damage and may be a consideration.

Although it would seem that redundancy provided
by using a dual element RTD would extend the life,
inreality dual elements in the same sheath provide
little benefit since both elements are subjected

to the same common cause of potential damage
and are likely to suffer the same fate. However, for
critical processes where an unexpected failure is
unacceptable, the dual element sensor connected
to a transmitter with the Hot Backup® feature could
provide enough time to make an orderly sensor
replacement.

Threaded
Adaptor

Sensor
Packing Weld

External
Lead Wires

A

Sensor

Dual Sensing
Sheath

Elements

Internal Potting
Lead Wires Seal

Figure 3.2.3.1.7a - Dual Element Sensor

If the consequences of measurement failure justify
the expense, an entire redundant sensor-transmitter
assembly may be justified. A heavy duty T/C sensor
could be used to provide a potentially more robust
measurement but at the sacrifice of accuracy since
aT/Cmeasurement is most often less accurate than
an RTD measurement. The DCS or a stand-alone
selector module can transfer to the secondary
measurement should the primary measurement fail.

The ultimate solution - often used in Safety
Instrumented Systems (SIS) - is a voting scheme of
2 out of 3 transmitters (2003). And again they could
use different sensor technologies and possibly even
different model series transmitters for diversity.

Aremote mount transmitter removes the transmit-
ter from the vibration at the measurement site and is
strongly encouraged. Mount the transmitter as close
as is reasonable to the sensors to minimize sensor
lead length that is exposed to electrical interference
and potential error.
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Figure 3.1.3.5b - Remote Mounted Transmitter

The thermowellis an important consideration for
such applications and proper diligence should be
used inits selection. In general, a flanged or welded
style will withstand adverse conditions better than
athreaded style. There are analysis tools used by
manufacturers that are available to the user to
predict the best choice of thermowell for not only
the pipe vibration but also the vibration induced
both transverse and parallel to the well by vortex
shedding. The tool automates the Wave Frequency
Calculation process to ensure the proper well design
and material is selected. Detailed guidance and
procedures are spelled outin ASMEPTC 19.3 TW
2010 which is described in detail in Chapter 3.3.
Refer to Thermowell Calculation white paperin
section 9.1

’/

Figure 3.3.3.3.3a - Tapered Flanged Thermowell

Best Practices #5

Category:
Understanding Measurement Error

The Challenge:

There are some processes where an accurate

and stable measurement is crucial to product
quality, production throughput, or cost control. An
exampleis a batch production in pharmaceutical
manufacturing where a very expensive batch can
be ruined by a very small temperature offset error.
Anotheris temperature compensation of a custody
transfer flow measurement where a very small error
can mean many thousands of dollars in potential lost
revenue.

Having an understanding of how component selec-
tion affects the performance of the temperature
measurement system is very important in achieving
the measurement accuracy and stability goal of the
application.

Analysis and Solution:

Atemperature measurement system includes

the sensor, the transmitter and the thermowell.

Error analysis will have factors associated with

both the transmitter and the sensor. Transmitter
specifications are often confusing to read and can be
deceptive if not read carefully and fully understood.
To evaluate different transmitters, both the
specifications and theirimpact on performance must
be understood.

Selecting a transmitter will certainly include
preferences for features and options but it must also
give due consideration to its accuracy and perfor-
mance specifications with respect to the particular
requirements of the application. For example,
ambient temperature effects will be a bigger factor
for transmitters in an outdoor environment vs. those
mounted in a controlled indoor environment. The
calibrated span will also be a factor as will vibration
effects. Different manufacturers often state
accuracy and performance specifications in different
ways. Some specify accuracy as percent of calibrated
span, others as percent of Upper Range Limit (URL)
and others as percent of reading. The error calcula-
tions for each case will have different results.

A method to do a consistent performance compari-
son between various transmitters is to do a total
probable error (TPE) analysis based on the published
performance specifications of each transmitter and
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sensor. This will provide an accurate indication of
expected performance under the specific conditions
and changes in conditions of your application. The
components of this calculation include the root

sum square of the multiple transmitter and sensor
accuracy effects.

System Accuracy
=+ (Transmitter Accuracy)? + (Sensor Accuracy)?

=+ Digital + D/A? + DigitalTempEffects? +
D/AEffecys? + Sensor Accuracy?

Although both reliability and performance of
atransmitter are design dependent, they are

not interchangeable and should be considered
separately. The same can be said about sensors. In
some applications the reliability of the transmitter
to continue to perform may be more desirable than
the actual level of performance. In addition to the
degree of performance indicated by the TPE, the final
choice of a transmitter should also include factors
of reliability, the appropriateness of the transmitter
to the application, the features included and the
overall cost of ownership. Refer to Section 4.2.7 for
TPE calculation examples. Note that most reputable
manufacturers will provide these calculations for
documentation and traceability if specified and
requested.

Best Practice # 6

Category:
Mount Transmitterin a Tight Space in Field-Mounted
Junction Box

The Challenge:

We need to add many new temperature transmitters
to a field-mounted junction box in afield location in
the proximity of the measurement site. However, we
have severe space limitations. We need a compact
high density style of transmitter that will fitinto the
small available space.

Analysis and Solution:
There are several solutions for this application that
are presented in order of preference.

The first solution is to use high density multichannel
transmitters. These transmitters accept up to 8
sensor inputs and are useful in applications where
many temperature measurement points are
concentrated in one area. High density transmitters

minimize installation costs in applications such as
heat exchangers, boilers, chemical reactors, and
distillation columns. They are also often used for
temperature profiling of furnaces and reactors.

Figure 3.1.2.3b - Multichannel Transmitters

The second solution for mounting in this limited
space is a DIN rail mounted style of transmitter
where many transmitters can easily fitinto the
available space and still have room for the cabling
wire-way as well.

Figure 3.1.10.3a - Rail-mount Transmitters

Athird solutionis a DIN A or DIN B head mount or
“hockey puck” style that can be DIN rail mounted
into the cabinet using clips.

< 67mm
(2.6")

Figure 3.1.10.1a - DIN A and DIN B Head-mount Housing Styles

The transmitters are connected to the nearby
sensors to complete the system.
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Since this is a field-mounted junction box with
existing devices mounted within, it is assumed

that the general purpose or IS certifications of a rail
mount configuration meet the area requirements.
For explosion proof applications a head mounted
style in an approved enclosure would be required and
they would not fit into the existing enclosure.

Afourth solution is to connect all sensors directly to
aDCS [ BPCS. While this solution does not require
any field cabinet space, it does carry the added

cost of long runs of extension cables and the added
exposure of the low level sensor signals to electrical
interference from EMI and RFI.

Best Practices #7

Category:
Sensor Redundancy

The Challenge:

A critical temperature measurement on a reactor
must have the highest possible availability for
product quality considerations. A failure of this
measurement would result in loss of control and
expensive lost production penalties. Plant manage-
ment wants to make this measurement using some
sort of redundancy to optimize measurement
availability.

Analysis and Solution:

Three commonly used solutions to this challenge
are presented ranging from the least expensive to
purchase and install and with the lowest relative
availability up through the most expensive with the
highest availability. However, the cost of ownership
analysis may indicate that the cost of lost production
due to a measurement failure “event” is so high that
the best possible solution could have the lowest long
term cost of ownership and therefore the best cost to
benefit ratio.

Abasic solution is to specify a transmitter with a sen-
sor redundancy option. With this option two sensing
elements are connected to the transmitter. The
output of the transmitter will be the signal from the
primary sensor. However, should the primary sensor
fail, the redundancy option will instantly switch to
the secondary sensor to provide the output thus
eliminating any interruption of control of the loop.
An alertis typically generated to notify the operator
that one of the sensors has failed so that it can be
replaced on a scheduled basis. This is commonly
known as the Hot Backup® feature.

A high quality dual element RTD should be selected
that has redundant elements within the same
sheath that are connected to the transmitter with
one element serving as the primary sensor and the
other as the secondary or backup sensor. With this
approach, there exists the likelihood that whatever
might cause the primary sensor to fail would also
cause the secondary to fail. These are referred to as
common cause failures and could stem from such
things as vibration, a manufacturing impurity, or
physical damage. The transmitter is also a single
point of failure.

Threaded
Adaptor

Sensor
Packing Weld

External
Lead Wires

Sensor
Sheath

Dual Sensing
Elements

Internal Potting
Lead Wires Seal

Figure 3.2.3.1.1a - Dual Element RTD Sensor

Depending on plant preference and mounting
location, the transmitter may be mounted integrally
with the sensor or remotely nearby.

Another alternative solution is to use two separate
RTDs each in their own sheath and thermowell and
both connected to the transmitter. This effec-

tively reduces the potential common cause failure
probability of the sensor dramatically but does not
address the single point of failure of the transmitter.

Yet another solution is to use one RTD and one T/C
sensor for redundancy to possibly provide protection
against common cause failures.

Loss of Measurement Risk
100% —

75% —

65%

50% —| :
: Reduction

80%
259 — Reduction
Hot Backup®

Hot Backup®
feature

feature

Dual-Element
Sensor

Single
Sensor

Two Single
Sensors

Figure 3.1.6.6a - The Hot Backup® feature Prevents Primary
Sensor Failure from Disrupting Process Control
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A higher reliability solution is to install two entirely
independent sensor-transmitter systems connected
individually to the control system and voted to assure
that a failed measurement is rejected in favor of a
good measurement.

An even higher availability solution is to use three
independent sensor-transmitter systems and use a
median select function in the control system.

Best Practices #8

Category:
Wake Frequency Calculations and Thermowell Selection

The Challenge:

Thermowell failures are often associated with one

or more of the following: high drag forces, excessive
static pressure, high temperature, corrosion, erosion,
material selection, improper installation technique,
and by fluid induced vibration.

Most failures are caused by fluid induced vibration.
When fluid flows past a thermowell inserted into a
pipe or duct, vortices form at both sides of the well
and detach first from one side and then from the
otherin an alternating pattern. This phenomenon
known as vortex shedding creates alternating forces
on the well resulting in alternating transverse deflec-
tion at a frequency often referred to as the wake
frequency. There are other forces produced along
the axial or parallel axis of the flow. When choosing a
thermowell for an application some method must be
used to ensure that these alternating forces do not
approach the natural frequency of the well causing
harmonic vibration and probable failure.

Vortex Trail

O Thermowell

(\NS -

Transverse
Deflection

Figure 3.3.7.1b - The von Karman Trail - Showing Transverse
Force Deflection and Direction

Analysis and Solution:
The system designer has the dilemma of trying to
maximize system accuracy and response by using a

thinner design thermowell long enough to getinto
the turbulent flow area and also ensuring that the
well is thick enough and short enough to avoid wake
frequency induced vibration.

Figure 3.3.7.1a - Example of a Thermowell Failure

Fortunately there are tools available that automate
the complex calculations required to select the
proper design for the application. These tools are
defined in ASME PTC 19.3 TW-2010 which is an inter-
nationally recognized mechanical design standard
yielding reliable thermowell guidance in a wide range
if temperature measurement applications. It includes
evaluation of stresses applied to barstock thermow-
ells based on the design, material, mounting method
and process conditions. The dominant factors in this
consideration are fluid velocity and fluid density.
Refer to the Documentation chapter 9.1 for a White
Paper detailing these calculations.

Tip: It is very important to be aware that any process
flow changes from such things as debottlenecking will
have a potentially dramatic effect on the forces on the
thermowell and a recalculation is required to ensure
operation within safe limits.

The long awaited PTC 19.3 TW-2010is a completely
new standard that establishes the practical design
considerations for thermowell installations in power
and process piping. This code is an expanded version
of the thermowell section contained in the PTC
19.3-1974, and incorporates the latest theory in

the areas of natural frequency, Strouhal frequency,
in-line resonance and stress evaluation. It includes

* Expanded coverage for thermowell geometry

 Natural frequency correction factors for mounting
compliance, added fluid mass, and sensor mass

« Consideration for partial shielding from flow

« Intrinsic thermowell damping

« Steady state and dynamic stress evaluations

* Improved allowable fatigue limit definition.
Another factoris that the upcoming edition of

ASME B31.3 will mandate ASME PTC 19.3TW where
applicable.
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Best Practices #9

Category:
Adverse Environmental and Electrical Noise
Application

The Challenge:

The plant site is in an area with frequent lightning
strikes and there are many large motors and their
associated switchgear throughout the site. The
transient voltages and surges in the plant wiring
system are quite dramatic and have an adverse effect
onourfield instrumentation. In addition, there is
high humidity and various chemical vapors in many
of the plant areas where measurements are required.

Analysis and Solution:

The environmental conditions described require
selecting a transmitter that has the capability

to effectively protect the transmitter electronic
assembly from exposure to these elements which are
notorious for seeping into conduit runs and working
their way towards the transmitter.

Single compartment housing transmitters have
the electronics and the field connections within
the same enclosure providing no protection for
any contamination that may enter the housing.
However, a dual compartment housing isolates the
electronic assembly in one sealed compartment
and has the terminal connections in a separate and
isolated compartment thus greatly reducing the
probability of exposure of the electronics to the
adverse elements.

Electronics

Compartment

Terminal
Compartment

Figure 3.1.10.2a - Dual Compartment Housing

Specify a transmitter that has a dual compartment
housing and also offers an internal transient
suppression feature to protect the circuitry from the
spikes and surges from the motors and the lightning.
In addition, the transmitter should have excellent
noise rejection capability for EMI and RFI generated
by the heavy equipment, radios, antenna towers, and
welders. Integrally mounting the transmitter with

the sensor-thermowell assembly reduces exposure
to electrical noise that would be picked up on remote
mounted sensor cable.

Use of properly installed conduit seals, following
proper shielding and grounding practices and speci-
fying integral transient suppression modules for the
transmitters all help to ensure maximum protection.
Note that many external transient protection options
do not offer hazardous area certification as does a
dual compartment housing but may be suitable for
mounting at the receiver end.

Figure 3.1.11.3a - Terminal Strip Mounted Transient Suppressor

\4m*~m\‘

Figure 4.2.5.2.4a - Typical Conduit Seal

Best Practices #10

Category:
Local Display on Transmitter

The Challenge:

On selected transmitters we want to provide local
indication of temperature and the output signal.
Some transmitters will be mounted integrally with
the sensor and others will be remote mounted on a
pipe rack to facilitate operator viewing on routine
rounds and for routine maintenance.

Analysis and Solution:

One Solution uses high end transmitters that
typically offer an LCD option. Display options include
engineering units (°F, °C, °R, °K, Q, and mV), percent,
and mA. The display can also be set to alternate
between the engineering units /| mA, Sensor 1/
Sensor 2, Sensor 1/ Sensor 2 [ Average Temp, or
Sensor 1/ Sensor 2 | Differential Temp.
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e oD

Figure 3.1.3.5b - Remote Mounted Transmitter

The display is configurable to scroll through the
selected values of measured temperature, range,
engineering units, terminal temperature, device
status, error messages and diagnostic messages.
The meter displays the diagnostic error messages

in order of priority with normal operating messages
displayed last. The top line shows the error condi-
tion and the second line shows the cause for that
condition. Configuration may be accomplished using
a hand-held configurator, a laptop, through the DCS
or through an asset management system.

Another solution is using transmitter models that
also offer Local Operator Interface (LOI). The LOI
can be used to locally configure the transmitter and
change the display options.

Figure 3.1.11.2.2a - Head-mount Transmitter with LOI

If the measurement point is not easily accessible,
remote mounting should be considered to ensure
that the operator can easily view the meter face

and conveniently perform maintenance tasks. The
meter face may be rotated in 902increments to
meet viewing requirements. The location should be
protected from physical and adverse environmental
damage and not subjected to sprays or dripping.

Best Practices #11

Category:
Local Operator Interface

The Challenge:

Most of my transmitter installations will be in areas
where electronic devices such as a hand-held
configurator or a laptop computer are not available.
Yet | want the field technicians to be able to change
the configuration of these transmitters on site.

Analysis and Solution:
Specify a transmitter with a Local Operator Interface
(LOI) option.

The LOlinterface provides the ability for local
configuration of the transmitter to make changesin
real time without the requirement to use a laptop or
field communicator. The buttons on the LOl are used
to step through a configuration menu and select the
various options.

Typical Configuration Menu Selections

* Sensor Type

¢ 4mA Value

¢ 20 mA Value

* Engineering Units

* Damping

* Failure [ Saturation Mode

« Line Voltage Filter Frequency

When the LOl is not being used for configuration, it
displays the same information as the standard LCD
including the user’s choice of temperature, units,
outputvalue, etc.

As an alternative when using HART-enabled
transmitters, the configuration procedures may be
implemented using an asset management system.
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Best Practices #12

Category:
Thermocouple Sensor Drift Monitoring

The Challenge:

Our high temperature annealing autoclave operation
is experiencing quality issues due to inaccurate
temperature control. Identification of the bad T/C
measurement has been an ongoing problem that
has resulted in considerable rework and reduced
production. Identification of the drifting measure-
ment quickly before it reaches a value thatimpacts
product quality is an important cost control issue.

Analysis and Solution:

Itis inevitable that a T/C will degrade and drift
over time. The drift is even more rapid at higher
temperatures.

One solution is to change over to dual element T/C
assemblies and upgrade the transmitter to a model
that offers a drift monitoring [ alert option. The
sensor drift alert feature notifies the control system
of the degradation of a sensor that is causing its
measurement signal to drift away from the actual
value, thus decreasing the measurement integrity.
By using two sensor inputs, the difference between
the two sensors is monitored. When the difference
becomes greater than a value entered by the user,
the transmitter sends an alert to indicate a sensor
drift condition.

This solution may be compromised by the fact that
whatever causes the first element to drift will, more
than likely, cause the other to drift sooner rather than
later. This is referred to as common cause. The single
transmitter is also a potential single point of failure.

= nitial Drift Alert
< L Activated
Minimal

Difference

User
Defined
Drift Limits

1Typical Drift Over Time

Time

Figure 3.1.6.7a - Sensor Drift Alert Detects a Degrading Sensor

Another solution is to use two separate T/C assemblies
each with a different T/C element design and/or T/C

type. As above, both would be connected to the
same dual input transmitter with the drift monitor-
ing feature. The assumption is that the common
cause factoris somewhat reduced by adding diverse
sensors but a single transmitter failure remains as a
potential problem.

Athird solution is using two T/C assemblies as in

the above solution coupled with two independent
transmitters. This solution has the highest cost but
provides the greatest potential for a high integrity
measurement. An economic analysis should be made
to balance the cost of a poor or lost measurement
including the cost of lost production (Typically

very large) vs. the instrumentation, installation

and maintenance of the chosen system (known as
cost-benefit analysis).

Best Practices #13

Category:
Minimum-Maximum Tracking for Quality Assurance

The Challenge:

The quality assurance department requires
verification that the product was not exposed to
temperatures outside of the specified curing range.
They require the minimum and maximum tempera-
tures of the curing cycle be provided.

Analysis and Solution:

One solution is to specify a transmitter with HART
protocol that offers a Minimum-Maximum Tracking
feature that can be configured using a hand-held
field communicator, asset management system, or
other communicator to record the minimum and
maximum temperatures obtained since the last
reset.

Another solution is that on some transmitters using
FOUNDATION fieldbus, the Minimum-Maximum
Tracking can be configured to record lifetime
minimum and maximum temperatures with time
and date stamps.

Athird solution is to bring the temperature
measurements into the BPCS/DCS and use logic

to set and reset batch min/max temps and ensure
that the temperatures, resets and required points
are recorded in the historian for trending and cross
correlation.
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Best Practices #14

Category:
Remote Pipeline Temperature Measurement

The Challenge:

Operations have requested that a measurement of
pipeline temperature indication be provided to the
DCS. However, the pipelineisin a remote part of the
plant site separated from the control room by several
roadways and a railroad siding. The cost of running
cable over or under those obstructions is very
expensive and time consuming.

Analysis and Solution:

Wireless transmitters provide for the transmission
of the measurement signal over distances up to
1/2 mile. Refer to the Transmitter chapter 3.1 for
complete transmitter details.

Specify a temperature measurement system using
aspring loaded RTD assembled with an appropriate
thermowell to meet the installation requirements.
Refer to the “Selecting and Installing Your Tempera-
ture Components” section 4.2 for guidance.

Another solution for applications where pipe
penetration is not possible or practical is using a
clamp-on sensor with the wireless transmitter.

Tip: Another application where this concept is very
effective is for ambient temperature monitoring at
various points around a plant site. Wireless transmitters
provide a measurement with very little impact on the
plant infrastructure and at minimal cost.

Figure 3.2.3.5.2b - Surface Mount Sensor with Pipe Clamp
Mounting

Best Practices #15

Category:
Excessive Measurement Drift Error

The Challenge:

We have had many cases of off-spec product produc-
tion due to temperature measurement inaccuracy.
We installed a new smart temperature transmitter
but the problem continues. We are using high quality
three-wire RTDs connected to a remote mounted
transmitter.

Analysis and Solution:

Even though a smart temperature transmitter
compensates for lead resistance for three-wire RTDs,
the compensation assumes that the leads are of
equal resistance.

In the real world however this is never the case. There
is always some difference in resistance of the leads
and extension wire due to wire manufacturing toler-
ances, differing amounts of corrosion under terminal
screws, work hardening by bending in connection
heads etc. that all contribute to some degree to the
leads having different resistances.

Just a 1Q difference can cause an error of 2.5 °Cand
this error will vary unpredictably with changes in
temperature, moisture or corrosive environmental
variation. Differences of several ohms are not
uncommon in field installations.

The solution is to replace the 3-wire RTDs with
4-wire RTDs. The transmitter configured for 4-wire
measurement passes a very small constant current
through the sensor element using two of the leads
and measures the voltage developed across the
sensor with a high precision voltage measurement
circuit using the other two leads. Lead resistance
differences are of no consequence and an accurate
and stable measurement is provided.

Note: All leading transmitters accept either 3 or 4-wire
RTD sensor inputs so there is no need to replace the
transmitter for this upgrade.
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Best Practices #16

Category:
Remote Tank Temperature Profile

The Challenge:

On a curing tank located in a remote area of the plant
itisimportant for product quality to have a uniform
temperature from top to bottom. We want to moni-
tor the temperature profile to assure consistency
within an allowable range. We have determined that
10 to 12 RTD sensors will be needed to establish this
profile. The limited project budget demands that a
very cost effective solution be found.

Analysis and Solution:

Itis clear that individually mounted transmitters
that are individually cabled to the control room
could certainly do the job. However, a much more
cost effective solution is to use multichannel
transmitters that can operate wirelessly. This choice
minimizes transmitter costs vs. individual units and
has the added benefit of using the Wireless HART
protocol that will save considerably on purchase and
installation of long cable runs that would be required
for the individual transmitters.

Using a 4-channel high density transmitter featuring
Wireless HART protocol provides a very cost effective
solution. Three units can be mounted on or near the
tank to minimize the length of sensor leads.

Fully compatible with any WirelessHART™ network,
the wireless solution provides the same rich diagnos-
tic data and reliable performance as other devices

in the HART smart wireless family and is compatible
with existing HART configuration tools and asset
management systems. It accepts four individually
configured sensor inputs and continuously monitors
measurement integrity. The device is self-powered
and utilizes technology to provide an intrinsically safe
power module with long battery life.
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Figure 3.1.2.3c - Temperature Profiling a Reactor

Best Practices #17

Category:
Add-On Measurement without a Thermowell

The Challenge:

Process Engineering has requested a temperature
measurement in a pipeline in a remote area of our
plant site that is associated with a continuously
running process. They want the measurement

now and any shutdown of the process to install a
thermowell cannot happen for many months. We
want a temporary solution to get us through to the
next scheduled process shutdown where along term
solution can be implemented with the installation of
athermowell-sensor assembly. We want to reuse the
same transmitter at that time.

Analysis and Solution:

Fortunately this problem has a reasonable solution
although with some caveats. There is a whole family
of surface mounting sensors that can mount a sensor
externally to your pipe. There are contact block [ pad
where the sensor is built into a block of metal that

is fastened to the surface by bolts, screws, clamps,
magnets or welds. The magnetic-mount uses one

or more magnets to hold a tip sensitive T/C sensor
against the surface of the vessel or pipe. This style is
easily moved from place to place and accommodates
irregular surfaces. For pipeline applications a pipe

clamp-on style with an RTD sensor is usually the best
solution for ease of installation combined with better
response characteristics than some of the other
styles.

Surface measurement is only as reliable as the
temperature on the surface of the pipe or vessel. In
general, the goal is to maximize heat conduction
from the pipe or vessel surface to the sensing
element. Good thermal contact is necessary as well
as using thermal insulation to minimize the loss

of heat energy from the surface of the pipe to its
surroundings. The insulation should cover the sensor
and the lead wires for some distance to minimize any
conduction heat losses to the leads. This helps to as-
sure that that the sensor s at, or as close as possible
to, the actual surface temperature of the pipe which
is assumed to be at the process fluid temperature.
Process fluid flow rate and rate of temperature
change significantly influence this assumption. Dif-
fering thermal coefficients of expansion of the pipe
and the mounting assembly must also be considered
to minimize stress to the sensor that would degrade
the measurement or even destroy the sensor.

When long distances are involved for the measure-
ment point to the control system, a wireless
transmitter mounted near the pipe clamp sensoris a
cost effective solution compared to long cable runs.
Of course this same transmitter can later be used
with the sensorinstalled in the future thermowell
upgrade to provide improved performance and
accuracy.

Figure 3.2.3.5.2b - Surface Mount Sensors - Pipe Clamp
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Best Practices # 18

Temperature Measurement Engineering

Category:
EMI and Surge Withstand Concerns

The Challenge:

A global company has plant sites in North America,
Europe, Asia, and South America. There are some
plants with heavy equipment that generates
significant Electromagnetic Interference (EMI), the
older plants have questionable grounding schemes
that often affect measurement integrity and others
have a history of power surges from frequent
lightning strikes. Our older generation transmitters
are quite susceptible to these adverse conditions
and are adversely affecting temperature control
causing repeated process upsets and unscheduled
shutdowns.

Analysis and Solution:

Asuggested solution is to upgrade these
transmitters and standardize on the temperature
transmitters used on a corporate global basis. The
most efficient and therefore cost effective solution
is to select a single vendor solution that offers the
appropriate options that will provide immunity to
the adverse conditions found in many of these plants
and assure that they can comply with applicable
codes and approvals in the various countries. Select
asupplier that can provide one model series that
will meet these needs with global availability. This
path will save time and money by standardizing on
one specification, larger quantity ordering, unified
inventory, common installation practices, uniform
maintenance procedures and standardized operator
and instrument technician training.

Some of these options that address the problem
areas include:

e Fullinput-output galvanicisolation that will
prevent ground loops that can result from
improper grounding of field equipment and that
can dramatically affect measurement integrity.
Anisolated transmitter also has provision to block
both normal mode and common mode voltages
that may inadvertently come in contact with the
measurement circuit.

* For high EMI environments that can cause inter-
mittent sensor signals to the transmitter, an open
sensor hold-off option detects a false open sensor

condition and performs calculations to determine
when the transmitter should send an indication to
the control system. For example, the transmitter
determines if an open sensor event has actually
occurred or a high voltage transient event, such as
lightning or electrostatic discharge, has caused a
false open sensor condition. To avoid an unneces-
sary alarm and possible process control disruption,
the established temperature value continues to be
sent until the transmitter identifies the true source
of the condition and takes the appropriate failure
action only upon a verified sensor failure.

Operator Trend Views

Disabled Enabled

Temperature
Temperature

Time Time

Figure 3.1.6.2a - Open Sensor Holdoff Option

« For applications exposed to severe vibration or
significant electrical surges the Intermittent
Sensor Detection feature recognizes intermittent
sensor signals from conditions like high vibration
or a noisy environment that may cause incorrect
intermittent temperature readings and rejects
them. By disregarding these temperature spikes,
sensor signal interruption is prevented and the
last known reliable temperature continues to be
transmitted thus saving a potential process upset
or trip condition.

The vendor should offer a complete capability

to meet agency approval requirements in most
countries for explosion proof, watertight, Intrinsi-
cally Safe and also assure that Electromagnetic
Compliance (EMC) requirements are met.

Operator Trend Views

Disabled Enabled

Temperature
Temperature

Time Time

Figure 3.1.6.3a - Intermittent Sensor Option
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Best Practices #19

Temperature Measurement Engineering

Category:
Thermal EMF Compensation

The Challenge:

Inan RTD thereis a junction inherent in the sensor
probe wherein copper lead wires are welded to the
platinum or nickel sensor wire. There may also be
otherjunctions in the measurement loop. Every
connection made with dissimilar metals creates an
unwanted thermocouple in the measurement circuit.
Each of these unwanted thermocouples generates an
error voltage that varies with temperature gradients
in the system. These can be on the order of many
microvolts that can cause significant errors in RTD,
strain gauge, and low-ohms measurements.

How do we account for this dynamic errorin our
measurement?

Analysis and Solution:

EMF Compensation monitors RTD sensor loops and
filters out small voltages, allowing the transmitter to
provide sensor measurements that are unaffected by
thermal EMFs, resulting in a more reliable tempera-
ture measurement.

Best Practices #20

Category:
Efficient Chiller Control

The Challenge:

The chiller pump speed is controlled based on the
differential temperature of the incoming vs. the
outgoing chilled water temperature. An accurate
measurement has a direct effect on energy usage of
the chillerand product quality in the client process.
An error on the low side could cause excess wasted
cooling while an error on the high side provides
inadequate cooling to the downstream process
resulting in quality issues. Small errors can have
major consequences.

Analysis and Solution:
There are several possible solutions for this applica-
tion listed in order of preference:

* The two RTD sensors could be connected to a
single transmitter offering a dual input differential
temperature option. The output representing the

differential temperature is then connected to the
DCS for control implementation.

— Specify a transmitter that offers a dual input
capability and can be configured to compute the
differential of the two RTD inputs as the output
to the DCS.

- When used with two High quality RTD as-
semblies, each with calibration data, a highly
accurate and stable differential measurement
can be made

- The transmitters may be configured to drive to
aknown value upon failure of a sensor such that
control can go to a fail-safe value.

Sensor
Connection

Head/

Process Pipe

i-= =
% e -
i-=- l —
% » —— -
Thermowell /

Transmitter

Dual Sensor Application with Integrally Mounted transmitter
and remote sensor

 Two individual temperature transmitters with
eitherintegral or remote RTD sensor assemblies
could be installed and connected to the DCS and
again the differential is calculated and control
implemented.

- While this solution will produce excellent results,
it has the associated cost of a second transmitter
and its associated installation and maintenance
costs as well as programming costs in the DCS

Two RTD sensors could be installed and directly
connected to the DCS where the differential could
be calculated and control implemented.

- While this option appears to be the simplest and
most robust since there is only one electronic
device, there are costs involved with running
multi-conductor sensor cables
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- Sensor signals are much more susceptible to EMI
and RFI causing likely unpredictable errors than
are 4-20 mA signals

- Accuracy is not as good as using a transmitter

- There are DCS programming costs.

Best Practices #21

Category:
Fast Response and High Precision Requirement

The Challenge:

The process in one of our reactor vessels is very
dynamic as the vessel reaches the critical reaction
temperature of 125 °C + 0.2 °C (257 °F) with rapidly
rising process temperature. If the temperature is not
closely controlled at this point, off-spec product will
result with an enormous cost of reprocessing and lost
production time. We need a very fast responding and
accurate temperature measurement system.

Analysis and Solution:

Athin film spring loaded style of RTD matched to

a high performance remote mounted transmitter

is going to provide both precision of measure-

ment and fast response. Remote mounting the
transmitter eliminates the potential transmitter
over-temperature exposure of integral mounting on
a high temperature vessel.

External
Lead Wires

Threaded
Adaptor

Sensor Compression Potting
Sheath Spring Seal

Figure 3.2.3.1.2b - Spring Loaded Sensor

However, the limiting factor for speed of response

is the time lag associated with the thermowell. It is
intuitively clear that the larger the mass that needs
to respond to the changing temperature, the longer
it will take to reflect the change to the transmitter.
Therefore the goal is to minimize the associated
mass of the sensor-thermowell assembly and ensure
that the sensoris spring loaded and snug fitting in
the thermowell. Use of a thermally conductive fluid
between the sensor and the well will improve the
speed of response as well.

3 s

Figure 3.1.3.5b - Remote Mounted Transmitter with LCD

A stepped design thermowell will provide the fastest
response as compared to straight and tapered
designs of the same root diameter. In selecting the
thermowell consideration must be given to the
material selection, the mounting style, the pressure
rating and potential for flow induced vortex shedding
vibration. A careful wake frequency analysis must be
made to ensure consideration of these factors and
compliance with codes and recommended practices.
Detailed guidance and procedures are spelled out in
ASME PTC 19.3 TW 2010 which is described in detail
in Chapter 3.3 Temperature Measurement Basics.
See also the Thermowell Calculations white paperin
section 9.1.

For low pressure [ low flow applications, a thin wall
protection tube may offer a faster response than a
barstock type of well.

For optimal performance, a factory assembled
system of sensor and transmitter complete with
sensor-transmitter matching using the Callendar van
Dusen constants of the sensor (CVD) will ensure the
best possible solution. A top of the line transmitter
from aleading manufacturer offers the ultimate in
performance and features for such applications.

With a cost-benefit consideration, two complete
transmitter-sensor assemblies may easily be justified.

For an even more robust system three measure-
ments could be taken and the DCS could select the
middle value of the three as the “good” signal. See
the Analysis and Solution for Best Practices #4 and
#20 for more detail on this solution.
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System Accuracy Comparison at 150 °C

Standard Sensor

o 0 High Accuracy Transmitter:  +0.10 °C
~+;| Standard Sensor: +1.05°C
3

g 075 Total System*: +1.05°C
3

3

T s Sensor with CVD Option

2 High Accuracy Transmitter: = 0.10 °C
B o5 Sensor with CVD: +0.18°C
g Total System*: +0.21°C

Standard Sensor
Sensor with CVD
Constants

*Total System Accuracy =
(transmitter accuracy)? + (sensor accuracy)?

Figure 3.1.4.3.3a - Sensor - Transmitter Matching

Best Practices #22

Category:
Safety Certified Transmitters

The Challenge:

Our new reactor includes a Safety Instrumented
System (SIS) that will have several temperature loops
that will require use of safety certified transmitters.
Most of the transmitters are associated with safety
functions that have been designated as Safety
Integrity Level (SIL) T and the balance of them are
SIL2.

The Basic Process Control System (BPCS) also

has several temperature measurements that

do not require any certification. For purposes of
standardization we would like to use the same model
instruments wherever possible.

Analysis and Solution:

Atransmitter to be used for a safety function in an SIS
must meet certain design and performance criteria
and be certified for use in accordance with IEC 61508
or IEC61511.

Specify a transmitter that carries the required safety
certification as specified for this project. A typical
certification document states that “the transmitter
is certified to IEC61508 for single transmitter use

in Safety Instrumented Systems up to SIL 2 and
redundant transmitter use in Safety Instrumented
Systems up to SIL 3. The software is suitable for SIL 3
application.” There will be a yellow Safety Tag on the
transmitter.

Although there is a “proven-in-use” clause in the
IEC 61511 standard that allows use of non-certified
devices in safety functions, it carries the burden of
laborious record keeping of failure related informa-

tion for alarge number of installations of the same
modelin similar applications over long time periods.
Use in safety related systems is at the owner’s
discretion.

Best practice indicates that designing your system
around an IEC 61508 certified instrument avoids the
laborious and expensive record keeping for proven-
in-use devices. It should be noted that many vendors
offer the same basic product for both process control
and safety applications. There is benefit to using the
same models as are used in the basic process control
system (BPCS) to take advantage of the history of
installation and operation knowledge that already
exists as well as reducing spare parts inventory.

A certified transmitter with a Safe Failure Fraction
(SFF) of 90 or above allows using only a single trans-
mitter to meet the SIL 2 requirements. However,

a Safety Instrumented Function (SIF) is assigned a
Safety Integrity Level SIL) during risk analysis. All of
the components of the SIF are considered together
in performing a SIL compliance calculation. The
result is that, even though the transmitter is certified
up to SIL2 as a single device, the limitations of the
sensor and the final control element (usually a valve)
typically demand a redundant configuration of 1

out of 2 (1002) or 2002 to meet a SIL 2 requirement.
Therefore, most safety engineers follow the path of
using two transmitters to provide a layer of hardware
redundancy for fault tolerance.

A best practice consideration is to specify remote
mounted transmitters. The separately mounted
sensor assemblies will be easy to remove from
service for testing greatly facilitating and improving
the proof testing of the sensor assemblies.

Best Practices #23

Category:
Temperature Profile of a Reactor Vessel

The Challenge:

Some reactors and distillation columns rely

heavily on maintaining a specific temperature
profile. To achieve tight temperature control requires
continuously monitoring the temperature of specific
reactor tubes to identify hotspots that could lead to
off spec production. There are to be well over 100
measurements.
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Analysis and Solution:

One option is to individually mount transmitters as
these can provide highly reliable measurements to
the control system to address the hotspot identifica-
tionissue. However the cost of purchase, installation
and maintenance will be significant.

A much more cost effective solution is to use high
density multichannel transmitters. There are
models that use WirelessHART™ technology and
other models that incorporate FOUNDATION™
fieldbus. Some fieldbus models have a measurement
validation diagnostic available that provides insight
into the process and can identify measurement
abnormalities like sensor degradation, drifting,
excess rate of change, etc. before they become a
major issue, saving the time and money associated
with unscheduled process shutdowns and helping to
run the process more efficiently.

Figure 3.1.2.3c - Temperature Profiling a Reactor -
WirelessHART™ Solution

Both solutions can be very cost effective as compared
toindividual hard wired transmitters however; the
FOUNDATION™ fieldbus approach is more widely
accepted for continuous control applications.

Foundation Fieldbus Solution

Depending on the temperature range, plant
preference, and the degree of precision required,
T/Cs or RTDs could be selected. T/Cs will provide a
less accurate measurement and are more subject to
drifting and EMI. Refer to section 4.2.3.1- Compari-
son of RTD vs. T/C for a more detailed discussion.
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Best Practices #24

Category:
Custody Transfer in Accordance with Measurement
Instruments Directive (MID) for Europe

The Challenge:

In addition to the measurement precision typically
required for a custody transfer application, the
system must also be certified to the European Union
Measurement Instruments Directive for custody
transfer of liquids and gases.

Additional conditions and requirements include:

* The system must be supplied as a preassembled,
tested, calibrated and certified assembly from the
vendor

* The potential cost savings associated with a highly
accurate temperature compensation demand
that this system provides the best accuracy and
stability possible

Analysis and Solution:

The temperature system selected must have been
certified to meet the MID for custody transfer of
liquids and gases.

Specify that the system is to be supplied as a preas-
sembled, tested, calibrated and certified system
with sensor-transmitter matching using the sensor’s
Callendar-van Dusen constants. The matching
process will provide an accuracy of about

+0.2°Cor better.

Install, commission, and operate the system in
accordance with plant policies and procedures.

Best Practices #25

Category:
High Temperature - High Pressure Gasification

The Challenge:

The gasification process in the oil and gas, refining,
and power industries impose difficult conditions for
the measurement instrumentation with tempera-
tures as high as 1800 °C (3272 °F), pressure up to 65
bar (943 PSIG), and process generated contamination
that poisons thermocouples. (Corrosive components
in the atmosphere may permeate the T/C sensor

sheath and cause rapid deterioration of the T/C
junction with related degraded accuracy.) Frequent
thermocouple failures require an unplanned
shutdown for replacement with the associated loss
of production availability and resulting higher cost
of operation. In some applications damage occurs to
refractory linings incurring further delays and costs.
There are also safety and environmental issues that
result from leakage of flammable and toxic emis-
sions from these failed thermocouples. Potential
consequences include damage to equipment,
personal injury, OSHA infractions, and EPA violations.

Analysis and Solution:

Rosemount is one of the very few manufacturers
that offer a high temperature-high pressure
thermocouple solution called the “Sapphire High
Temperature Sensor”.

The Sapphire sensor is designed to withstand
temperatures up to 1800 °C and pressure up to 65
bar (943 PSIG). The gas-tight sapphire protection
tube is hermetically sealed to its support bushing
using a patented process to protect the T/C sensor
from poisoning from the destructive atmosphere
within the gasifier thereby extending its useful life
dramatically - often by as much as two or three to
one. Additionally it has a dual redundant pressure
seal to eliminate any toxic or corrosive leakage. The
process flange and the connection housings are
optionally available as a forged assembly to address
leakage concerns of hydrogen containing gases.

The thermocouple degradation feature continually
monitors the resistance of the thermocouple loop.
If the resistance goes above a certain designated
trigger level, an alert is sent suggesting sensor
replacement. The degrading thermocouple can

be caused by wire thinning, sensor breakdown,
moisture intrusion or corrosion and can be an indica-
tion of an eventual sensor failure. Identifying this
degraded condition prior to a complete T/C failure
could prevent an unscheduled process trip and save
an expensive unscheduled shutdown.

Sapphire High Temperature and High Pressure Sensor Assembly
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Sapphire High Temperature and High Pressure

Best Practices #26

Category:
Chemical Process Fractionation Temperature
Gradient

The Challenge:

To optimize column throughput and still maintain
product quality and purity requires monitoring and
control the temperature gradient in a product distil-
lation column. Close temperature control optimizes
the product quality and throughput at each of the
cut points where the various components or frac-
tions are drawn off. However, it is often impractical
from a cost point of view to penetrate the side of the
column for each measurement and a top penetration
will be used for all 12 required measurements.

Analysis and Solution:

A multipoint RTD sensor is a very effective solution
for this application. It uses a single tank penetration
and has multiple RTD sensors in a single thermowell.
Aradial spring design provides spring loading of
each sensor against the inner wall of the thermowell
for optimal response. The assembly will have many
four-wire RTDs spaced at user-specified points over
its length. (Maximum length is 10,000 mm / 33 ft)

It can be supplied with a thermowell or can be
fitted into an existing thermowell with proper bore
diameter and internal finish.

Multipoint Sensor

There are several alternatives for transmitters with

the highest performance offered by top-of-the-line
individual transmitters from major manufacturers.

Multipoint transmitters are another alternative.

Figure 3.1.10.3b - Multichannel Rail-Mount Transmitters

Since the measurements will be in a chemical pro-
cessing unit, it is expected that the area classification
will most likely require explosion proof certification.

Best Practices # 27

Temperature Measurement Engineering

Category:
Smoke Stack Flare Monitoring

The Challenge:

Our vent stack uses a continuously burning pilot
flame to ensure that any combustibles exiting the
stack are flared off. If the flare fails, combustible and
potentially toxic fumes could be exhausted causing
adangerous condition in the area and potentially
violating EPA regulations. We need to install a high
reliability pilot flame temperature measurement
system that can be locally monitored at the base of
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the stack and that will transmit a reliable signal back
to our control room. Due to the difficulty of sensor
replacement on this tall stack, we want to consider
sensor redundancy.

Analysis and Solution:

The challenging conditions for this application sug-
gest that a temperature system with a remote mount
transmitter mounted at the base of the stack with an
LCD indicating option would provide a very effective
solution. This configuration removes the transmitter
from the adverse heat and contamination at the
stack exit and facilitates maintenance.

With the LCD the area operator can verify that the
pilot temperature is within range and also see any
diagnostic alerts.

The flame monitoring sensor should be specified as a
dual element isolated T/C assembly that will provide
the redundancy needed for a longer service life. Refer
to the Sensors Chapter, Section 3.2.4.3.1 for more
information.

The transmitter should be specified with a hot
back-up feature. The Hot Backup® feature is the
ability of the transmitter to automatically switch
the transmitter input from the primary sensor to
the secondary sensor should the primary sensor
fail. This prevents a process disruption due to the
failure of the primary sensor. A maintenance alert is
also generated to notify operators that a sensor has
failed and hot backup is active. In this way, a critical
temperature measurement is not lost, and pilot
flame integrity is assured.

To account for the potential for an intermittent
sensor signal due to wind gusts blowing the pilot
flame away from the sensor, the transient filtering
option should be activated in the transmitter.

Best Practices #28

Temperature Measurement Engineering

Category:
Fluid Catalytic Cracker (FCC) Temperature Profile

The Challenge:

In petroleum refining, cracking is the process
whereby complex organic molecules are broken
down into simpler molecules such as light hydro-
carbons. The rate of cracking and the end products
are strongly dependent on the temperature and
presence of catalysts. Optimum catalyst life and
product throughput are heavily dependent on
maintaining a consistent temperature profile over
the height of the vessel and eliminating hot spots.
Our analysis indicates the requirement for 50
measurements evenly spread over the height of the
18.3 m (60 ft) column.

Itis impractical to make penetrations through the
side of the column so that all measurements must be
made from the top of the vessel where a thermowell
was installed at the time of construction.

Analysis and Solution:

The application as described is a classic case that has
a cost and performance effective solution by using
amultipoint thermocouple probe assembly. There
are models available that can accommodate up to 60
sensing elements that are ideal for such applications.
For lengths over about 10m (33 ft) they are provided
in a flexible design that may be coiled for shipping
and to assist in installation.

The T/Csignals can be connected directly to the
control system or used with either single channel
transmitters or multipoint transmitters. Optimal
performance is always ensured by using a transmit-
ter. Direct connected sensors using the required
special extension cables are much more subject

to signal degradation and deterioration than the
robust signals from transmitters and are often more
expensive to purchase, install and maintain. Refer to
the Engineering and Design Chapter, Section 4.3.4
for more details.
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Best Practices #29

Temperature Measurement Engineering

Category:
Electrowinning and Electrorefining of Metals

The Challenge:

The processes of electrowinning and electrorefining
both rely on close control of bath temperature and
of the voltage applied to the electrodes for optimiza-
tion of plating time and energy usage efficiency.

A processing room may have hundreds of processing
tanks spread over alarge area. Each tank requires
atemperature and a voltage measurement. For
Electrowinning the measured voltage is in the range
of 0-10 Volts and for Electrorefining the range is
1-1000 mV.

The environment in the room is very acidic making
corrosion of cables and conduits an expensive
maintenance issue. There are also strong electro-
magnetic fields around the tanks that can influence
electronicinstruments.

Analysis and Solution:

Not all wireless solutions are created equally. There
are products using versions of the 802.11 wireless
standard and others using proprietary protocols that
are susceptible to the kinds of interference prevalent
at electrowinning and electrorefining facilities and
therefore have performance issues.

However, multichannel transmitters using the
WirelessHART™ protocol are far more robust and
will function reliably under the adverse conditions
described.

WirelessHART™ is an open-standard wireless
networking technology developed to complement
the existing HART standard and is in conformance
with International standard IEC 62591 WirelessHART
Architecture.

One four channel transmitter can accept eithera 0-1V
ora0-10V voltage signal and a temperature sensor
signal from each of two tanks and transmit the signal
reliably to the control room from the tank room.

The self healing mesh architecture with channel
hoping and redundant paths easily compensates for
reflected signals by the cranes or moving stacks of
cathodes.

The wireless solution eliminates the need for the
cable trays, conduits and high maintenance costs
associated with using individual transmitters.

Best Practices #30

Temperature Measurement Engineering

Category:
Hydrocracker False Temperature Reading
Control Issues

The Challenge:

The hydrocracker unit has a high temperature and
high pressure exothermic reaction that is adversely
affected by invalid temperature measurement
readings. As the thermocouples (T/C) degrade over
time false high readings occur which often trigger an
unnecessary nuisance shutdown.

Additionally, the readings are often on scale and
appear to be good when in fact they are invalid due
to drift or noise interference.

High Alarm

Sensor Reading\

Temperature

Actual ProcessTemp

Low Alarm

Time

Itis also important to detect rapidly increasing
temperatures that indicate a runaway reaction such
that it may be contained.

Otherinvalid measurement issues are:
« Inefficient energy usage

- Wasteful heating/cooling system responses to
aninaccurate temperature

 Decreased product yield and throughput

- Inaccurate temperature can lead to less than
optimal reaction conditions

¢ Off spec product

- Inaccurate temperature in extremely sensitive
process can lead to unusable product/ waste

¢ Unnecessary process shutdown

- False high temperature reading can triggera
nuisance shutdown alarm

¢ Unsafe process conditions

- False low readings cause the process to run
hotter than you think itis
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- There are always safety issues associated with
unnecessary shutdown caused by false high
readings

Analysis and Solution:

Transmitter technology is continually evolving
and new options and features become available
to address issues such as those described in the
challenge above.

One of the newer features is a measurement
validation diagnostic available on some top-of-the-
line transmitters that incorporates an algorithm to
evaluate the variation in the raw signal input to the
transmitter to detect significant changes in the signal
trend that may indicate a failing or degrading sensor
or connection.

This evaluation helps to identify degraded sensors
that can produce on scale readings that are
inaccurate prior to actual sensor failure.

The diagnostic can also detect abnormally fast
process changes by calculating change in tempera-
ture divided by change in time to identify a potential
runaway reaction scenario and contain it before any
damage can be done.

By continually validating the measurements the
control system may be configured to reject those
thatare invalid and thus maintain reactor control.

By identifying sensors that are degrading before they
fail, preventative maintenance can be performed
without interrupting the process.
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7.1 - Transmitters

Features
Performance Superior Good Basic Good
Sensor Inputs 2 1 2 1 8
5
o
= RTD, T/C,
Inouts Suoported RTD, T/C, RTD, T/C, RTD, T/C, RTD, T/C, Ohm, mV,
P PR Ohm,mV | Ohm,mV | Ohm,mV | Ohm,mvV 0-10V,
4-20mA
HART 4-20mA [ J O [ J [ ) O
FOUNDATION
2 | Fieldbus 1 o 1 o 1
o
o)
O | Profibus O O o O O
WirelessHART O ® O [ ) o
2 | Field-Mount o [ J [ J ([ J ([ J
(%)
g Head-Mount O O o (] O
5
O
= | Rail-Mount O O ) o ®
2 | Dual Compartment () o O ([ J O
2>
O @ |Single
T
Compartment o o L L L
% Standard [ ] [ ] [ ] O O
8 O
= | Local Operator
a)
Interface O O o O O
% | SIS Safety-Certified
z g
% to IEC 61508 ® O ® O O
E
» | Integral Transient
%)
S | Protection ® O ® O ®
=
KEY: @ Availaible O Not available

-
w
[*]
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Features
Hot Backup®
Feature 1 o o O O
Sensor Drift Alert ® @) ([ O O
T/C Degradation o O o O O
Measurement
Validation o o O O o
Transmitter —
Sensor Matching [ ) [ ] o [ J O
«» | with CVD
©
=
,j("é EMF Compensation (] O ( ® ®
3
@
CSD Diagnostics Log ) @) ) O O
®©
g
S | Minimum and
i Maximum Tracking L o L4 O ©
<
2 | Configurable
IL | Process Alerts L 4 i © i
g
=" | Differential
£ | Temperature o © o © o
Average ° 0 ° 0 PY
Temperature
Open / Short
Sensor 1 1 o o o
Open Sensor
Holdoff L4 L4 ® o o
Transient Filtering o o o [ J [ J
Line Voltage Filer o o o [ J [ J

KEY: @ Availaible O Not available
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7.2 — Sensors and Thermowells

Features

Description

RTD Sensor

RTD Sensor

RTD Sensor

Thermocouple
Sensor

Thermocouple
Sensor

Temperature
Range

Temperature
Limits

196 t0 600°C
(-321 to 1112°F)

-50 t0 400°C
(-58 to 752°F)

-200 to 600°C
(-328 to 1112°F)

-40 o 1000°C
(-40 to 1832°F)

-180 to 1150°C
(-292 t0 2102°F)

Thermocouple
Type

H|lw|D|Z|X|~|mM|T

RTD Element
Design

Wire Wound

Thin Film

Number of
Sensor Elements

Single

Dual

Accuracy

Class A

Class B

CVD Available

Class 1

Class 2

Special Limits
of Error

Standard Limits
of Error

Sensor Styles

DIN Plate

Spring-loaded Adapter

Welded Adapter

Bayonet

Adjustable Fitting

Capsule Only

Sanitary Tri-Clamp

Thermowell

Barstock

Integral
Protection Tube

Integral Barstock
Thermowell

Stem
Designs

Straight

Tapered

Stepped

Straight Tapered Straight

Thermowell
Material

316 Stainless Steel

304 Stainless Steel

Titanium

Carbon Steel

Alloy 20

Alloy 400

Alloy 600

304 Stainless Steel with
Teflon Coating

Mounting
Configurations

Flange

Welded

Threaded

Pipe Clamp
Material

304 Stainless Steel

Duplex

O e oo © © o e e e e e Ceee e e O00oovee o |0C|0Cee e e e e 600 0C|000O|0|0

O e o e © © e e e e e e ceee e O oceeeeeO O | 0C|0Ceeo|CleeOO|O|0|0|0|O|0|0

OlCloe 00 ® © 0000 e e Oeee e O Oeeeee O O O0|0Cee e e eO0 6O O000O|0|0|0|0

O e oo © &6 o6 e e e e ceee e e O000ollee O |0C|Cle00OC|eeOC0leO|C|ee e e O

Oe oo © © e e e e e e Ceee e O oceeeee0O O |6 OC000C|eeOOeO|0C|C|e e eO0

KEY: @ Availaible

O Not available

Sapphire, Multipoint, and Surface Sensor
designs are also Available
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Description

RTD or
Thermocouple

Precious Metal
Thermocouple Sensor

Cutable
RTD Sensor

Sanitary RTD
Sensor

Sanitary RTD
Sensor

Temperature
Range

Temperature
Limits

-196 to 1000°C
(-321 to 1832°F)

-40 to 1800°C
(-40 to 3272°F)

-50 to 200°C
(-58 to 392°F)

-50 to 450°C
(-58 to 842°F)

-50 to 200°C
(-58 10 392°F)

Thermocouple
Type

|0 |D|Z|XN|<|m|T

RTD Elemental
Design

Wire Wound

Thin Film

Number of
Sensor Elements

Single

Dual

Accuracy

Class A

Class B

CVD Available

Class 1

Class 2

Special Limits
of Error

Standard Limits
of Error

Sensor Styles

DIN Plate

Spring-loaded Adapter

Welded Adapter

Bayonet

Adjustable Fitting

Capsule Only

Sanitary Tri-Clamp

Thermowell

Barstock

Integral
Protection Tube

Integral Barstock
Thermowell

Stem
Designs

Straight

Tapered

Stepped

Straight Tapered Straight

Thermowell
Material

316 Stainless Steel

304 Stainless Steel

Titanium

Carbon Steel

Alloy 20

Alloy 400

Alloy 600

304 Stainless Steel with
Teflon Coating

Mounting
Configurations

Flange

Welded

Threaded

Pipe Clamp
Material

304 Stainless Steel

Duplex

O|0|0|O|0| O |O|O|O|O|O|O|0|O|O|O0|0| O | O |O|O|O|O|0|0|C|l@| O |@®@ O/ 000 e e e C e e e e e e e el

Oo|0|l@|O|@ O |[O|O|O0|0|O|O0|0|0|O0|@| O | @ |[O|O|O|@O|0|O|0| O |0 @/@|O|O|0|e@OC|0|0/e/e|C|®@ O|0|e

O|0|0|O|O0| O |O|O|O|0|O|O|0|O|O|0|0| O | O |O|C|®|@O|O|O|O| O | O [O|0|0C|®@|O|0|®|e®@|O|O0|0|0|0|0|0|0|0

OolCle®® O |[O|O|O|0O|O|O|@|O|OOC|®@| O | @ O|®@|O|O|O|O|C|l@®@| O | O [OC|e|® @ e e e O 0000|0000

O|0|0|O|@| O |O|O|O|O|0|C|@|OC|@C|®@ O | ®@ O@®@O|0|0|0|0|0| O | O |OC|e|@|O e e e O|0|00|0l0|0|0|0

KEY: @ Availaible

O Not available

Sapphire, Multipoint, and Surface Sensor
designs are also Available
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7.2 — Sensors and Thermowells

4
Description TEarstock Barstock Barstock Thermowell v Non-Intrusive
ermowell Thermowell for 1067 Sensor Pipe Clamp Sensor

Temperature Temperature -200 to 300°C

Range Limits (-328 to 572°F)
B @) O O O
E @) O O O
J @) O O O
Thermocouple K o © o o
Type N O O o O
R O [©) O )
S @) O O O
T O [©) O O
RTD Elemental Wire Wound O O O [
Design Thin Film O O O O
Number of Single ] O ] [ J
Sensor Elements Dual @) @) @) [
Class A ] O O [ J
Class B O O O [ J
CVD Available ] O O O
Class 1 O O O O
(BB Class 2 O ] O O
Spegi s o o o o
gftag:?oarrd Limits o) 0o o o
DIN Plate ] O O O
Spring-loaded Adapter O [®) [®) [
Welded Adapter O O O ]
Sensor Styles Bayonet O O O O
Adjustable Fitting O O O O
Capsule Only O O O O
Sanitary Tri-Clamp O [ ] O O
Barstock [ [ ] [ J O
Thermowell grtc?t%rstlion Tube o o o o
et sk o o o o
Straight [ [ ] O O
Stem Tapered [ J [ J O [®)
Designs Stepped o [ O @)
Straight Tapered Straight O O [ ] O
316 Stainless Steel [ ] [ ] [ O
304 Stainless Steel o [ ] [ J )
Titanium [ ] [ ] [ J O
Carbon Steel [ J [ J [ J O

Thermowell

Material Alloy 20 o [ ] o O
Alloy 400 [ ) [ ] [ O
Alloy 600 ) ® ) @)
Toton Coatng o ° o o
: Flange [ ] [ ] [ ] O
Cor\r?f(i);lﬂgrt]i%ns Welded L L L o
Threaded o [ ] O )
Pipe Clamp 304 Stainless Steel O O O [ J
Material Duplex (@] O O o

KEY: @ Availaible O Not available Sapphire, Multipoint, and Surface Sensor

designs are also Available
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8.1 —Tables

Thermocouples

TABLE

8.1.1 T|CTypeB-Thermoelectric Voltage (°C).....
8.1.2 T|CTypeB-Thermoelectric Voltage (°F)
8.1.3 T|CTypeE-Thermoelectric Voltage (°C)
8.1.4 T|CTypeE-Thermoelectric Voltage (°F)
8.1.5 T|CType]-Thermoelectric Voltage (°C).....
8.1.6 T|CType]-Thermoelectric Voltage (°F)..
8.1.7 T|CTypeK-Thermoelectric Voltage (°C)
8.1.8 T|CType K- Thermoelectric Voltage (°F)

TABLE
8.1.9
8.1.10
8.1.1
8.1.12
8.1.13
8.1.14
8.1.15
8.1.16

T/CType N - Thermoelectric Voltage (°C)
T|CType N - Thermoelectric Voltage (°F)
T|CType R - Thermoelectric Voltage (°C)

T|CType R - Thermoelectric Voltage (°F)
T|CType S - Thermoelectric Voltage (°C)

T|CType S - Thermoelectric Voltage (°F)..
T|CType T - Thermoelectric Voltage (°C)..

T|CType T - Thermoelectric Voltage (°F

To calculate the mV value to be applied during a calibration, use the values in these T/C thermoelectric voltage tables.
Note these values in these tables have compensated values based on the CJC at the ambient temperature of 0°C (32 °F).
Ina application where the ambient temperature is not at 0 °C (32 °F), follow the example below for calculating the mV value

for the calibration.

What is the mV value for a Type KT/Cat 400 °C (752 °F) at an ambient temperature of 20 °C (68 °F)?

Type K chart mV value at 400 °C (752 °F): 16.395 mV

mV value at the ambient 20 °C (68 °F): 0.798mV

16.395mV - 0.798mV = 15.597mV

Apply 15.597mV with the mV source to achieve the 400 °C (752 °F) input in the transmitter or other device

that supports CJC.

T/C Type B - Thermoelectric Voltage

As a Function of Temperature (°C) Reference Junctions at 0 °C
Reference Standard: NBS Monograph 125 and BS 4937 parts 1-7

Table 8.1.1 Thermoelectric Voltage in Absolute Millivolts

°C 0 1 2 3
0 0.000 -0.000  -0.000  -0.001
10 -0.002 -0.002  -0.002  -0.002
20 -0.003 -0.003  -0.003  -0.003
30 -0.002 -0.002  -0.002  -0.002
40 -0.000 -0.000  -0.000 0.000
50 0.002 0.003 0.003 0.003
60 0.006 0.007 0.007 0.008
70 0.011 0.012 0.012 0.013
80 0.017 0.018 0.019 0.020
90 0.025 0.026 0.026 0.027
100 0.033 0.034 0.035 0.036
110 0.043 0.044 0.045 0.046
120 0.053 0.055 0.056 0.057
130 0.065 0.066 0.068 0.069
140 0.078 0.079 0.081 0.082
150 0.092 0.093 0.095 0.096
160 0.107 0.109 0.110 0.112
170 0.123 0.125 0.127 0.128
180 0.140 0.142 0.144 0.146
190 0.159 0.161 0.163 0.164
200 0.178 0.180 0.182 0.184
210 0.199 0.201 0.203 0.205
220 0.220 0.222 0.225 0.227
230 0.243 0.245 0.247 0.250
240 0.266 0.269 0.271 0.274
250 0.291 0.294 0.296 0.299

4
-0.001
-0.002
-0.003
-0.002
0.000
0.004
0.008
0.014
0.020
0.028
0.037
0.047
0.058
0.070
0.083
0.098
0.113

0.130
0.148
0.166
0.186
0.207
0.229
0.252

0.276
0.301

5 6
-0.001 -0.001
-0.002 -0.002
-0.002 -0.002
-0.001 -0.001
0.001 0.001
0.004 0.004
0.009 0.009
0.014 0.015
0.021 0.022
0.029 0.030
0.038 0.039
0.048 0.049
0.059 0.060
0.071 0.073
0.085 0.086
0.099 0.101
0.115 0.117
0.132 0.133
0.149 0.151
0.168 0.170
0.188 0.190
0.209 0.211
0.231 0.234
0.254 0.257
0.279 0.281
0.304 0.307

7
-0.001
-0.002
-0.002
-0.001

0.001
0.005
0.010
0.015
0.022
0.031
0.040
0.050
0.062
0.074
0.088
0.102
0.118
0.135
0.153
0.172
0.192
0.214
0.236
0.259
0.284
0.309

8
-0.002
-0.003
-0.002
-0.001

0.002
0.005
0.010
0.016
0.023
0.031
0.041
0.051
0.063
0.075
0.089
0.104
0.120
0.137
0.155
0.174
0.194
0.216
0.238
0.262
0.286
0.312

-0.002
-0.003
-0.002
-0.001
0.002
0.006
0.011
0.017
0.024
0.032
0.042
0.052
0.064
0.077
0.091
0.106
0.122
0.139
0.157
0.176
0.197
0.218
0.240
0.264
0.289
0.314

10
-0.002
-0.003
-0.002
-0.000

0.002
0.006
0.011
0.017
0.025
0.033
0.043
0.053
0.065
0.078
0.092
0.107
0.123
0.140
0.159
0.178
0.199
0.220
0.243
0.266
0.291
0.317

10
20
30
40
50
60
70
80

100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250




8 — Reference Materials

Table 8.1.1 cont. Thermoelectric Voltage in Absolute Millivolts

°C 0 1 2 3 4 5 6 7 8 9 10 °C
260 0.317 0.320 0.322 0.325 0.328 0.330 0.333 0.336 0.338 0.341 0.344 260
270 0.344 0.347 0.349 0.352 0.355 0.358 0.360 0.363 0.366 0.369 0.372 270
280 0.372 0.375 0.377 0.380 0.383 0.386 0.389 0.392 0.395 0.398 0.401 280
290 0.401 0.404 0.406 0.409 0.412 0.415 0.418 0.421 0.424 0.427 0.431 290
300 0.431 0.434 0.437 0.440 0.443 0.446 0.449 0.452 0.455 0.458 0.462 300
310 0.462 0.465 0.468 0.471 0.474 0.477 0.481 0.484 0.487 0.490 0.494 310
320 0.494 0.497 0.500 0.503 0.507 0.510 0.513 0.517 0.520 0.523 0.527 320
330 0.527 0.530 0.533 0.537 0.540 0.544 0.547 0.550 0.554 0.557 0.561 330
340 0.561 0.564 0.568 0.571 0.575 0.578 0.582 0.585 0.589 0.592 0.596 340
350 0.596 0.599 0.603 0.606 0.610 0.614 0.617 0.621 0.625 0.628 0.632 350
360 0.632 0.636 0.639 0.643 0.647 0.650 0.654 0.658 0.661 0.665 0.669 360
370 0.669 0.673 0.677 0.680 0.684 0.688 0.692 0.696 0.699 0.703 0.707 370
380 0.707 0.711 0.715 0.719 0.723 0.727 0.730 0.734 0.738 0.742 0.746 380
390 0.746 0.750 0.754 0.758 0.762 0.766 0.770 0.774 0.778 0.782 0.786 390
400 0.786 0.790 0.794 0.799 0.803 0.807 0.811 0.815 0.819 0.823 0.827 400
410 0.827 0.832 0.836 0.840 0.844 0.848 0.853 0.857 0.861 0.865 0.870 410
420 0.870 0.874 0.878 0.882 0.887 0.891 0.895 0.900 0.904 0.908 0.913 420
430 0.913 0.917 0.921 0.926 0.930 0.935 0.939 0.943 0.948 0.952 0.957 430
440 0.957 0.961 0.966 0.970 0.975 0.979 0.984 0.988 0.993 0.997 1.002 440
450 1.002 1.006 1.011 1.015 1.020 1.025 1.029 1.034 1.039 1.043 1.048 450
460 1.048 1.052 1.057 1.062 1.066 1.071 1.076 1.081 1.085 1.090 1.095 460
470 1.095 1.100 1.104 1.109 1.114 1.119 1.123 1.128 1.133 1.138 1.143 470
480 1.143 1.148 1.152 1.157 1.162 1.167 1.172 1.177 1.182 1.187 1.192 480
490 1.192 1.197 1.202 1.206 1.211 1.216 1.221 1.226 1.231 1.236 1.241 490
500 1.241 1.246 1.252 1.257 1.262 1.267 1.272 1.277 1.282 1.287 1.292 500
510 1.292 1.297 1.303 1.308 1.313 1.318 1.323 1.328 1.334 1.339 1.344 510
520 1.344 1.349 1.354 1.360 1.365 1.370 1.375 1.381 1.386 1.391 1.397 520
530 1.397 1.402 1.407 1.413 1.418 1.423 1.429 1.434 1.439 1.445 1.450 530
540 1.450 1.456 1.461 1.467 1.472 1.477 1.483 1.488 1.494 1.499 1.505 540
550 1.505 1.510 1.516 1.521 1.527 1.532 1.538 1.544 1.549 1.555 1.560 550
560 1.560 1.566 1.571 1.577 1.583 1.588 1.594 1.600 1.605 1.611 1.617 560
570 1.617 1.622 1.628 1.634 1.639 1.645 1.651 1.657 1.662 1.668 1.674 570
580 1.674 1.680 1.685 1.691 1.697 1.703 1.709 1.715 1.720 1.726 1.732 580
590 1.732 1.738 1.744 1.750 1.756 1.762 1.767 1.773 1.779 1.785 1.791 590
600 1.791 1.797 1.803 1.809 1.815 1.821 1.827 1.833 1.839 1.845 1.851 600
610 1.851 1.857 1.863 1.869 1.875 1.882 1.888 1.894 1.900 1.906 1.912 610
620 1.912 1.918 1.924 1.931 1.937 1.943 1.949 1.955 1.961 1.968 1.974 620
630 1.974 1.980 1.986 1.993 1.999 2.005 2.01 2.018 2.024 2.030 2.036 630
640 2.036 2.043 2.049 2.055 2.062 2.068 2.074 2.081 2.087 2.094 2.100 640
650 2.100 2.106 2113 2119 2.126 2132 2139 2.145 2.151 2.158 2.164 650
660 2.164 2171 2177 2.184 2.190 2197 2.203 2210 2216 2223 2.230 660
670 2.230 2.236 2.243 2.249 2.256 2.263 2.269 2.276 2.282 2.289 2.296 670
680 2.296 2.302 2.309 2.316 2.322 2.329 2.336 2.343 2.349 2.356 2.363 680
690 2.363 2.369 2.376 2.383 2.390 2.396 2.403 2.410 2.417 2.424 2.430 690
700 2.430 2.437 2.444 2.451 2.458 2.465 2472 2478 2.485 2.492 2.499 700
710 2.499 2.506 2513 2.520 2.527 2.534 2.541 2.548 2.555 2.562 2.569 710
720 2.569 2.576 2.583 2.590 2.597 2.604 2611 2618 2.625 2.632 2.639 720
730 2.639 2.646 2.653 2.660 2.667 2.674 2.682 2.689 2.696 2.703 2.710 730
740 2.710 2717 2.724 2732 2.739 2.746 2.753 2.760 2.768 2775 2.782 740
750 2782 2.789 2797 2.804 2811 2.818 2.826 2.833 2.840 2.848 2.855 750
760 2.855 2.862 2.869 2.877 2.884 2.892 2.899 2.906 2914 2.921 2.928 760
770 2.928 2.936 2.943 2.951 2.958 2.966 2973 2.980 2.988 2.995 3.003 770
780 3.003 3.010 3.018 3.025 3.033 3.040 3.048 3.055 3.063 3.070 3.078 780
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Table 8.1.1 cont. Thermoelectric Voltage in Absolute Millivolts

°C
790
800
810
820
830
840
850
860
870
880
890
900
910
920
930
940
950
960
970
980
990
1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310

0
3.078
3.154
3.231
3.308
3.387
3.466
3.546
3.626
3.708
3.790
3.873
3.957
4.041
4.126
4.212
4.298
4.386
4.474
4.562
4.652
4.742
4.833
4.924
5.016
5.109
5.202
5.297
5.391
5.487
5.583
5.680
5.777
5.875
5973
6.073
6.172
6.273
6.374
6.475
6.577
6.680
6.783
6.887
6.991
7.096
7.202
7.308
7.414
7.521
7.628
7.736
7.845
7.953

1

3.086
3.162
3.239
3.316
3.395
3.474
3.554
3.634
3.716
3.798
3.881
3.965
4.049
4.135
4.220
4.307
4.394
4.483
4.571
4.661
4.751
4.842
4.933
5.025
5.118
5.212
5.306
5.401
5.496
5.593
5.689
5.787
5.885
5.983
6.083
6.182
6.283
6.384
6.485
6.588
6.690
6.794
6.898
7.002
7.107
7.212
7.318
7.425
7.532
7.639
7.747
7.855
7.964

2

3.093
3.169
3.246
3.324
3.402
3.482
3.562
3.643
3.724
3.806
3.890
3.973
4.058
4.143
4.229
4.316
4.403
4.491
4.580
4.670
4.760
4.851
4.942
5.035
5.128
5.221
5.316
5.410
5.506
5.602
5.699
5.796
5.895
5.993
6.093
6.192
6.293
6.394
6.496
6.598
6.701
6.804
6.908
7.012
7117
7.223
7.329
7.435
7.542
7.650
7.758
7.866
7.975

3
3.101
3177
3.254
3.332
3.410
3.490
3.570
3.651
3.732
3.815
3.898
3.982
4.066
4.152
4.238
4.325
4.412
4.500
4.589
4.679
4.769
4.860
4.952
5.044
5.137
5.231
5.325
5.420
5.516
5.612
5.709
5.806
5.904
6.003
6.102
6.202
6.303
6.404
6.506
6.608
6.711
6.814
6.918
7.023
7.128
7.233
7.339
7.446
7.553
7.661
7.769
7.877
7.986

4

3.108
3.185
3.262
3.340
3.418
3.498
3.578
3.659
3.741
3.823
3.906
3.990
4.075
4.160
4.246
4.333
4.421
4.509
4.598
4.688
4.778
4.869
4.961
5.053
5.146
5.240
5.334
5.429
5.525
5.621
5.718
5.816
5914
6.013
6.112
6.212
6.313
6.414
6.516
6.618
6.721
6.825
6.929
7.033
7.138
7.244
7.350
7.457
7.564
7.671
7.780
7.888
7.997

5
3.116
3.192
3.269
3.347
3.426
3.506
3.586
3.667
3.749
3.831
3.915
3.999
4.083
4.169
4.255
4.342
4.430
4.518
4.607
4.697
4.787
4.878
4.970
5.063
5.156
5.249
5.344
5.439
5.535
5.631
5.728
5.826
5.924
6.023
6.122
6.223
6.323
6.424
6.526
6.629
6.732
6.835
6.939
7.044
7.149
7.255
7.361
7.467
7.575
7.682
7.790
7.899
8.008

6
3.124
3.200
3.277
3.355
3.434
3.514
3.594
3.675
3.757
3.840
3.923
4.007
4.092
4.177
4.264
4.351
4.438
4.527
4.616
4.706
4.796
4.887
4.979
5.072
5.165
5.259
5.353
5.449
5.544
5.641
5.738
5.836
5.934
6.033
6.132
6.233
6.333
6.435
6.536
6.639
6.742
6.846
6.950
7.054
7.159
7.265
7.371
7.478
7.585
7.693
7.801
7.910
8.019

7

3.131
3.208
3.285
3.363
3.442
3.522
3.602
3.683
3.765
3.848
3.931
4.016
4.100
4.186
4.272
4.359
4.447
4.536
4.625
4.715
4.805
4.897
4.989
5.081
5.174
5.268
5.363
5.458
5.554
5.651
5.748
5.845
5.944
6.043
6.142
6.243
6.343
6.445
6.547
6.649
6.752
6.856
6.960
7.065
7170
7.276
7.382
7.489
7.596
7.704
7.812
7.921
8.030

8
3.139
3.215
3.293
3.371
3.450
3.530
3.610
3.691
3.773
3.856
3.940
4.024
4.109
4.195
4.281
4.368
4.456
4.545
4.634
4.724
4.814
4.906
4.998
5.090
5.184
5.278
5.372
5.468
5.564
5.660
5.757
5.855
5.954
6.053
6.152
6.253
6.353
6.455
6.557
6.659
6.763
6.866
6.971
7.075
7.181
7.286
7.393
7.500
7.607
7.715
7.823
7.932
8.041

3.146
3.223
3.301
3.379
3.458
3.538
3.618
3.700
3.782
3.865
3.948
4.032
4.117
4.203
4.290
4.377
4.465
4.553
4.643
4.733
4.824
4.915
5.007
5.100
5.193
5.287
5.382
5477
5.573
5.670
5.767
5.865
5.964
6.063
6.162
6.263
6.364
6.465
6.567
6.670
6.773
6.877
6.981
7.086
7.191
7.297
7.403
7.510
7.618
7.725
7.834
7.943
8.052

10
3.154
3.231
3.308
3.387
3.466
3.546
3.626
3.708
3.790
3.873
3.957
4.041
4.126
4.212
4.298
4.386
4.474
4.562
4.652
4.742
4.833
4.924
5.016
5.109
5.202
5.297
5.391
5.487
5.583
5.680
5.777
5.875
5.973
6.073
6.172
6.273
6.374
6.475
6.577
6.680
6.783
6.887
6.991
7.096
7.202
7.308
7.414
7.521
7.628
7.736
7.845
7.953
8.063

790
800
810
820
830
840

860
870
880
890
900
910
920
930
940
950
960
970
980
990
1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
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Table 8.1.1 cont. Thermoelectric Voltage in Absolute Millivolts

°C 0 1 2 3 4 5 6 7 8 ] 10 °C
1320 8.063 8.074 8.085 8.096 8.107 8.118 8.128 8.139 8.150 8.161 8.172 1320
1330 8.172 8.183 8.194 8.205 8.216 8.227 8.238 8.249 8.261 8.272 8.283 1330
1340 8.283 8.294 8.305 8.316 8.327 8.338 8.349 8.360 8.371 8.382 8.393 1340
1350 8.393 8.404 8.415 8.426 8.437 8.449 8.460 8.471 8.482 8.493 8.504 1350
1360 8.504 8.515 8.526 8.538 8.549 8.560 8.571 8.582 8.593 8.604 8.616 1360
1370 8.616 8.627 8.638 8.649 8.660 8.671 8.683 8.694 8.705 8.716 8.727 1370
1380 8.727 8.738 8.750 8.761 8.772 8.783 8.795 8.806 8.817 8.828 8.839 1380
1390 8.839 8.851 8.862 8.873 8.884 8.896 8.907 8.918 8.929 8.941 8.952 1390
1400 8.952 8.963 8.974 8.986 8.997 9.008 9.020 9.031 9.042 9.053 9.065 1400
1410 9.065 9.076 9.087 9.099 9.110 9.121 9.133 9.144 9.155 9.167 9.178 1410
1420 9.178 9.189 9.201 9.212 9.223 9.235 9.246 9.257 9.269 9.280 9.291 1420
1430 9.291 9.303 9.314 9.326 9.337 9.348 9.360 9.371 9.382 9.394 9.405 1430
1440 9.405 9.417 9.428 9.439 9.451 9.462 9.474 9.485 9.497 9.508 9.519 1440
1450 9.519 9.531 9.542 9.554 9.565 9.577 9.588 9.599 9.611 9.622 9.634 1450
1460 9.634 9.645 9.657 9.668 9.680 9.691 9.703 9.714 9.726 9.737 9.748 1460
1470 9.748 9.760 9.771 9.783 9.794 9.806 9.817 9.829 9.840 9.852 9.863 1470
1480 9.863 9.875 9.886 9.898 9.909 9.921 9.933 9.944 9.956 9.967 9.979 1480
1490 9.979 9.990 10.002 10.013  10.025 10.036 10.048 10.059  10.071 10.082  10.094 1490
1500 10.094 10.106  10.117  10.129 10.140 10.152 10.163 10.175 10.187 10.198  10.210 1500
1510 10.210  10.221 10.233 10.244 10.256 10.268  10.279  10.291 10.302 10.314  10.325 1510
1520 10.325 10.337 10.349 10.360 10.372  10.383 10.395 10.407 10418 10.430 10.441 1520
1530 10.441 10453 10465 10476 10.488 10.500  10.511 10.523 10.534 10.546  10.558 1530
1540 10.558 10.569  10.581 10.593 10.604 10.616 10.627 10.639 10.651 10.662  10.674 1540
1550 10.674 10.686 10.697 10.709  10.721 10.732  10.744 10.756 10.767 10.779  10.790 1550
1560 10.790 10.802 10.814 10.825 10.837 10.849 10.860 10.872 10.884 10.895 10.907 1560
1570 10.907 10.919 10.930 10.942 10.954 10.965 10.977 10.989 11.000 11.012  11.024 1570
1580 11.024 11.035  11.047  11.059 11.070 11.082 11.094 11105 11117 11.129 11.141 1580
1590 11.141 11152  11.164  11.176 11.187 11.199 11.211 11222 11.234 11.246  11.257 1590
1600 11.257 11.269  11.281 11.292 11.304 11.316 11.328  11.339  11.351 11.363 11.374 1600
1610 11.374 11386  11.398  11.409 11.421 11433 11444 11456 11468 11480 11.491 1610
1620 11.491 11503 11.515  11.526 11.538 11.550  11.561 11573 11685  11.597 11.608 1620
1630 11.608 11620 11.632  11.643 11.655 11.667 11678 11690 11.702 11.714 11.725 1630
1640 11.725 11.737 11749  11.760 11.772 11.784 11795 11807 11.819  11.830 11.842 1640
1650 11.842 11.854 11.866  11.877 11.889 11.901 11912 11924 11936 11.947  11.959 1650
1660 11.959 11.971 11983 11994 12.006 12.018 12.029 12.041 12.063 12.064 12.076 1660
1670 12.076  12.088 12.099 12.111 12123 12134 12146 12158 12170  12.181 12.193 1670
1680 12193 12205 12.216 12228 12240 12.251 12263 12.275 12286 12298 12.310 1680
1690 12310  12.321 12.333 12345 12356 12.368 12.380  12.391 12.403 12415 12426 1690
1700 12426  12.438 12450 12.461 12.473 12.485 12496 12508 12520 12.531 12.543 1700
1710 12543 12555 12566 12578 12.590 12.601 12613 12624 12636 12.648 12.659 1710
1720 12.659  12.671 12.683 12,694 12706 12.718 12729 12.741 12752 12.764 12.776 1720
1730 12.776 12787 12799  12.811 12.822 12.834 12.845 12.857 12.869 12.880 12.892 1730
1740 12.892 12903 12915 12927 12938 12950 12.961 12973 12985 12996  13.008 1740
1750 13.008 13.019  13.031 13.043 13.054 13.066 13.077 13.089 13.100 13.112  13.124 1750
1760 13.124 13135 13.147 13158 13.170  13.181 13.193  13.204 13.216  13.228  13.239 1760
1770 13.239  13.251 13.262 13274 13285 13297 13.308 13.320 13.331 13.343  13.354 1770
1780 13.354 13.366 13.378 13.389  13.401 13.412  13.424 13435 13.447 13458 13.470 1780
1790 13.470  13.481 13.493 13504 13516 13.527 13.539 13.550 13.562 13.573  13.585 1790
1800 13.685 13.596 13.607 13.619 13.630 13.642 13.653 13.665 13.676 13.688 13.699 1800
1810 13.699 13.711 13.722 13.733 13.745 13.756 13.768 13.779  13.791 13.802 13.814 1810
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T/CType B - Thermoelectric Voltage

As a Function of Temperature (°F) Reference Junctions at 32 °F
Reference Standard: NBS Monograph 125 and BS 4937 parts 1-7

Table 8.1.2 Thermoelectric Voltage in Absolute Millivolts

°F

30

40

50

60

70

80

90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
480

0

-0.001
-0.002
-0.002
-0.003
-0.002
-0.002
-0.001
0.000
0.002
0.004
0.006
0.009
0.012
0.015
0.019
0.023
0.027
0.032
0.037
0.043
0.049
0.055
0.061
0.068
0.075
0.083
0.090
0.099
0.107
0.116
0.125
0.135
0.144
0.155
0.165
0.176
0.187
0.199
0.210
0.223
0.235
0.248
0.261
0.275
0.288
0.303

1

-0.001
-0.002
-0.002
-0.003
-0.002
-0.002
-0.001
0.000
0.002
0.004
0.006
0.009
0.012
0.016
0.019
0.023
0.028
0.033
0.038
0.043
0.049
0.055
0.062
0.069
0.076
0.083
0.091
0.099
0.108
0.117
0.126
0.136
0.145
0.156
0.166
0.177
0.188
0.200
0.212
0.224
0.236
0.249
0.262
0.276
0.290
0.304

2

-0.000
-0.001
-0.002
-0.002
-0.003
-0.002
-0.002
-0.001
0.001

0.002
0.004
0.007
0.009
0.013
0.016
0.020
0.024
0.028
0.033
0.038
0.044
0.050
0.056
0.062
0.069
0.077
0.084
0.092
0.100
0.109
0.118

0.127
0.137
0.146
0.157
0.167
0.178
0.189
0.201

0.213

0.225

0.238

0.251

0.264

0.277

0.291

0.305

3
-0.000
-0.001
-0.002
-0.003
-0.003
-0.002
-0.002
-0.001
0.001
0.002
0.005
0.007
0.010
0.013
0.016
0.020
0.024
0.029
0.034
0.039
0.044
0.050
0.057
0.063
0.070
0.077
0.085
0.093
0.101
0.110
0.119
0.128
0.138
0.147
0.158
0.168
0.179
0.191
0.202
0.214
0.226
0.239
0.252
0.265
0.279
0.293
0.307

4
-0.000
-0.001
-0.002
-0.003
-0.003
-0.002
-0.002
-0.000
0.001
0.003
0.005
0.007
0.010
0.013
0.017
0.021
0.025
0.029
0.034
0.039
0.045
0.051
0.057
0.064
0.071
0.078
0.086
0.094
0.102
0.111
0.120
0.129
0.138
0.148
0.159
0.169
0.180
0.192
0.203
0.215
0.228
0.240
0.253
0.266
0.280
0.294
0.308

5

-0.000
-0.001
-0.002
-0.003
-0.003
-0.002
-0.001
-0.000
0.001

0.003
0.005
0.007
0.010
0.014
0.017
0.021

0.025
0.030
0.035
0.040
0.046
0.052
0.058
0.064
0.071

0.079
0.086
0.094
0.103
0.111

0.120
0.130
0.139
0.149
0.160
0.171

0.182
0.193
0.205
0.217

0.229
0.242

0.254
0.268

0.281

0.295
0.310

6
-0.001
-0.002
-0.002
-0.003
-0.003
-0.002
-0.001
-0.000
0.001
0.003
0.005
0.008
0.011
0.014
0.017
0.021
0.026
0.030
0.035
0.041
0.046
0.052
0.058
0.065
0.072
0.080
0.087
0.095
0.104
0.112
0.121
0.131
0.140
0.151
0.161
0.172
0.183
0.194
0.206
0.218
0.230
0.243
0.256
0.269
0.283
0.297
0.311

7
-0.001
-0.002
-0.002
-0.003
-0.002
-0.002
-0.001
-0.000
0.001
0.003
0.005
0.008
0.011
0.014
0.018
0.022
0.026
0.031
0.036
0.041
0.047
0.053
0.059
0.066
0.073
0.080
0.088
0.096
0.104
0.113
0.122
0.132
0.141
0.152
0.162
0.173
0.184
0.195
0.207
0.219
0.231
0.244
0.257
0.271
0.284
0.298
0.313

8
-0.001
-0.002
-0.002
-0.003
-0.002
-0.002
-0.001
0.000
0.002
0.003
0.006
0.008
0.011
0.015
0.018
0.022
0.027
0.031
0.036
0.042
0.047
0.053
0.060
0.067
0.074
0.081
0.089
0.097
0.105
0.114
0.123
0.133
0.142
0.153
0.163
0.174
0.185
0.196
0.208
0.220
0.233
0.245
0.258
0.272
0.286
0.300
0.314

-0.001
-0.002
-0.002
-0.003
-0.002
-0.002
-0.001
0.000
0.002
0.004
0.006
0.009
0.012
0.015
0.019
0.023
0.027
0.032
0.037
0.042
0.048
0.054
0.060
0.067
0.074
0.082
0.090
0.098
0.106
0.115
0.124
0.134
0.143
0.154
0.164
0.175
0.186
0.197
0.209
0.221

0.234
0.247
0.260
0.273
0.287
0.301

0.315

10

-0.001
-0.002
-0.002
-0.003
-0.002
-0.002
-0.001
0.000
0.002
0.004
0.006
0.009
0.012
0.015
0.019
0.023
0.027
0.032
0.037
0.043
0.049
0.055
0.061

0.068
0.075
0.083
0.090
0.099
0.107
0.116

0.125
0.135
0.144
0.155
0.165
0.176
0.187
0.199
0.210
0.223

0.235
0.248

0.261

0.275

0.288
0.303

0.317

30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
490
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Table 8.1.2 cont. Thermoelectric Voltage in Absolute Millivolts

°F 0 1 2 3 4 5 6 7 8 ] 10 °F
500 0.317 0.318 0.320 0.321 0.323 0.324 0.326 0.327 0.329 0.330 0.332 500
510 0.332 0.333 0.335 0.336 0.338 0.339 0.341 0.342 0.344 0.345 0.347 510
520 0.347 0.348 0.350 0.351 0.353 0.355 0.356 0.358 0.359 0.361 0.362 520
530 0.362 0.364 0.365 0.367 0.369 0.370 0.372 0.373 0.375 0.376 0.378 530
540 0.378 0.380 0.381 0.383 0.384 0.386 0.388 0.389 0.391 0.392 0.394 540
550 0.394 0.396 0.397 0.399 0.401 0.402 0.404 0.405 0.407 0.409 0.410 550
560 0.410 0.412 0.414 0.415 0.417 0.419 0.420 0.422 0.424 0.425 0.427 560
570 0.427 0.429 0.431 0.432 0.434 0.436 0.437 0.439 0.441 0.442 0.444 570
580 0.444 0.446 0.448 0.449 0.451 0.453 0.455 0.456 0.458 0.460 0.462 580
590 0.462 0.463 0.465 0.467 0.469 0.470 0.472 0.474 0.476 0.477 0.479 590
600 0.479 0.481 0.483 0.485 0.486 0.488 0.490 0.492 0.494 0.495 0.497 600
610 0.497 0.499 0.501 0.503 0.504 0.506 0.508 0.510 0.512 0.514 0.515 610
620 0.515 0.517 0.519 0.521 0.523 0.525 0.527 0.528 0.530 0.532 0.534 620
630 0.534 0.536 0.538 0.540 0.542 0.544 0.545 0.547 0.549 0.551 0.553 630
640 0.553 0.555 0.557 0.559 0.561 0.563 0.565 0.566 0.568 0.570 0.572 640
650 0.572 0.574 0.576 0.578 0.580 0.582 0.584 0.586 0.588 0.590 0.592 650
660 0.592 0.594 0.596 0.598 0.600 0.602 0.604 0.606 0.608 0.610 0.612 660
670 0.612 0.614 0.616 0.618 0.620 0.622 0.624 0.626 0.628 0.630 0.632 670
680 0.632 0.634 0.636 0.638 0.640 0.642 0.644 0.646 0.648 0.650 0.652 680
690 0.652 0.654 0.656 0.659 0.661 0.663 0.665 0.667 0.669 0.671 0.673 690
700 0.673 0.675 0.677 0.679 0.682 0.684 0.686 0.688 0.690 0.692 0.694 700
710 0.694 0.696 0.699 0.701 0.703 0.705 0.707 0.709 0.711 0.714 0.716 710
720 0.716 0.718 0.720 0.722 0.724 0.727 0.729 0.731 0.733 0.735 0.737 720
730 0.737 0.740 0.742 0.744 0.746 0.748 0.751 0.753 0.755 0.757 0.759 730
740 0.759 0.762 0.764 0.766 0.768 0.771 0.773 0.775 0.777 0.780 0.782 740
750 0.782 0.784 0.786 0.789 0.791 0.793 0.795 0.798 0.800 0.802 0.804 750
760 0.804 0.807 0.809 0.811 0.814 0.816 0.818 0.821 0.823 0.825 0.827 760
770 0.827 0.830 0.832 0.834 0.837 0.839 0.841 0.844 0.846 0.848 0.851 770
780 0.851 0.853 0.855 0.858 0.860 0.862 0.865 0.867 0.870 0.872 0.874 780
790 0.874 0.877 0.879 0.881 0.884 0.886 0.889 0.891 0.893 0.896 0.898 790
800 0.898 0.901 0.903 0.905 0.908 0.910 0.913 0.915 0.918 0.920 0.922 800
810 0.922 0.925 0.927 0.930 0.932 0.935 0.937 0.939 0.942 0.944 0.947 810
820 0.947 0.949 0.952 0.954 0.957 0.959 0.962 0.964 0.967 0.969 0.972 820
830 0.972 0.974 0.977 0.979 0.982 0.984 0.987 0.989 0.992 0.994 0.997 830
840 0.997 0.999 1.002 1.004 1.007 1.009 1.012 1.014 1.017 1.020 1.022 840
850 1.022 1.025 1.027 1.030 1.032 1.035 1.037 1.040 1.043 1.045 1.048 850
860 1.048 1.050 1.053 1.056 1.058 1.061 1.063 1.066 1.069 1.071 1.074 860
870 1.074 1.076 1.079 1.082 1.084 1.087 1.090 1.092 1.095 1.097 1.100 870
880 1.100 1.103 1.105 1.108 1.111 1.113 1.116 1.119 1.121 1.124 1.127 880
890 1.127 1.129 1.132 1.135 1.137 1.140 1.143 1.145 1.148 1.151 1.153 890
900 1.153 1.156 1.159 1.162 1.164 1.167 1.170 1.172 1.175 1.178 1.181 900
910 1.181 1.183 1.186 1.189 1.192 1.194 1.197 1.200 1.203 1.205 1.208 910
920 1.208 1.211 1.214 1.216 1.219 1.222 1.225 1.228 1.230 1.233 1.236 920
930 1.236 1.239 1.241 1.244 1.247 1.250 1.253 1.255 1.258 1.261 1.264 930
940 1.264 1.267 1.270 1.272 1.275 1.278 1.281 1.284 1.287 1.289 1.292 940
950 1.292 1.295 1.298 1.301 1.304 1.307 1.309 1.312 1.315 1.318 1.321 950
960 1.321 1.324 1.327 1.330 1.332 1.335 1.338 1.341 1.344 1.347 1.350 960
970 1.350 1.353 1.356 1.359 1.361 1.364 1.367 1.370 1.373 1.376 1.379 970
980 1.379 1.382 1.385 1.388 1.391 1.394 1.397 1.400 1.403 1.406 1.409 980
990 1.409 1.411 1.414 1.417 1.420 1.423 1.426 1.429 1.432 1.435 1.438 990
1000 1.438 1.441 1.444 1.447 1.450 1.453 1.456 1.459 1.462 1.465 1.468 1000
1010 1.468 1.471 1.474 1.477 1.480 1.483 1.487 1.490 1.493 1.496 1.499 1010
1020 1.499 1.502 1.505 1.508 1.511 1.514 1.5617 1.520 1.623 1.526 1.529 1020
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Table 8.1.2 cont. Thermoelectric Voltage in Absolute Millivolts

°F
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570

0
1.529
1.560
1.591
1.623
1.655
1.687
1.719
1.752
1.785
1.818
1.851
1.885
1.919
1.953
1.988
2.022
2.058
2.093
2.128
2.164
2.201
2237
2274
231
2.348
2.385
2.423
2.461
2.499
2.538
2576
2615
2.655
2.694
2734
2774
2.814
2.855
2.896
2937
2.978
3.019
3.061
3.103
3.231
3.274
3.317
3.361
3.404
3.448
3.492
3.537
3.581

1
1.532
1.563
1.595
1.262
1.658
1.690
1.722
1.755
1.788
1.821
1.855
1.888
1.922
1.957
1.991
2.026
2.061
2.096
2132
2.168
2.204
2241
2277
2.314
2.351
2.389
2.427
2.465
2.503
2.542
2.580
2619
2.659
2.698
2738
2778
2.818
2.859
2.900
2.941
2.982
3.024
3.065
3.107
3.235
3.278
3.321
3.365
3.409
3.453
3.497
3.541
3.586

2
1.536
1.566
1.598
1.629
1.661
1.693
1.726
1.758
1.791
1.824
1.858
1.892
1.926
1.960
1.995
2.029
2.065
2.100
2.136
2172
2.208
2244
2.281
2.318
2.355
2.393
2.430
2.469
2.507
2.545
2.584
2.623
2.663
2702
2742
2782
2.822
2.863
2.904
2.945
2.986
3.028
3.070
3.112
3.239
3.282
3.326
3.369
3.413
3.457
3.501
3.546
3.590

3
1.539
1.570
1.601
1.632
1.664
1.696
1.729
1.762
1.795
1.828
1.861
1.895
1.929
1.963
1.998
2.033
2.068
2.104
2139
2175
2211
2248
2.285
2322
2.359
2.396
2434
2472
251
2.549
2.588
2.627
2.667
2.706
2.746
2.786
2.826
2.867
2.908
2.949
2.990
3.032
3.074
3.116
3.244
3.287
3.330
3.374
3.417
3.461
3.506
3.550
3.595

4
1.542
1.573
1.604
1.636
1.668
1.700
1.732
1.765
1.798
1.831
1.865
1.898
1.933
1.967
2.002
2.036
2.072
2.107
2.143
2179
2215
2252
2.288
2.325
2.363
2.400
2.438
2.476
2515
2.553
2.592
2.631
2.670
2.710
2.750
2.790
2.830
2.871
2912
2.953
2.995
3.036
3.078
3.120
3.248
3.291
3.334
3.378
3.422
3.466
3.510
3.555
3.599

5
1.545
1.576
1.607
1.639
1.671
1.703
1.735
1.768
1.801
1.834
1.868
1.902
1.936
1.970
2.005
2.040
2.075
211
2.146
2.182
2.219
2255
2.292
2.329
2.366
2.404
2.442
2.480
2518
2.557
2.596
2.635
2.674
2714
2.754
2.794
2.835
2.875
2916
2957
2.999
3.040
3.082
3.124
3.252
3.295
3.339
3.382
3.426
3.470
3.515
3.559
3.604

6
1.548
1.679
1.610
1.642
1.674
1.706
1.739
1.771
1.804
1.838
1.871
1.905
1.939
1.974
2.009
2.043
2.079
2.114
2.150
2.186
2222
2.259
2.296
2.333
2.70
2.408
2.446
2.484
2.522
2.561
2.600
2.639
2678
2718
2.758
2.798
2.839
2.879
2.920
2.961
3.003
3.045
3.086
3.129
3.257
3.300
3.343
3.387
3.431
3.475
3.519
3.564
3.608

7
1.551
1.582
1.613
1.645
1.677
1.709
1.742
1.775
1.808
1.841
1.875
1.909
1.943
1.977
2.012
2.047
2.082
2.118
2.154
2.190
2.226
2.263
2.299
2.337
2.374
2412
2.449
2.488
2.526
2.565
2.604
2.643
2.682
2722
2762
2.802
2.843
2.883
2.924
2.966
3.007
3.049
3.091
3.133
3.261
3.304
3.347
3.391
3.435
3.479
3.523
3.568
3.613

8
1.554
1.685
1.617
1.648
1.680
1.713
1.745
1.778
1.811
1.844
1.878
1.912
1.946
1.981
2.015
2.051
2.086
2121
2.157
2.193
2.230
2.266
2.303
2.340
2.378
2.415
2.453
2.491
2.30
2.569
2.608
2.647
2.686
2.726
2.766
2.806
2.847
2.887
2.928
2.970
3.011
3.053
3.095
3.137
3.265
3.308
3.352
3.395
3.439
3.484
3.528
3.573
3.617

1.557
1.588
1.620
1.652
1.684
1.716
1.748
1.781
1.814
1.848
1.882
1.915
1.950
1.984
2.019
2.054
2.089
2.125
2.161
2197
2233
2.270
2.307
2.344
2.381
2.419
2.457
2.495
2.534
2.573
2612
2.651
2.690
2.730
2770
2.810
2.851
2.892
2.933
2.974
3.015
3.057
3.099
3.141
3.269
3.313
3.356
3.400
3.444
3.488
3.532
3.577
3.622

10
1.560
1.591
1.623
1.655
1.687
1.719
1.752
1.785
1.818
1.851
1.885
1.919
1.953
1.988
2.022
2.058
2.093
2.128
2.164
2.201
2237
2274
231
2.348
2.385
2.423
2.461
2.499
2.538
2.576
2615
2.655
2.694
2734
2774
2.814
2.855
2.896
2937
2978
3.019
3.061
3.103
3.146
3.274
3.317
3.361
3.404
3.448
3.492
3.537
3.581
3.626

1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
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Table 8.1.2 cont. Thermoelectric Voltage in Absolute Millivolts

°F 0 1 2 3 4 5 6 7 8 ] 10 °F
1580 3.626 3.631 3.635 3.640 3.644 3.649 3.653 3.658 3.662 3.667 3.672 1580
1590 3.672 3.676 3.681 3.685 3.690 3.694 3.699 3.703 3.708 3.712 3.7117 1590
1600 3.717 3.721 3.726 3.731 3.735 3.740 3.744 3.749 3.753 3.758 3.762 1600
1610 3.762 3.767 3.772 3.776 3.781 3.785 3.790 3.795 3.799 3.804 3.808 1610
1620 3.808 3.813 3.818 3.822 3.827 3.831 3.836 3.841 3.845 3.850 3.854 1620
1630 3.854 3.859 3.864 3.868 3.873 3.877 3.882 3.887 3.891 3.896 3.901 1630
1640 3.901 3.905 3.910 3.915 3.919 3.924 3.929 3.933 3.938 3.943 3.947 1640
1650 3.947 3.952 3.957 3.961 3.966 3.971 3.975 3.980 3.985 3.989 3.994 1650
1660 3.994 3.999 4.003 4.008 4.013 4.017 4.022 4.027 4.031 4.036 4.041 1660
1670 4.041 4.046 4.050 4.055 4.060 4.064 4.069 4.074 4.079 4.083 4.088 1670
1680 4.088 4.093 4.098 4.102 4.107 4.112 4.117 4121 4.126 4.131 4.136 1680
1690 4.136 4.140 4.145 4.150 4.155 4.159 4.164 4.169 4.174 4.178 4.183 1690
1700 4.183 4.188 4.193 4.198 4.202 4.207 4.212 4.217 4.221 4.226 4.231 1700
1710 4.231 4.236 4.241 4.245 4.250 4.255 4.260 4.265 4.269 4.274 4.279 1710
1720 4.279 4.284 4.289 4.294 4.298 4.303 4.308 4.313 4.318 4.323 4.327 1720
1730 4.327 4.332 4.337 4.342 4.347 4.352 4.357 4.361 4.366 4.371 4.376 1730
1740 4.376 4.381 4.386 4.391 4.395 4.400 4.405 4.410 4.415 4.420 4.425 1740
1750 4.425 4.430 4.435 4.439 4.444 4.449 4.454 4.459 4.464 4.469 4.474 1750
1760 4.474 4.479 4.484 4.488 4.493 4.498 4.503 4.508 4.513 4.518 4.523 1760
1770 4.523 4.528 4.533 4.538 4.543 4.548 4.552 4.557 4.562 4.567 4.572 1770
1780 4.572 4.577 4.582 4.587 4.592 4.597 4.602 4.607 4.612 4.617 4.622 1780
1790 4.622 4.627 4.632 4.637 4.642 4.647 4.652 4.657 4.662 4.667 4.672 1790
1800 4.672 4.677 4.682 4.687 4.692 4.697 4.702 4.707 4.712 4.717 4.722 1800
1810 4.722 4.727 4.732 4.737 4.742 4.747 4.752 4.757 4.762 4.767 4.772 1810
1820 4.772 4.777 4.782 4.787 4.792 4.797 4.802 4.807 4.812 4.817 4.823 1820
1830 4.823 4.828 4.833 4.838 4.843 4.848 4.853 4.858 4.863 4.868 4.873 1830
1840 4.873 4.878 4.883 4.888 4.894 4.899 4.904 4.909 4.914 4.919 4.924 1840
1850 4.924 4.929 4.934 4.939 4.945 4.950 4.955 4.960 4.965 4.970 4.975 1850
1860 4.975 4.980 4.985 4.991 4.996 5.001 5.006 5.011 5.016 5.021 5.027 1860
1870 5.027 5.032 5.037 5.042 5.047 5.052 5.057 5.063 5.068 5.073 5.078 1870
1880 5.078 5.083 5.088 5.094 5.099 5.104 5.109 5.114 5.119 5.125 5.130 1880
1890 5.130 5.135 5.140 5.145 5.150 5.156 5.161 5.166 5171 5.176 5.182 1890
1900 5.182 5.187 5.192 5.197 5.202 5.208 5213 5.218 5.223 5.229 5.234 1900
1910 5.234 5.239 5.244 5.249 5.255 5.260 5.265 5.270 5.276 5.281 5.286 1910
1920 5.286 5.291 5.297 5.302 5.307 5.312 5.318 5.323 5.328 5.333 5.339 1920
1930 5.339 5.344 5.349 5.354 5.360 5.365 5.370 5.376 5.381 5.386 5.391 1930
1940 5.391 5.397 5.402 5.407 5.413 5.418 5.423 5.428 5.434 5.439 5.444 1940
1950 5.444 5.450 5.455 5.460 5.466 5.471 5.476 5.482 5.487 5.492 5.497 1950
1960 5.497 5.503 5.508 5.513 5.519 5.524 5.529 5.5635 5.540 5.545 5.551 1960
1970 5.551 5.556 5.561 5.567 5.572 5.578 5.583 5.588 5.594 5.599 5.604 1970
1980 5.604 5.610 5.615 5.620 5.626 5.631 5.637 5.642 5.647 5.653 5.658 1980
1990 5.658 5.663 5.669 5.674 5.680 5.685 5.690 5.696 5.701 5.707 5.712 1990
2000 5.712 5.717 5.723 5.728 5.734 5.739 5.744 5.750 5.755 5.761 5.766 2000
2010 5.766 5.771 5.777 5.782 5.788 5.793 5.799 5.804 5.810 5.815 5.820 2010
2020 5.820 5.826 5.831 5.837 5.842 5.848 5.853 5.859 5.864 5.869 5.875 2020
2030 5.875 5.880 5.886 5.891 5.897 5.902 5.908 5.913 5919 5.924 5.930 2030
2040 5.930 5.935 5.941 5.946 5.951 5.957 5.962 5.968 5973 5.979 5.984 2040
2050 5.984 5.990 5.995 6.001 6.006 6.012 6.017 6.023 6.028 6.034 6.039 2050
2060 6.039 6.045 6.051 6.056 6.062 6.067 6.073 6.078 6.084 6.089 6.095 2060
2070 6.095 6.100 6.106 6.111 6.117 6.122 6.128 6.134 6.139 6.145 6.150 2070
2080 6.150 6.156 6.161 6.167 6.172 6.178 6.184 6.189 6.195 6.200 6.206 2080
2090 6.206 6.211 6.217 6.223 6.228 6.234 6.239 6.245 6.250 6.256 6.262 2090
2100 6.262 6.267 6.273 6.278 6.284 6.290 6.295 6.301 6.306 6.312 6.318 2100
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Table 8.1.2 cont. Thermoelectric Voltage in Absolute Millivolts

°F
2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2270
2280
2290
2300
2310
2320
2330
2340
2350
2360
2370
2380
2390
2400
2410
2420
2430
2440
2450
2460
2470
2480
2490
2500
2510
2520
2530
2540
2550
2560
2570
2580
2590
2600
2610
2620
2630

0
6.318
6.374
6.430
6.487
6.543
6.600
6.657
6.714
6.772
6.829
6.887
6.945
7.003
7.061
7.120
7178
7.237
7.296
7.355
7.414
7.473
7.533
7.592
7.652
7.712
7.772
7.833
7.893
7.953
8.014
8.075
8.136
8.197
8.258
8.319
8.381
8.442
8.504
8.566
8.628
8.690
8.752
8.814
8.877
8.939
9.002
9.065
9.128
9.191
9.254
9.317
9.380
9.443

1
6.323
6.379
6.436
6.492
6.549
6.606
6.663
6.720
6.778
6.835
6.893
6.951
7.009
7.067
7.126
7.184
7.243
7.302
7.361
7.420
7.479
7.539
7.598
7.658
7.718
7.778
7.839
7.899
7.959
8.020
8.081
8.142
8.203
8.264
8.326
8.387
8.449
8.510
8.572
8.634
8.696
8.758
8.821
8.883
8.946
9.008
9.071
9.134
9.197
9.260
9.323
9.386
9.450

2
6.329
6.385
6.441
6.498
6.555
6.612
6.669
6.726
6.783
6.841
6.899
6.957
7.015
7.073
7131
7.190
7.249
7.308
7.367
7.426
7.485
7.545
7.604
7.664
7.724
7.784
7.845
7.905
7.966
8.026
8.087
8.148
8.209
8.270
8.332
8.393
8.455
8.516
8.578
8.640
8.702
8.765
8.827
8.889
8.952
9.015
9.077
9.140
9.203
9.266
9.329
9.393
9.456

3
6.334
6.391
6.447
6.504
6.560
6.617
6.674
6.732
6.789
6.847
6.904
6.962
7.021
7.079
7137
7.196
7.255
7.314
7.373
7.432
7.491
7.551
7.610
7.670
7.730
7.790
7.851
7.91
7.972
8.032
8.093
8.154
8.215
8.276
8.338
8.399
8.461
8.523
8.585
8.647
8.709
8.771
8.833
8.896
8.958
9.021
9.084
9.146
9.209
9.273
9.336
9.399
9.462

4
6.340
6.396
6.453
6.509
6.566
6.623
6.680
6.737
6.795
6.852
6.910
6.968
7.026
7.085
7.143
7.202
7.260
7.319
7.378
7.438
7.497
7.557
7.616
7.676
7.736
7.796
7.857
7.917
7.978
8.038
8.099
8.160
8.221
8.283
8.344
8.405
8.467
8.529
8.591
8.653
8.715
8.777
8.839
8.902
8.964
9.027
9.090
9.153
9.216
9.279
9.342
9.405
9.469

5
6.346
6.402
6.458
6.515
6.572
6.629
6.686
6.743
6.801
6.858
6.916
6.974
7.032
7.090
7.149
7.208
7.266
7.325
7.384
7.444
7.503
7.563
7.622
7.682
7.742
7.802
7.863
7.923
7.984
8.044
8.105
8.166
8.227
8.289
8.350
8.412
8.473
8.535
8.597
8.659
8.721
8.783
8.846
8.908
8.971
9.033
9.096
9.159
9.222
9.285
9.348
9.412
9.475

6
6.351
6.408
6.464
6.521
6.577
6.634
6.692
6.749
6.806
6.864
6.922
6.980
7.038
7.096
7.155
7.213
7.272
7.331
7.390
7.450
7.509
7.569
7.628
7.688
7.748
7.808
7.869
7.929
7.990
8.051
8.1
8.172
8.234
8.295
8.356
8.418
8.479
8.541
8.603
8.665
8.727
8.790
8.852
8.914
8.977
9.040
9.102
9.165
9.228
9.291
9.355
9.418
9.481

7
6.357
6.413
6.470
6.526
6.583
6.640
6.697
6.755
6.812
6.870
6.928
6.986
7.044
7.102
7.161
7.219
7.278
7.337
7.396
7.456
7.515
7.575
7.634
7.694
7.754
7.814
7.875
7.935
7.996
8.057
8.118
8.179
8.240
8.301
8.362
8.424
8.486
8.547
8.609
8.671
8.733
8.796
8.858
8.921
8.983
9.046
9.109
9.172
9.235
9.298
9.361
9.424
9.488

8
6.362
6.419
6.475
6.532
6.589
6.646
6.703
6.760
6.818
6.876
6.933
6.991
7.050
7.108
7.167
7.225
7.284
7.343
7.402
7.461
7.521
7.581
7.640
7.700
7.760
7.820
7.881
7.941
8.002
8.063
8.124
8.185
8.246
8.307
8.369
8.430
8.492
8.554
8.616
8.678
8.740
8.802
8.864
8.927
8.989
9.052
9.115
9.178
9.241
9.304
9.367
9.431
9.494

6.368
6.424
6.481
6.538
6.594
6.651
6.709
6.766
6.824
6.881
6.939
6.997
7.055
7.114
7172
7.231
7.290
7.349
7.408
7.467
7.527
7.587
7.646
7.706
7.766
7.827
7.887
7.947
8.008
8.069
8.130
8.191
8.252
8.313
8.375
8.436
8.498
8.560
8.622
8.684
8.746
8.808
8.871
8.933
8.996
9.058
9.121
9.184
9.247
9.310
9.374
9.437
9.500

10
6.374
6.430
6.487
6.543
6.600
6.657
6.714
6.772
6.829
6.887
6.945
7.003
7.061
7.120
7178
7.237
7.296
7.355
7.414
7.473
7.533
7.592
7.652
7.712
7.772
7.833
7.893
7.953
8.014
8.075
8.136
8.197
8.258
8.319
8.381
8.442
8.504
8.566
8.628
8.690
8.752
8.814
8.877
8.939
9.002
9.065
9.128
9.191
9.254
9.317
9.380
9.443
9.507

2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2270
2280
2290
2300
2310
2320
2330
2340
2350
2360
2370
2380
2390
2400
2410
2420
2430
2440
2450
2460
2470
2480
2490
2500
2510
2520
2530
2540
2550
2560
2570
2580
2590
2600
2610
2620
2630
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Table 8.1.2 cont. Thermoelectric Voltage in Absolute Millivolts

°F 0 1 2 3 4 5 6 7 8 ] 10 °F
2640 9.507 9.513 9.519 9.526 9.532 9.538 9.545 9.551 9.558 9.564 9.570 2640
2650 9.570 9.577 9.583 9.589 9.596 9.602 9.608 9.615 9.621 9.627 9.634 2650
2660 9.634 9.640 9.647 9.653 9.659 9.666 9.672 9.678 9.685 9.691 9.697 2660
2670 9.697 9.704 9.710 9.717 9.723 9.729 9.736 9.742 9.748 9.755 9.761 2670
2680 9.761 9.768 9.774 9.780 9.787 9.793 9.800 9.806 9.812 9.819 9.825 2680
2690 9.825 9.831 9.838 9.844 9.851 9.857 9.863 9.870 9.876 9.883 9.889 2690
2700 9.889 9.895 9.902 9.908 9.915 9.921 9.927 9.934 9.940 9.947 9.953 2700
2710 9.953 9.959 9.966 9.972 9.979 9.985 9.991 9.998 10.004  10.0M11 10.017 2710
2720 10.017  10.023 10.030 10.036 10.043 10.049 10.056 10.062 10.068 10.075  10.081 2720
2730 10.081 10.088 10.094 10.100 10.107 10.113  10.120 10.126 10.133 10.139  10.145 2730
2740 10.145 10.152 10.158 10.165 10.171 10.178 10.184  10.190 10.197 10.203  10.210 2740
2750 10.210 10.216  10.223  10.229 10.235 10.242 10.248 10.255 10.261 10.268  10.274 2750
2760 10.274 10280 10.287 10.293 10.300 10.306  10.313 10.319 10.325 10.332  10.338 2760
2770 10.338  10.345  10.351 10.358  10.364  10.371 10.377  10.383 10.390 10.396  10.403 2770
2780 10.403 10.409 10416 10422 10429 10435 10.441 10.448 10454  10.461 10.467 2780
2790 10.467  10.474 10.480 10487 10493 10.500 10.506 10.512 10.519 10.525 10.532 2790
2800 10.532 10.538 10.545 10.551 10.558 10.564  10.571 10.577 10.584 10.590 10.596 2800
2810 10.596  10.603 10.609 10.616 10.622 10.629 10.635 10.642 10.648 10.655 10.661 2810
2820 10.661 10.668 10.674 10.680 10.687 10.693 10.700 10.706 10.713 10.719  10.726 2820
2830 10726  10.732  10.739  10.745 10.752 10.758 10.765 10.771 10.778 10.784  10.790 2830
2840 10.790 10.797 10.803 10.810 10.816  10.823 10.829 10.836 10.842 10.849 10.855 2840
2850 10.855 10.862 10.868 10.875  10.881 10.888  10.894  10.901 10.907 10.914  10.920 2850
2860 10.920 10926 10.933 10.939 10.946 10.952 10.959 10.965 10.972 10.978 10.985 2860
2870 10.985  10.991 10.998  11.004 11.011 11.017 11.024 11.030 11.037  11.043 11.050 2870
2880 11.050 11.056  11.063  11.069 11.076 11.082 11.089  11.095 11.102  11.108 11.115 2880
2890 11.115 11.121 11128  11.134 11.141 11.147 11154 11160 11166  11.173 11.179 2890
2900 11.179 11.186  11.192  11.199 11.205 11.212 11.218 11225 11.231 11.238  11.244 2900
2910 11.244 11.251 11.257  11.264 11.270 11277 11283 11290 11.296  11.303 11.309 2910
2920 11.309 11.316 11322  11.329 11.335 11.342 11.348  11.355  11.361 11.368  11.374 2920
2930 11.374 11.381 11.387  11.394 11.400 11.407 11413 11420 11426 11433 11.439 2930
2940 11.439 11.446 11452  11.459 11.465 11.472 11.478 11485 11.491 11.498  11.504 2940
2950 11.504 11.511 11.517 11.524 11.530 11.537 11543 11550 11.556  11.563 11.569 2950
2960 11.569 11.576  11.582  11.589 11.595 11.602 11.608 11.615  11.621 11.628  11.634 2960
2970 11.634 11.641 11.647  11.654 11.660 11667 11673 11680 11.686  11.693 11.699 2970
2980 11.699 11.706  11.712  11.719 11.725 11.732 11738  11.745  11.751 11.758  11.764 2980
2990 11.764 11.771 1.777 11.784 11.790 11.797 11.803 11810 11.816  11.823 11.829 2990
3000 11.829 11.836  11.842  11.849 11.855 11.862 11.868 11.875  11.881 11.888  11.894 3000
3010 11.894 11.901 11.907 11.914 11.920 11927 11933 11940 11946  11.953 11.959 3010
3020 11.959 11966 11.972  11.979 11.985 11.992 11.998 12.005 12.011 12.018  12.024 3020
3030 12.024  12.031 12.037 12.044 12.050 12.057 12.063 12.070 12.076 12.083  12.089 3030
3040 12.089 12.096 12.102 12109 12115 12121 12128 12134 12141 12.147  12.154 3040
3050 12154 12160 12167 12173 12180 12186 12193 12199 12206 12212 12219 3050
3060 12219 12225 12232 12238 12245 12.251 12258 12264 12.271 12277 12284 3060
3070 12284 12290 12297 12303 12310 12316  12.323 12329 12336  12.342  12.349 3070
3080 12.349 12355 12362 12.368 12.374  12.381 12387 12394 12400 12407 12413 3080
3090 12413 12420 12426 12433 12439 12446 12452 12459 12465 12472 12478 3090
3100 12478 12485 12.491 12498 12504 12511 12517 12523 12530 12536  12.543 3100
3110 12.543 12549 12556 12562 12569 12575 12582 12588 12595 12.601 12.608 3110
3120 12.608 12.614 12.621 12.627 12.633 12.640 12.646 12.653 12.659 12666 12.672 3120
3130 12.672 12679 12685 12,692 12698 12706 12.711 12.718 12724 12730 12.737 3130
3140 12,737 12743 12750 12756 12.763 12.769 12.776 12782 12.789 12795 12.801 3140
3150 12.801 12.808 12.814 12.821 12.827 12.834 12840 12.847 12.853 12.860 12.866 3150
3160 12.866 12.872 12.879 12.885 12.892 12898 12.905 12.911 12.918 12,924  12.930 3160
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Table 8.1.2 cont. Thermoelectric Voltage in Absolute Millivolts

°F
3170
3180
3190
3200
3210
3220
3230
3240
3250
3260
3270
3280
3290
3300

0
12.930
12.995
13.059
13.124
13.188
13.252
13.316
13.380
13.444
13.508
13.572
13.635
13.699
13.763

1
12.937
13.001
13.066
13.130
13.194
13.258
13.322
13.387
13.450
13.514
13.578
13.642
13.706
13.769

2
12.943
13.008
13.072
13.136
13.201
13.265
13.329
13.393
13.457
13.521
13.585
13.648
13.712
13.775

3
12.950
13.014
13.079
13.143
13.207
13.271
13.335
13.399
13.463
13.527
13.591
13.655
13.718
13.782

4
12.956
13.021
13.085
13.149
13.213
13.278
13.342
13.406
13.470
13.533
13.597
13.661
13.725
13.788

T/C Type E - Thermoelectric Voltage

As a Function of Temperature (°C) Reference Junctions at 0 °C

5
12.963
13.027
13.091
13.156
13.220
13.284
13.348
13.412
13.476
13.540
13.604
13.667
13.731
13.794

6
12.969
13.034
13.098
13.162
13.226
13.290
13.354
13.418
13.482
13.546
13.610
13.674
13.737
13.801

Reference Standard: NBS Monograph 125 and BS 4937 parts 1-7

Table 8.1.3 Thermoelectric Voltage in Absolute Millivolts

0
-9.825
-9.797
-9.719
-9.604
-9.455
-9.274
-9.063
-8.824
-8.561
-8.273
-7.963
-7.631
-7.279
-6.907
-6.516
-6.107
-5.680
-5.237
-4.777
-4.301
-3.811
-3.306
-2.787
-2.254
-1.709
-1.151
-0.581
0.000
0.591
1.192

1
-9.833
-9.791
-9.709
-9.591
-9.438
-9.254
-9.040
-8.977
-8.533
-8.243
-7.931
-7.597
-7.243
-6.869
-6.476
-6.065
-5.637
-5.191
-4.730
-4.253
-3.761
-3.254
-2.734
-2.200
-1.654
-1.095
-0.524
0.059
0.651
1.252

2
-9.831
-9.784
-9.699
-9.577
-9.421
-9.234
-9.017
-8.774
-8.505
-8.213
-7.898
-7.562
-7.206
-6.830
-6.436
-6.023
-5.593
-5.146
-4.683
-4.204
-3.711
-3.203
-2.681
-2.146
-1.599
-1.038
-0.466
0.118
0.711
1.313

3
-9.828
-9.777
-9.688
-9.563
-9.404
-9.214
-8.994
-8.748
-8.477
-8.183
-7.866
-7.528
-7.169
-6.792
-6.395
-5.981
-5.549
-5.100
-4.636
-4.156
-3.661
-3.152
-2.628
-2.092
-1.543
-0.982
-0.408
0.176
0.770
1.373

4
-9.825
-9.770
-9.677
-9.549
-9.386
-9.193
-8.971
-8.722
-8.449
-8.152
-7.833
-7.493
-7.132
-6.753
-6.354
-5.938
-5.505
-5.055
-4.588
-4.107
-3.610
-3.100
-2.575
-2.038
-1.487
-0.925
-0.350
0.235
0.830
1.434

5
-9.821
-9.762
-9.666
-9.534
-9.368
-9.172
-8.947
-8.696
-8.420
-8.121
-7.800
-7.458
-7.095
-6.714
-6.314
-5.896
-5.460
-5.009
-4.541
-4.058
-3.560
-3.048
-2.522
-1.983
-1.432
-0.868
-0.292
0.295
0.890
1.495

6
-9.817
-9.754
-9.654
-9.519
-9.350
-9.151
-8.923
-8.669
-8.391
-8.090
-7.767
-7.422
-7.058
-6.675
-6.273
-5.853
-5.416
-4.963
-4.493
-4.009
-3.509
-2.996
-2.469
-1.929
-1.376
-0.811
-0.234

0.354
0.950
1.556

7
12.976
13.040
13.104
13.169
13.233
13.297
13.361
13.425
13.489
13.5563
13.616
13.680
13.744
13.807

7
-9.813
-9.746
-9.642
-9.503
-9.332
-9.129
-8.899
-8.642
-8.362
-8.058
-7.733
-7.387
-7.020
-6.635
-6.231
-5.810
-5.371
-4.916
-4.446
-3.959
-3.459
-2.944
-2.416
-1.874
-1.320
-0.754
-0.176
0.413
1.011
1.617

8
12.982
13.046
13.111
13.175
13.239
13.303
13.367
13.431
13.495
13.559
13.623
13.686
13.750
13.814

8
-9.808
-9.737
-9.630
-9.488
-9.313
-9.107
-8.874
-8.615
-8.333
-8.027
-7.699
-7.351
-6.983
-6.596
-6.190
-5.767
-5.327
-4.870
-4.398
-3.910
-3.408
-2.892
-2.362
-1.819
-1.264
-0.696
-0.117

0.472
1.071
1.678

12.988
13.053
13.117
13.181
13.246
13.310
13.374
13.438
13.502
13.565
13.629
13.693
13.756

-9.802
-9.728
-9.617
-9.472
-9.293
-9.085
-8.850
-8.588
-8.303
-7.995
-7.665
-7.315
-6.945
-6.556
-6.149
-5.724
-5.282
-4.824
-4.350
-3.860
-3.357
-2.839
-2.308
-1.764
-1.208
-0.639
-0.059
0.532
1.131
1.739

10
12.995
13.059
13.124
13.188
13.252
13.316
13.380
13.444
13.508
13.572
13.635
13.699
13.763

10
-9.797
-9.719
-9.604
-9.455
-9.274
-9.063
-8.824
-8.561
-8.273
-7.963
-7.631
-7.279
-6.907
-6.516
-6.107
-5.680
-5.237
-4.777
-4.301
-3.811
-3.306
-2.787
-2.254
-1.709
-1.151
-0.581

0.000
0.591
1.192
1.801

3170
3180
3190
3200
3210
3220
3230
3240
3250
3260
3270
3280
3290
3300
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Table 8.1.3 cont. Thermoelectric Voltage in Absolute Millivolts

°C 0 1 2 3 4 5 6 7 8 9 10 °C
30 1.801 1.862 1.924 1.985 2.047 2.109 2171 2.233 2.295 2.357 2419 30
40 2419 2.482 2.544 2.607 2.669 2732 2.795 2.858 2.921 2.984 3.047 40
50 3.047 3.110 3.173 3.237 3.300 3.364 3.428 3.491 3.555 3.619 3.683 50
60 3.683 3.748 3.812 3.876 3.941 4.005 4.070 4.134 4.199 4.264 4.329 60
70 4.329 4.394 4.459 4.524 4.590 4.655 4.720 4.786 4.852 4.917 4.983 70
80 4.983 5.049 5.115 5.181 5.247 5.314 5.380 5.446 5.513 5.579 5.646 80
90 5.646 5.713 5.780 5.846 5913 5.981 6.048 6.115 6.182 6.250 6.317 90

100 6.317 6.385 6.452 6.520 6.588 6.656 6.724 6.792 6.860 6.928 6.996 100
110 6.996 7.064 7.133 7.201 7.270 7.339 7.407 7.476 7.545 7.614 7.683 110
120 7.683 7.752 7.821 7.890 7.960 8.029 8.099 8.168 8.238 8.307 8.377 120
130 8.377 8.447 8.517 8.587 8.657 8.727 8.797 8.867 8.938 9.008 9.078 130
140 9.078 9.149 9.220 9.290 9.361 9.432 9.503 9.573 9.644 9.715 9.787 140
150 9.787 9.858 9.929 10.000 10.072 10.143 10.215 10.286 10.358  10.429  10.501 150
160 10.501 10.573 10.645 10.717 10.789  10.861 10933 11.005 11.077 11150 11.222 160
170 11.222 11.294 11367 11439 11512 11585 11.657 11.730 11.803 11.876  11.949 170
180 11.949  12.022 12.095 12168 12.241 12.314 12387 12461 12534 12608 12.681 180
190 12.681 12,755 12.828 12902 12975 13.049 13.123 13.197 13271 13345 13.419 190
200 13.419  13.493 13.567 13.641 13.715 13.789  13.864 13.938 14.012 14.087 14.161 200
210 14.161 14236 14310 14385 14460 14.534 14609 14.684 14759 14.834 14.909 210
220 14909 14984 15.059 15134 15209 15284 15359 15435 15510 15585 15.661 220
230 15.661 15736  15.812 15887 15963 16.038 16.114 16.190 16.266  16.341 16.417 230
240 16.417 16.493 16.569 16.645 16.721 16.797 16.873 16.949 17.025 17.101  17.178 240
250 17178 17254 17330 17.406 17.483 17559 17.636 17.712 17.789 17.865 17.942 250
260 17.942 18.018 18.095 18.172 18.248 18.325 18402 18479 18556 18.633 18.710 260
270 18.710  18.787 18.864  18.941 19.018  19.095 19.172  19.249 19.326 19.404  19.481 270
280 19.481 19.5568 19.636 19.713 19.790 19.868 19.945 20.023 20.100 20.178  20.256 280
290 20.256  20.333 20411 20.488 20.566 20.644 20.722 20.800 20.877 20.955 21.033 290
300 21.033 21111 21189 21267 21345 21423 21501 21579 21657 21735 21.814 300
310 21814  21.892 21970 22.048 22127 22205 22283 22362 22440 22518 22597 310
320 22597 22.675 22754 22832 22911 22989 23.068 23.147 23225 23.304 23.383 320
330 23.383 23461 23540 23.619 23.698 23.777 23.855 23.934 24013 24.092 24171 330
340 24171 24250 24.329 24408 24.487 24566 24.645 24724 24803 24.882 24.961 340
350 24961  25.041 25120 25199 25278 25357 25437 25516 25595 25675 25.754 350
360 25754 25833 25913 25992 26.072 26.151 26.230 26.310 26.389 26.469 26.549 360
370 26.549 26628 26.708 26.787 26.867 26.947 27.026 27.106 27.186 27.265 27.345 370
380 27.345 27425 27.504 27.584 27.664 27.744 27.824 27903 27983 28.063 28.143 380
390 28.143  28.223 28.303 28.383 28.463 28.543 28623 28703 28.783 28.863 28.943 390
400 28.943 29.023 29.103 29.183 29.263 29.343 29423 29.503 29.584 29.664 29.744 400
410 20744 29824 29.904 29984 30.065 30.145 30.225 30.305 30.386 30.466  30.546 410
420 30.546  30.627 30.707 30.787 30.868 30.948 31.028 31.109 31.189 31.270 31.350 420
430 31.350 31430 31511 31591 31672 31752 31833 31913 31994 32.074 32.155 430
440 32155 32235 32316 32.396 32477 32557 32638 32719 32799 32.880 32.960 440
450 32.960 33.041 33.122 33202 33.283 33.364 33444 33.525 33.605 33.686 33.767 450
460 33.767 33.848 33.928 34.009 34.090 34170 34251 34332 34413 34493 34.574 460
470 34574 34655 34736 34816 34.897 34978 35059 35140 35220 35.301 35.382 470
480 35382 35463 35544 35624 35705 35786 35867 35948 36.029 36.109  36.190 480
490 36.190  36.271 36.352 36.433 36.514 36.595 36.675 36.756 36.837 36.918  36.999 490
500 36.999 37.080 37.161 37.242 37.323 37.403 37484 37565 37.646 37.727 37.808 500
510 37.808 37.889 37.970 38.051 38.132 38213 38293 38.374 38455 38.536 38.617 510
520 38.617 38.698 38.779 38.860 38.941 39.022 39.103 39.184 39.264 39.345 39.426 520
530 39426  39.507 39.588 39.669 39.750 39.831 39.912 39.993 40.074 40.155  40.236 530
540 40.236  40.316  40.397 40478 40.559 40.640 40.721 40.802 40.883 40.964 41.045 540
550 41.045 41125 41206 41287 41.368 41.449 41530 41611 41692 41773 41.853 550
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Table 8.1.3 cont. Thermoelectric Voltage in Absolute Millivolts

°C
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
850
860
870
880
890
900
910
920
930
940
950
960
970
980
990

0
41.853
42.662
43.470
44.278
45.085
45.891
46.697
47.502
48.306
49.109
49.911
50.713
51.513
52.312
53.110
53.907
54.703
55.498
56.291
57.083
57.873
58.663
59.451
60.237
61.022
61.806
62.588
63.368
64.147
64.924
65.700
66.473
67.245
68.015
68.783
69.549
70.313
71.075
71.835
72.593
73.350
74.104
74.857
75.608

1
41.934
42.743
43.551
44.358
45.165
45.972
46.777
47.582
48.386
49.189
49.992
50.793
51.593
52.392
53.190
53.987
54.782
55.577
56.370
57.162
57.952
58.742
59.529
60.316
61.101
61.884
62.666
63.446
64.225
65.002
65.777
66.551
67.322
68.092
68.860
69.626
70.390
71.151
71.911
72.669
73.425
74.179
74.932
75.683

2
42.015
42.824
43.632
44.439
45.246
46.052
46.858
47.663
48.467
49.270
50.072
50.873
51.673
52.472
53.270
54.066
54.862
55.656
56.449
57.241
58.031
58.820
59.608
60.394
61.179
61.962
62.744
63.524
64.303
65.080
65.855
66.628
67.399
68.169
68.936
69.702
70.466
71.227
71.987
72.745
73.501
74.255
75.007
75.758

3
42.096
42.904
43.712
44.520
45.327
46.133
46.938
47.743
48.547
49.350
50.152
50.953
51.753
52.552
53.350
54.146
54.941
55.736
56.529
57.320
58.110
58.899
59.687
60.473
61.258
62.041
62.822
63.602
64.380
65.157
65.932
66.705
67.476
68.246
69.013
69.779
70.542
71.304
72.063
72.820
73.576
74.330
75.082
75.833

4
42177
42.985
43.793
44.601
45.407
46.213
47.019
47.824
48.627
49.430
50.232
51.033
51.833
52.632
53.429
54.226
55.021
55.815
56.608
57.399
58.189
58.978
59.765
60.551
61.336
62.119
62.900
63.680
64.458
65.235
66.009
66.782
67.553
68.323
69.090
69.855
70.618
71.380
72.139
72.896
73.652
74.405
75.157
75.908

5
42.258
43.066
43.874
44.681
45.488
46.294
47.099
47.904
48.708
49.510
50.312
51.113
51.913
52.711
53.509
54.305
55.100
55.894
56.687
57.478
58.268
59.057
59.844
60.630
61.414
62.197
62.978
63.758
64.536
65.312
66.087
66.859
67.630
68.399
69.166
69.931
70.694
71.456
72.215
72.972
73.727
74.480
75.232
75.983

6
42.339
43.147
43.955
44.762
45.569
46.375
47.180
47.984
48.788
49.591
50.392
51.193
51.993
52.791
53.589
54.385
55.180
55.974
56.766
57.557
58.347
59.136
59.923
60.708
61.493
62.275
63.056
63.836
64.614
65.390
66.164
66.937
67.707
68.476
69.243
70.008
70.771
71.532
72.290
73.047
73.802
74.556
75.307
76.058

7
42.419
43.228
44.035
44.843
45.649
46.455
47.260
48.065
48.868
49.671
50.472
51.273
52.073
52.871
53.668
54.464
55.259
56.053
56.845
57.636
58.426
59.214
60.001
60.787
61.571
62.353
63.134
63.914
64.691
65.467
66.241
67.014
67.784
68.553
69.320
70.084
70.847
71.608
72.366
73.123
73.878
74.631
75.382
76.133

8
42.500
43.308
44116
44.923
45.730
46.536
47.341
48.145
48.949
49.751
50.553
51.353
52.152
52.951
53.748
54.544
55.339
56.132
56.924
57.715
58.505
59.293
60.080
60.865
61.649
62.432
63.212
63.992
64.769
65.545
66.319
67.091
67.861
68.630
69.396
70.161
70.923
71.683
72.442
73.199
73.953
74.706
75.458
76.208

42.581
43.389
44.197
45.004
45.811
46.616
47.421
48.226
49.029
49.831
50.633
51.433
52.232
53.031
53.828
54.623
55.418
56.212
57.004
57.794
58.584
59.372
60.159
60.944
61.728
62.510
63.290
64.069
64.847
65.622
66.396
67.168
67.938
68.706
69.473
70.237
70.999
71.759
72.518
73.274
74.029
74.781
75.533
76.283

10
42.662
43.470
44.278
45.085
45.891
46.697
47.502
48.306
49.109
49.911
50.713
51.513
52.312
53.110
53.907
54.703
55.498
56.291
57.083
57.873
58.663
59.451
60.237
61.022
61.806
62.588
63.368
64.147
64.924
65.700
66.473
67.245
68.015
68.783
69.549
70.313
71.075
71.835
72.593
73.350
74.104
74.857
75.608
76.358

610

910
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T|CType E - Thermoelectric Voltage

As a Function of Temperature (°F) Reference Junctions at 32 °F
Reference Standard: NBS Monograph 125 and BS 4937 parts 1-7

Table 8.1.4 Thermoelectric Voltage in Absolute Millivolts

°F 0 1 2 3 4 5 6 7 8 9 10 °F
-460 -9.835 -9.834 -9.833  -9.832 -9.830 -460
-450 -9.830 -9.829 -9.827 -9.825 -9.823 -9.821 -9.819 -9.817  -9.814  -9.812 -9.809 -450
-440 -9.809 -9.806 -9.803 -9.800 -9.797 -9.793 -9.790 -9.786  -9.783  -9.779 -9.775 -440
-430 -9.778 -9.771 -9.767 -9.762 -9.758 -9.753 -9.749 -9.744 9739 9734 -9.729 -430
-420 -9.729 -9.724 -9.719 -9.713 -9.708 -9.702 -9.696 -9.690 -9.684  -9.678 -9.672 -420
-410 -9.672 -9.666 -9.659 -9.653 -9.646 -9.639 -9.633 -9.626  -9.619 -9.611 -9.604 -410
-400 -9.604 -9.597 -9.589 -9.582 -9.574 -9.566 -9.558 -9.550 -9.542  -9.534 -9.526 -400
-390 -9.526 -9.517 -9.509 -9.500 -9.491 -9.482 -9.473 -9.464 9455  -9.446 -9.437 -390
-380 -9.437 -9.427 -9.418 -9.408 -9.398 -9.388 -9.378 -9.368  -9.358  -9.348 -9.338 -380
-370 -9.338 -9.327 -9.317 -9.306 -9.296 -9.285 -9.274 -9.263  -9.252  -9.241 -9.229 -370
-360 -9.229 -9.218 -9.207 -9.195 -9.184 -9.172 -9.130 -9.148 -9.136  -9.124 -9.112 -360
-350 -9.112 -9.100 -9.088 -9.075 -9.063 -9.050 -9.038 -9.025 -9.012 -8.999 -8.986 -350
-340 -8.986 -8.973 -8.960 -8.947 -8.934 -8.920 -8.907 -8.893  -8.880  -8.866 -8.852 -340
-330 -8.852 -8.838 -8.824 -8.810 -8.796 -8.782 -8.768 -8.754  -8.739  -8.725 -8.710 -330
-320 -8.710 -8.696 -8.681 -8.666 -8.651 -8.636 -8.621 -8.606  -8.591 -8.576 -8.561 -320
-310 -8.561 -8.545  -8.530 -8.514 -8.499 -8.483 -8.468 -8.452  -8436  -8.420 -8.404 -310
-300 -8.404 -8.388 -8.372 -8.355 -8.339 -8.323 -8.306 -8.290  -8.273  -8.257 -8.240 -300
-29 -8.240 -8.223 -8.206 -8.189 -8.172 -8.155 -8.138 -8.121 -8.104  -8.086 -8.069 -290
-280 -8.069 -8.051 -8.034 -8.016 -7.999 -7.981 -7.963 -7.945  -7.927  -7.909 -7.891 -280
-270 -7.891 -7.873 -7.855  -7.837 -7.818 -7.800 -7.781 -7.763  -7.744  -7.726 -7.707 -270
-260 -7.707 -7.688 -7.669 -7.650 -7.631 -7.612 -7.593 -7.574  -7.555  -7.535 -7.516 -260
-250 -7.516 -7.497 -7.477 -7.458 -7.438 -7.418 -7.399 -7.379  -7.359  -7.339 -7.319 -250
-240 -7.319 -7.299 -7.279 -7.259 -7.239 -7.218 -7.198 -7178  -7157 7137 -7.116 -240
-230 -7.116 -7.095 -7.075  -7.054 -7.033 -7.012 -6.991 -6.970  -6.949  -6.928 -6.907 -230
-220 -6.907 -6.886 -6.864 -6.843 -6.822 -6.800 -6.779 -6.757  -6.735 -6.714 -6.692 -220
-210 -6.692 -6.670 -6.648 -6.626 -6.604 -6.582 -6.560 -6.538 -6.516  -6.494 -6.471 -210
-200 -6.471 -6.449 -6.427 -6.404 -6.382 -6.359 -6.336 -6.314  -6.291 -6.268 -6.245 -200
-190 -6.245 -6.222 -6.199 -6.176 -6.153 -6.130 -6.107 -6.084  -6.060 -6.037 -6.013 -190
-180 -6.013 -5.990 -5.967 -5.943 -5.919 -5.896 -5.872 -5.848  -5.824  -5.800 -5.776 -180
-170 -5.776 -5.752 -5.728 -5.704 -5.680 -5.656 -5.632 -5.607 -5.583  -5.559 -5.534 -170
-160 -5.534 -5.540 -5.485 -5.460 -5.436 -5.411 -5.386 -6.362  -5337  -5.312 -5.287 -160
-150 -5.287 -5.262 -5.237 -5.212 -5.186 -5.161 -5.136 -5.111 -5.085  -5.060 -5.034 -150
-140 -5.034 -5.009 -4.983 -4.958 -4.932 -4.906 -4.880 -4.855  -4.829  -4.803 -4.777 -140
-130 -4.777 -4.751 -4.725  -4.699 -4.672 -4.646 -4.620 -4.594  -4567  -4.541 -4.515 -130
-120 -4.515 -4.488 -4.462 -4.435 -4.408 -4.382 -4.355 -4.328  -4.301 -4.274 -4.248 -120
-110 -4.248 -4.221 -4.194 -4.167 -4.139 -4.112 -4.085 -4.058  -4.031 -4.003 -3.976 -110
-100 -3.976 -3.949 -3.921 -3.894 -3.866 -3.838 -3.811 -3.783  -3.755  -3.728 -3.700 -100

-90 -3.700 -3.672 -3.644 -3.616 -3.588 -3.560 -3.532 -3.504  -3.476  -3.447 -3.419 -90
-80 -3.419 -3.391 -3.363 -3.334 -3.306 -3.277 -3.249 -3.220  -3.192 -3.163 -3.134 -80
-70 -3.134 -3.106 -3.077 -3.048 -3.019 -2.990 -2.961 -2.932 2903 -2.874 -2.845 -70
-60 -2.845 -2.816 -2.787 -2.758 -2.728 -2.699 -2.670 -2.640 -2.611 -2.581 -2.552 -60
-50 -2.552 -2.522 -2.493 -2.463 -2.433 -2.404 -2.374 -2.344 -2.314  -2.284 -2.254 -50
-40 -2.254 -2.224 -2.194 -2.164 -2.134 -2.104 -2.074 -2.044  -2014  -1.983 -1.953 -40
-30 -1.953 -1.923 -1.892 -1.862 -1.831 -1.801 -1.770 -1.740  -1.709 -1.678 -1.648 -30
-20 -1.648 -1.617 -1.586 -1.555 -1.525 -1.494 -1.463 -1.432 -1.401 -1.370 -1.339 -20
-10 -1.339 -1.308 -1.276 -1.245 -1.214 -1.183 -1.151 -1.120  -1.089  -1.057 -1.026 -10

0 -1.026 -0.994 -0.963 -0.931 -0.900 -0.868 -0.836 -0.805 -0.773 -0.741 -0.709 0
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Table 8.1.4 cont. Thermoelectric Voltage in Absolute Millivolts

°F
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210

240

310

340
350
360

380
390
400
410
420
430
440
450
460
470

490
500
510
520
530

0
-0.709
-0.389
-0.065
0.262
0.591
0.924
1.259
1.597
1.937
2.281
2.627
2977
3.329
3.683
4.041
4.401
4.764
5.130
5.498
5.869
6.242
6.618
6.996
7.377
7.760
8.145
8.532
8.922
9.314
9.708
10.103
10.501
10.901
11.302
11.706
12111
12.518
12.926
13.336
13.748
14.161
14.576
14.992
15.410
15.829
16.249
16.670
17.093
17.517
17.942
18.368
18.795
19.223

1
-0.677
-0.357
-0.033
0.295
0.624
0.957
1.292
1.631
1.972
2.316
2.662
3.012
3.364
3.719
4.077
4.437
4.801
5.166
5.535
5.906
6.280
6.656
7.034
7.415
7.798
8.184
8.571
8.961
9.353
9.747
10.143
10.541
10.941
11.343
11.746
12.152
12.559
12.967
13.378
13.789
14.203
14.618
15.034
15.451
15.871
16.291
16.712
17.135
17.559
17.984
18.411
18.838
19.266

2
-0.645
-0.324
0.000
0.327
0.658
0.990
1.326
1.665
2.006
2.350
2.697
3.047
3.399
3.755
4113
4.474
4.837
5.203
5.572
5.943
6.317
6.693
7.072
7.453
7.837
8.222
8.610
9.000
9.392
9.787
10.183
10.581
10.981
11.383
11.787
12.192
12.599
13.008
13.419
13.831
14.244
14.659
15.076
15.493
15.912
16.333
16.755
17.178
17.602
18.027
18.453
18.881
19.309

3
-0.613
-0.292
0.033
0.360
0.691
1.024
1.360
1.699
2.040
2.385
2732
3.082
3.435
3.790
4.149
4.510
4.874
5.240
5.609
5.981
6.355
6.731
7.110
7.491
7.875
8.261
8.649
9.039
9.432
9.826
10.223
10.621
11.021
11.423
11.827
12.233
12.640
13.049
13.460
13.872
14.286
14.701
15.117
15.535
15.954
16.375
16.797
17.220
17.644
18.070
18.496
18.924
19.352

4
-0.581
-0.260
0.065
0.393
0.724
1.057
1.394
1.733
2.075
2.419
2.767
3.117
3.470
3.826
4.185
4.546
4.910
5.277
5.646
6.018
6.392
6.769
7.148
7.530
7.914
8.300
8.688
9.078
9.471
9.866
10.262
10.661
11.061
11.464
11.868
12.273
12.681
13.090
13.501
13.913
14.327
14.742
15.159
15.577
15.996
16.417
16.839
17.262
17.687
18.112
18.539
18.966
19.395

5
-0.549
-0.227
0.098

0.426
0.757
1.091
1.427
1.767
2.109
2.454
2.802
3.152
3.506
3.862
4.221
4.582
4.947
5314
5.683
6.055
6.430
6.807
7.186
7.568
7.952
8.338
8.727
9.118
9.510
9.905
10.302
10.701
11.101
11.504
11.908
12.314
12.722
13.131
13.542
13.9556
14.368
14.784
15.201
15.619
16.038
16.459
16.881
17.305
17.729
18.155
18.581
19.009
19.438

6
-0.517
-0.195
0.131
0.459
0.790
1.124
1.461
1.801
2.143
2.489
2.837
3.187
3.541
3.898
4.257
4.619
4.983
5.350
5.720
6.092
6.467
6.845
7.224
7.606
72991
8.377
8.766
9.157
9.550
9.945
10.342
10.741
11.142
11.544
11.949
12.355
12.763
13.172
13.583
13.996
14.410
14.826
15.243
15.661
16.080
16.501
16.924
17.347
17.772
18.197
18.624
19.052
19.481

7
-0.485
-0.163

0.163
0.492
0.824
1.158
1.495
1.835
2178
2.523
2.872
3.223
3.577
3.933
4.293
4.655
5.020
5.387
5.757
6.130
6.505
6.882
7.262
7.645
8.029
8.416
8.805
9.196
9.589
9.984
10.382
10.781
11.182
11.585
11.989
12.396
12.804
13.213
13.624
14.037
14.451
14.867
15.284
15.703
16.123
16.544
16.966
17.389
17.814
18.240
18.667
19.095
19.524

8
-0.453
-0.130

0.196
0.525
0.857
1.192
1.529
1.869
2212
2.558
2.907
3.258
3.612
3.969
4.329
4.691
5.056
5.424
5.794
6.167
6.543
6.920
7.300
7.683
8.068
8.455
8.844
9.235
9.629
10.024
10.421
10.821
11.222
11.625
12.030
12.436
12.844
13.254
13.666
14.079
14.493
14.909
15.326
15.745
16.165
16.586
17.008
17.432
17.857
18.283
18.710
19.138
19.567

-0.421
-0.098
0.229
0.558
0.890
1.225
1.563
1.903
2.247
2.593
2.942
3.293
3.648
4.005
4.365
4.728
5.093
5.461
5.832
6.205
6.580
6.958
7.339
7.721
8.106
8.494
8.883
9.274
9.668
10.064
10.461
10.861
11.262
11.665
12.070
12.477
12.885
13.295
13.707
14.120
14.534
14.950
15.368
15.787
16.207
16.628
17.051
17.474
17.899
18.325
18.752
19.181
19.610

10
-0.389
-0.065

0.262
0.591
0.924
1.259
1.597
1.937
2.281
2.627
2977
3.329
3.683
4.041
4.401
4.764
5.130
5.498
5.869
6.242
6.618
6.996
7.377
7.760
8.145
8.532
8.922
9.314
9.708
10.103
10.501
10.901
11.302
11.706
12111
12.518
12.926
13.336
13.748
14.161
14.576
14.992
15.410
15.829
16.249
16.670
17.093
17.517
17.942
18.368
18.795
19.223
19.653

10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260

280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470

490
500
510
520
530
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Table 8.1.4 cont. Thermoelectric Voltage in Absolute Millivolts

°F 0 1 2 3 4 5 6 7 8 9 10 °F
540 19.653 19.696 19.739 19782 19.825 19.868 19.911 19.954  19.997  20.040  20.083 540
550 20.083 20.126 20.169 20212 20.256 20.299 20.342 20.385 20.428 20.471 20.514 550
560 20.514 20.558 20.601 20.644 20.687 20.730 20.774 20.817 20.860 20.903  20.947 560
570 20.947 20990 21.033 21076 21.120 21163 21206 21250 21293 21336 21.380 570
580 21.380 21423 21466 21510 21553 21597 21640 21.683 21727 21770 21.814 580
590 21.814 21.857 21.901 21944 21987 22031 22074 22118 22161 22205 22.248 590
600 22248 22292 22336 22379 22423 22466 22510 22553 22597 22640 22.684 600
610 22684 22728 22771 22.815 22.859 22902 22946 22989 23.033 23.077 23.120 610
620 23120 23.164 23.208 23252 23.295 23.339 23.383 23426 23470 23514 23.558 620
630 23.558 23.601 23.645 23.689 23.733 23777 23820 23.864 23.908 23.952 23.996 630
640 23.996  24.039 24.083 24127 24171 24.15 24259 24302 24346 24390 24434 640
650 24434 24478 24522 24566 24.610 24.6554 24.698 24.742 24786 24.829 24.873 650
660 24873 24917 24961 25005 25049 25093 25137 25181 25225 25269 25.313 660
670 25313 25357 25401 25445 25490 25534 25578 25622 25666 25.710 25.754 670
680 25754 25798 25842 25886  25.930 25.74 26.019 26.063 26.107 26.151 26.195 680
690 26.195 26239 26.283 26.328 26.372 26416 26.460 26.504 26.549 26.593  26.637 690
700 26.637 26.681 26.725 26.770 26.814 26.858 26.902 26.947 26.991 27.035 27.079 700
710 27.079 27124 27168 27212 27256 27.301 27.345 27.389 27.434 27478 27.522 710
720 27522 27566 27.611 27.655 27.699 27.744 27.788 27.832 27.877 27.921  27.966 720
730 27.966  28.010 28.054 28.099 28.143 28.187 28.232 28276 28.321 28.365 28.409 730
740 28.409 28.454 28498 28.543 28587 28.632 28676 28.720 28.765 28.809  28.854 740
750 28.854 28.898 28.943 28987 29.032 29076 29.121 29.165 29.210 29.254  29.299 750
760 20299 29343 29.388 29432 29477 29521 29566 29.610 29.655 29.699 29.744 760
770 29.744  29.788 29.833 29.878 29.922 29.967  30.011 30.056 30.100 30.145  30.190 770
780 30.190  30.234 30.279 30.323 30.368 30.412 30457 30.502 30.546  30.591  30.636 780
790 30.636 30.680 30.725 30.769 30.814 30.859 30.903 30.948 30.993 31.037 31.082 790
800 31.082 31127 31171 31216 31.261 31305 31.350 31.395 31439 31484 31.529 800
810 31529 31573 31618 31663 31.707 31752 31.797 31842 31.886 31.931 31.976 810
820 31976  32.020 32.065 32110 32.155 32199 32244 32289 32.334 32378 32423 820
830 32423 32468 32513 32557 32602 32647 32692 32736 32781 32.826 32.871 830
840 32.871 32916 32960 33.005 33.050 33.095 33.140 33.184 33.229 33.274 33.319 840
850 33.319  33.364 33408 33453 33.498 33.543 33588 33.632 33.677 33.722 33.767 850
860 33.767 33.812 33.857 33.901 33946 33.991 34036 34.081 34126 34.170 34.215 860
870 34215 34260 34305 34.350 34.395 34440 34484 34529 34574 34619 34.664 870
880 34.664 34.709 34.754 34798 34.843 34.888 34933 34978 35.023 35.068 35.113 880
890 35113  35.157 35202 35247 35292 35337 35382 35427 35472 35517 35562 890
900 35562 35606 35.651 35.696  35.741 35786 35831 35876 35921 35966  36.011 900
910 36.011 36.056 36.100 36.145 36.190 36.235 36.280 36.325 36.370 36.415 36.460 910
920 36.460 36.505 36.550 36.595 36.640 36.684 36.729 36.774 36.819 36.864  36.909 920
930 36.909 36.954 36.999 37.044 37.089 37.134 37179 37224 37269 37.314 37.358 930
940 37.358 37.403 37.448 37493 37.538 37.583 37.628 37.673 37.718 37.763 37.808 940
950 37.808 37.853 37.898 37.943 37.988 38.033 38.078 38.123 38.168 38.213  38.257 950
960 38.257  38.302 38.347 38.392 38437 38482 38527 38572 38.617 38.662 38.707 960
970 38.707 38.752 38.797 38.842 38.887 38932 38977 39.022 39.067 39.112 39.157 970
980 39.157 39202 39.247 39.291 39.336  39.381 39.426 39.471 39516 39.561  39.606 980
990 39.606 39.651 39.696 39.741 39.786 39.831 39.876 39.921 39.966 40.011  40.056 990
1000 40.056  40.101  40.146  40.191  40.236 40.280 40.325 40.370 40.415 40.460 40.505 1000
1010 40.505 40.550 40.595 40.640 40.685 40.730 40.775 40.820 40.865 40.910 40.955 1010
1020 40.955 41.000 41.045 41.090 41.134 41179 41.224 41269 41314 41359 41.404 1020
1030 41.404 41449 41494 41539 41584 41629 41674 41719 41764 41.808 41.853 1030
1040 41.853 41.898 41943 41988 42.033 42.078 42123 42168 42213 42258 42.303 1040
1050 42303 42348 42392 42437 42482 42527 42572 42617 42662 42707 42.752 1050
1060 42.752 42797  42.842 42886 42931 42976 43.021 43.066 43.111  43.156  43.201 1060
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Table 8.1.4 cont. Thermoelectric Voltage in Absolute Millivolts

°F
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590

0
43.201
43.650
44.098
44.547
44.995
45.443
45.891
46.339
46.786
47.234
47.681
48.127
48.574
49.020
49.466
49.911
50.357
50.802
51.246
51.691
52.135
52.578
53.022
53.465
53.907
54.349
54.791
55.233
55.674
56.115
56.555
56.995
57.434
57.873
58.312
58.750
59.188
59.626
60.063
60.499
60.935
61.371
61.806
62.240
62.675
63.108
63.542
63.974
64.406
64.838
65.269
65.700
66.130

1

43.246
43.694
44.143
44.592
45.040
45.488
45.936
46.384
46.831
47.278
47.725
48.172
48.618
49.065
49.510
49.956
50.401
50.846
51.291
51.735
52.179
52.623
53.066
53.509
53.951
54.394
54.835
55.277
55.718
56.159
56.599
57.039
57.478
57.917
58.356
58.794
59.232
59.669
60.106
60.543
60.979
61.414
61.849
62.284
62.718
63.152
63.585
64.017
64.450
64.881
65.312
65.743
66.173

2

43.290
43.739
44.188
44.636
45.085
45.533
45.981
46.428
46.876
47.323
47.770
48.217
48.663
49.109
49.555
50.001
50.446
50.891
51.335
51.780
52.223
52.667
53.110
53.553
53.996
54.438
54.880
55.321
55.762
56.203
56.643
57.083
57.522
57.961
58.400
58.838
59.276
59.713
60.150
60.586
61.022
61.458
61.893
62.327
62.761
63.195
63.658
64.061
64.493
64.924
65.355
65.786
66.216

3
43.335
43.784
44.233
44.681
45.130
45578
46.025
46.473
46.921
47.368
47.815
48.261
48.708
49.154
49.600
50.045
50.490
50.935
51.380
51.824
52.268
52.711
53.155
53.597
54.040
54.482
54.924
55.365
55.806
56.247
56.687
57.127
57.566
58.005
58.444
58.882
59.319
59.757
60.194
60.630
61.066
61.501
61.936
62.371
62.805
63.238
63.671
64.104
64.536
64.967
65.398
65.829
66.259

4

43.380
43.829
44.278
44.726
45.174
45.622
46.070
46.518
46.965
47.412
47.859
48.306
48.752
49.198
49.644
50.090
50.535
50.980
51.424
51.868
52.312
52.756
53.199
53.642
54.084
54.526
54.968
55.409
55.850
56.291
56.731
57.171
57.610
58.049
58.487
58.926
59.363
59.800
60.237
60.674
61.109
61.545
61.980
62.414
62.848
63.282
63.715
64.147
64.579
65.011
65.441
65.872
66.302

5
43.425
43.874
44.322
44.771
45.219
45.667
46.115
46.563
47.010
47.457
47.904
48.351
48.797
49.243
49.689
50.134
50.579
51.024
51.469
51.913
52.357
52.800
53.243
53.686
54.128
54.570
55.012
55.453
55.894
56.335
56.775
57.215
57.654
58.093
58.531
58.969
59.407
59.844
60.281
60.717
61.153
61.588
62.023
62.458
62.892
63.325
63.758
64.190
64.622
65.054
65.484
65.915
66.345

6
43.470
43.919
44.367
44.816
45.264
45.712
46.160
46.607
47.055
47.502
47.949
48.395
48.842
49.288
49.733
50.179
50.624
51.069
51.513
51.957
52.401
52.844
53.288
53.730
54.173
54.615
55.056
55.498
55.938
56.379
56.819
57.259
57.698
58.137
58.575
59.013
59.451
59.888
60.325
60.761
61.197
61.632
62.067
62.501
62.935
63.368
63.801
64.234
64.665
65.097
65.528
65.958
66.387

7

43.515
43.964
44.412
44.861
45.309
45.757
46.205
46.652
47.099
47.546
47.993
48.440
48.886
49.332
49.778
50.223
50.668
51.113
51.557
52.002
52.445
52.889
53.332
53.774
54.217
54.659
55.100
55.542
55.982
56.423
56.863
57.303
57.742
58.181
58.619
59.057
59.494
59.932
60.368
60.804
61.240
61.675
62.110
62.44
62.978
63.412
63.844
64.277
64.709
65.140
65.571
66.001
66.430

8
43.560
44.008
44.457
44.905
45.354
45.802
46.249
46.697
47.144
47.591
48.038
48.484
48.931
49.377
49.822
50.268
50.713
51.157
51.602
52.046
52.490
52.933
53.376
53.819
54.261
54.703
55.145
55.586
56.026
56.467
56.907
57.346
57.786
58.224
58.663
59.101
59.538
59.975
60.412
60.848
61.284
61.719
62.154
62.588
63.022
63.455
63.888
64.320
64.752
65.183
65.614
66.044
66.473

43.605
44.053
44.502
44.950
45.398
45.846
46.294
46.742
47.189
47.636
48.083
48.529
48.975
49.421
49.867
50.312
50.757
51.202
51.646
52.090
52.534
52.977
53.420
53.863
54.305
54.747
55.189
55.630
56.071
56.511

56.951
57.390
57.830
58.268
58.707
59.144
59.582
60.019
60.455
60.892
61.327
61.762
62.197
62.631

63.065
63.498
63.931
64.363
64.795
65.226
65.657
66.087
66.516

10
43.650
44.098
44.547
44.995
45.443
45.891
46.339
46.786
47.234
47.681
48.127
48.574
49.020
49.466
49.911
50.357
50.802
51.246
51.691
52.135
52.578
53.022
53.465
53.907
54.349
54.791
55.233
55.674
56.115
56.555
56.995
57.434
57.873
58.312
58.750
59.188
59.626
60.063
60.499
60.935
61.371
61.806
62.240
62.675
63.108
63.542
63.974
64.406
64.838
65.269
65.700
66.130
66.559

1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
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Table 8.1.4 cont. Thermoelectric Voltage in Absolute Millivolts

°F 0 1 2 3 4 5 6 7 8 ] 10 °F
1600 66.5569 66.602 66.645 66.688 66.731 66.774 66.817 66.859 66.902 66.945 66.988 1600
1610 66.988 67.031 67.074 67.117 67.159 67.202 67.245 67.288 67.331 67.374 67.416 1610
1620 67.416  67.459 67.502 67.545 67.588 67.630 67.673 67.716 67.759  67.801 67.844 1620
1630 67.844 67.887 67.930 67.972 68.015 68.058 68.101 68.143 68.186 68.229 68.271 1630
1640 68.271 68.314 68.357 68.399 68.442 68485 68527 68570 68.613 68.655 68.698 1640
1650 68.698 68.740 68.783 68.826 68.868 68.911 68.953 68.996 69.039 69.081 69.124 1650
1660 69.124  69.166 69.209 69.251 69.294  69.337 69.379 69.422 69.464 69.507 69.549 1660
1670 69.549 69.592 69.634 69.677 69.719 69.762 69.804 69.847 69.889 69.931 69.974 1670
1680 69.974 70.016  70.059  70.101 70.144 70.186 70.228 70.271  70.313 70.356  70.398 1680
1690 70.398 70.440 70483 70.525 70.567 70.610 70.652 70.694 70.737 70.779  70.821 1690
1700 70.821 70.864 70.906 70.948 70.991 71.033 71.075 71118 71160 71.202 71.244 1700
1710 71244 71287 71329 71371 71413 71456 71498 71540 71582 71.624 71.667 1710
1720 71667 71709 71751 71793 71835 71878 71920 71962 72.004 72.046 72.088 1720
1730 72.088 72130 72173 72215 72257 72299 72.341 72.383 72425 72467 72.509 1730
1740 72509 72551 72593 72635 72678 72720 72762 72804 72846 72.888 72.930 1740
1750 72930 72972 73.014 73.056 73.098 73140 73.182 73224 73.266 73.308 73.350 1750
1760 73350 73.392 73434 73475 73517 73559 73.601 73.643 73.685 73.727 73.769 1760
1770 73.769 73.811 73.853 73.895 73.936 73978 74020 74.062 74104 74146 74.188 1770
1780 74.188 74229 74271 74313 74355 74397 74439 74480 74522 74564 74.606 1780
1790 74606 74648 74689 74731 74773 74815 74857 74898 74940 74.982 75.024 1790
1800 75.024 75.065 75107 75.149 75.191 75232 75274 75316 75357 75.399  75.441 1800
1810 75.441 75483 75524 75566 75.608 75.649  75.691 75.733 75774 75.816  75.858 1810
1820 75858 75899 75941 75983 76.024 76.066 76.108 76.149 76.191 76.233 76.274 1820
1830 76.274 76.316  76.358 1830

T/CType ] - Thermoelectric Voltage

As a Function of Temperature (°C) Reference Junctions at 0 °C
Reference Standard: NBS Monograph 125 and BS 4937 parts 1-7

Table 8.1.5 Thermoelectric Voltage in Absolute Millivolts

°C 0 1 2 3 4 5 6 7 8 9 10 °C
-210 -8.096 -8.076 -8.057 -8.037 -8.017 -7.996 -7.976 -7.955  -7.934  -7.912 -7.890 -210
-200 -7.890 -7.868 -7.846 -7.824 -7.801 -7.778 -7.755 -7.731 -7.707  -7.683 -7.659 -200
-190 -7.659 -7.634 -7.609 -7.584 -7.559 -7.533 -7.508 -7.482 -7.455  -7.429 -7.402 -190
-180 -7.402 -7.375 -7.348 -7.321 -7.293 -7.265 -7.237 -7.209 -7.180  -7.151 -7.122 -180
-170 -7.122 -7.093 -7.064 -7.034 -7.004 -6.974 -6.944 -6.914  -6.883 -6.852 -6.821 -170
-160 -6.821 -6.790 -6.758 -6.727 -6.695 -6.663 -6.630 -6.598  -6.565  -6.532 -6.499 -160
-150 -6.499 -6.466 -6.433 -6.399 -6.365 -6.331 -6.297 -6.263  -6.228  -6.194 -6.159 -150
-140 -6.159 -6.124 -6.089 -6.053 -6.018 -5.982 -5.946 -6.910 -5874  -5.837 -5.801 -140
-130 -5.801 -5.764 -5.727 -5.690 -5.653 -5.615 -5.578 -5.540  -5.502  -5.464 -5.426 -130
-120 -5.426 -5.388 -5.349 -5.311 -5.272 -5.233 -5.194 -5.155 -5.115 -5.076 -5.036 -120
-110 -5.036 -4.996 -4.956 -4.916 -4.876 -4.836 -4.795 -4.755 4714  -4.673 -4.632 -110
-100 -4.632 -4.591 -4.550 -4.508 -4.467 -4.425 -4.383 -4.341 -4.299  -4.257 -4.215 -100

-90 -4.215 -4.172 -4.130 -4.087 -4.044 -4.001 -3.958 -3.915  -3.872 -3.829 -3.785 -90
-80 -3.785 -3.742 -3.698 -3.654 -3.610 -3.566 -3.522 -3.478  -3.433  -3.389 -3.344 -80
-70 -3.344 -3.299 -3.255 -3.210 -3.165 -3.120 -3.074 -3.029 -2984  -2.938 -2.892 -70
-60 -2.892 -2.847 -2.801 -2.755 -2.709 -2.663 -2.617 -2.570  -2.524  -2.478 -2.431 -60
-50 -2.431 -2.384 -2.338 -2.291 -2.244 -2.197 -2.150 -2.102 -2.055  -2.008 -1.960 -50
-40 -1.960 -1.913 -1.865 -1.818 -1.770 -1.722 -1.674 -1.626  -1.578  -1.530 -1.481 -40
-30 -1.481 -1.433 -1.385 -1.336 -1.288 -1.239 -1.190 -1.141 -1.093  -1.044 -0.995 -30
-20 -0.995 -0.945 -0.896 -0.847 -0.798 -0.748 -0.699 -0.650 -0.600 -0.550 -0.501 -20



8 — Reference Materials

Table 8.1.5 cont. Thermoelectric Voltage in Absolute Millivolts

°C
-10
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240

260
270
280
290
300
310
320
330
340
350
360

380
390
400
410
420
430
440
450
460
470
480
490
500
510

0
-0.501
0.000
0.507
1.019
1.536
2.058
2.585
3.115
3.649
4.186
4.725
5.268
5.812
6.359
6.907
7.457
8.008
8.560
9.113
9.667
10.222
10.777
11.332
11.887
12.442
12.998
13.553
14.108
14.663
15.217
15.771
16.325
16.879
17.432
17.984
18.537
19.089
19.640
20.192
20.743
21.295
21.846
22.397
22.949
23.501
24.054
24.607
25.161
25.716
26.272
26.829
27.388
27.949

1

-0.451
0.050
0.558
1.070
1.588
2111
2.638
3.168
3.702
4.239
4.780
5.322
5.867
6.414
6.962
7.512
8.063
8.616
9.169
9.723
10.277
10.832
11.387
11.943
12.498
13.053
13.608
14.163
14.718
15.273
15.827
16.380
16.934
17.487
18.039
18.592
19.144
19.695
20.247
20.798
21.350
21.901
22.453
23.004
23.556
24.109
24.662
25.217
25.772
26.328
26.885
27.444
28.005

2

-0.401
0.101
0.609
1.122
1.640
2.163
2.691
3.221
3.756
4.293
4.834
5.376
5.921
6.468
7.017
7.567
8.118
8.671
9.224
9.778
10.333
10.888
11.443
11.998
12.553
13.109
13.664
14.219
14.774
15.328
15.882
16.436
16.989
17.542
18.095
18.647
19.199
19.751
20.302
20.853
21.405
21.956
22.508
23.060
23.612
24.164
24.718
25.272
25.827
26.383
26.941
27.500
28.061

3
-0.351
0.151
0.660
1.174
1.693
2216
2.743
3.275
3.809
4.347
4.888
5.431
5976
6.523
7.072
7.622
8.174
8.726
9.279
9.834
10.388
10.943
11.498
12.054
12.609
13.164
13.719
14.274
14.829
15.383
15.938
16.491
17.044
17.597
18.150
18.702
19.254
19.806
20.357
20.909
21.460
22.011
22.863
23.115
23.667
24.220
24.773
25.327
25.883
26.439
26.997
27.556
28.117

4

-0.301
0.202
0.711
1.225
1.745
2.268
2.796
3.328
3.863
4.401
4.942
5.485
6.031
6.578
7127
7.677
8.229
8.781
9.335
9.889
10.444
10.999
11.554
12.109
12.664
13.220
13.775
14.330
14.885
15.439
15.993
16.547
17.100
17.653
18.205
18.757
19.309
19.861
20.412
20.964
21.515
22.066
22618
23.170
23.722
24.275
24.829
25.383
25.938
26.495
27.053
27.612
28.173

5
-0.251
0.153
0.762
1.277
1.797
2.321
2.849
3.381
3.917
4.455
4.996
5.540
6.085
6.633
7.182
7.732
8.284
8.837
9.390
9.944
10.499
11.054
11.609
12.165
12.720
13.275
13.830
14.385
14.940
15.494
16.048
16.602
17.155
17.708
18.260
18.813
19.364
19.916
20.467
21.019
21.570
22.122
22.673
23.225
23.777
24.330
24.884
25.438
25.994
26.551
27.109
27.668
28.230

6
-0.201
0.303
0.813
1.329
1.849
2.374
2.902
3.435
3.971
4.509
5.050
5.594
6.140
6.688
7.237
7.787
8.339
8.892
9.446
10.000
10.555
11.110
11.665
12.220
12.776
13.331
13.886
14.441
14.995
15.550
16.104
16.657
17.210
17.763
18.316
18.868
19.420
19.971
20.523
21.074
21.625
22177
22728
23.280
23.833
24.386
24.939
25.494
26.050
26.606
27.165
27.724
28.286

7

-0.151
0.354
0.865
1.381
1.901
2.426
2.956
3.488
4.024
4.563
5.105
5.649
6.195
6.742
7.292
7.843
8.394
8.947
9.501

10.055

10.610

11.165

11.720

12.276

12.831

13.386

13.941

14.496

15.051

15.605

16.159

16.713

17.266

17.818

18.371

18.923

19.475

20.026

20.578

21.129

21.680

22.232

22784

23.336

23.888

24.441

24.995

25.549

26.105

26.662

27.220

27.780

28.342

8
-0.101
0.405
0.916
1.432
1.954
2.479
3.009
3.542
4.078
4.617
5.159
5.703
6.249
6.797
7.347
7.898
8.450
9.003
9.556
10.111
10.666
11.221
11.776
12.331
12.887
13.442
13.997
14.552
15.106
15.661
16.214
16.768
17.321
17.874
18.426
18.978
19.530
20.081
20.633
21.184
21.736
22.287
22.839
23.391
23.943
24.496
25.050
25.605
26.161
26.718
27.276
27.836
28.398

-0.050
0.456
0.867
1.484
2.006
2.532
3.062
3.595
4.132
4.671
5213
5.758
6.304
6.852
7.402
7.953
8.505
9.058
9.612

10.166

10.721

11.276
11.831

12.387

12.942

13.497

14.052

14.607

15.162

15.716

16.270

16.823

17.376

17.929

18.481

19.033

19.585

20.137

20.688

21.239

21.791

22.342

22.894

23.446

23.999

24.552

25.106

25.661

26.216

26.774

27.332

27.893

28.455

10
0.000
0.507
1.019
1.536
2.058
2.585
3.115
3.649
4.186
4.725
5.268
5.812
6.359
6.907
7.457
8.008
8.560
9.113
9.667

10.222
10.777
11.332
11.887
12.442
12.998
13.553
14.108
14.663
15.217
15.771
16.325
16.879
17.432
17.984
18.537
19.089
19.640
20.192
20.743
21.295
21.846
22.397
22.949
23.501
24.054
24.607
25.161
25.716
26.272
26.829
27.388
27.949
28.511

-10

10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240

260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
510
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Table 8.1.5 cont. Thermoelectric Voltage in Absolute Millivolts

°C 0 1 2 3 4 5 6 7 8 ] 10 °C
520 28.511 28.567 28.624 28.680 28.736 28.793 28.849 28906 28.962 29.019 29.075 520
530 29.075 29.132 29.188 29245 29301 29.358 29415 29471 29.528 29.585  29.642 530
540 29642 29698 29.755 29.812 29.869 29.926 29.983 30.039 30.096 30.153  30.210 540
550 30.210  30.267 30.324  30.381 30.439 30.496 30.553 30.610 30.667 30.724  30.782 550
560 30.782  30.839 30.896 30.954 31.011 31.068 31126 31.183 31.241 31.298 31.356 560
570 31.356 31413 31471 31528 31586 31644 31702 31.759 31817 31875 31.933 570
580 31.933 31.991 32.048 32106 32.164 32222 32280 32338 32396 32455 32.513 580
590 32513 32571 32629 32687 32746 32.804 32862 32921 32979 33.038 33.096 590
600 33.096 33.155 33.213 33272 33.330 33.389 33448 33.506 33.565 33.624 33.683 600
610 33.683 33.742 33.800 33.859 33.918 33.977 34.036 34.095 34.155 34214 34273 610
620 34.273 34332 34391 34451 34510 34569 34629 34688 34.748 34.807 34.867 620
630 34.867 34926 34986 35046 35105 35165 35225 35285 35.344 35404 35464 630
640 35464 35524 35584 35644 35704 35764 35825 35885 35945 36.005 36.066 640
650 36.066 36.126 36.186 36.247 36.307 36.368 36.428 36.489 36.549 36.610 36.671 650
660 36.671  36.732 36.792 36.853 36.914 36.975 37.036 37.097 37.158 37.219  37.280 660
670 37.280 37.341 37402 37463 37525 37586 37.647 37709 37.770 37.831  37.893 670
680 37.893 37.954 38.016 38.078 38139 38.201 38.262 38.324 38.386 38448 38.510 680
690 38.510 38,572 38.633 38.695 38.757 38.819 38.882 38.944 39.006 39.068 39.130 690
700 39.130 39.192 39.255 39.317 39.379 39442 39504 39.567 39.629 39.692 39.754 700
710 39.754  39.817 39.880 39.942 40.005 40.068 40.131 40.193 40.256  40.319  40.382 710
720 40.382 40445 40.508 40.571 40.634 40.697 40.760 40.823 40.886 40.950 41.013 720
730 41.013 41076 41139 41203 41266 41.329 41393 41456 41.520 41.583  41.647 730
740 41.647 41710 41774 41837 41901 41965 42.028 42.092 42156 42219 42.283 740
750 42283 42347 42411 42475 42538 42602 42,666 42730 42794 42858  42.922 750

T/|CType] - Thermoelectric Voltage

As a Function of Temperature (°F) Reference Junctions at 32 °F
Reference Standard: NBS Monograph 125 and BS 4937 parts 1-7

Table 8.1.6 Thermoelectric Voltage in Absolute Millivolts

°F 0 1 2 3 4 5 6 7 8 ] 10 °F
-350 -8.096 -8.085 -8.074 -8.063  -8.052  -8.041 -8.030 -350
-340 -8.030 -8.019 -8.008 -7.996 -7.985 -7.973 -7.962 -7.950  -7.938  -7.927 -7.915 -340
-330 -7.915 -7.903 -7.890 -7.878 -7.866 -7.854 -7.841 -7.829 -7.816  -7.803 -7.791 -330
-320 -7.791 -7.778 -7.765  -7.752 -7.739 -7.726 -7.712 -7699 -7.686  -7.672 -7.659 -320
-310 -7.659 -7.645 -7.631 -7.618 -7.604 -7.590 -7.576 -7.562 -7.548  -7.533 -7.519 -310
-300 -7.519 -7.505 -7.490 -7.476 -7.461 -7.447 -7.432 -7.417  -7.402  -7.387 -7.372 -300
-290 -7.372 -7.357 -7.342 -7.327 -7.311 -7.296 -7.281 -7.265  -7.250  -7.234 -7.218 -290
-280 -7.218 -7.202 -7.187 -7.171 -7.155 -7.139 -7.122 -7.106  -7.090 -7.074 -7.057 -280
-270 -7.057 -7.041 -7.024 -7.008 -6.991 -6.974 -6.958 -6.941 -6.924  -6.907 -6.890 -270
-260 -6.890 -6.873 -6.856 -6.838 -6.821 -6.804 -6.786 -6.769  -6.751 -6.734 -6.716 -260
-250 -6.716 -6.698 -6.680 -6.663 -6.645 -6.627 -6.609 -6.591 -6.572  -6.554 -6.536 -250
-240 -6.536 -6.518 -6.499 -6.481 -6.462 -6.444 -6.425 -6.407  -6.388  -6.369 -6.350 -240
-230 -6.350 -6.331 -6.312 -6.293 -6.274 -6.255 -6.236 -6.217  -6.198  -6.178 -6.159 -230
-220 -6.159 -6.139 -6.120 -6.100 -6.081 -6.061 -6.041 -6.022  -6.002 -5.982 -5.962 -220
-210 -5.962 -5.942 -5.922 -5.902 -5.882 -5.861 -5.841 -5.821 -5.801 -5.780 -5.760 -210
-200 -5.760 -5.739 -5.719 -5.698 -5.678 -5.657 -5.636 -6.615  -5.594  -5.574 -5.553 -200
-190 -5.553 -5.532 -5.511 -5.490 -5.468 -5.447 -5.426 -5405  -5383  -5.362 -5.341 -190
-180 -5.341 -5.319 -5.298 -5.276 -5.255 -5.233 -5.211 5190 -5.168  -5.146 -5.124 -180
-170 -5.124 -5.102 -5.080 -5.058 -5.036 -5.014 -4.992 -4.970  -4.948  -4.925 -4.903 -170
-160 -4.903 -4.881 -4.858 -4.836 -4.813 -4.791 -4.768 -4.746 4723  -4.700 -4.678 -160
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100
110
120
130
140
150
160
170
180
190

210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370

0
-4.678
-4.448
-4.215
-3.978
-3.737
-3.492
-3.245
-2.994
-2.740
-2.483
-2.223
-1.960
-1.695
-1.428
-1.158
-0.885
-0.611
-0.334
-0.056
0.224
0.507
0.791
1.076
1.363
1.652
1.942
2.233
2.526
2.820
3.115
341
3.708
4.006
4.305
4.605
4.906
5.207
5.509
5.812
6.116
6.420
6.724
7.029
7.335
7.641
7.947
8.253
8.560
8.867
9.175
9.483
9.790
10.098

1
-4.655
-4.425
-4.191
-3.954
-3.712
-3.468
-3.220
-2.968
-2.714
-2.457
-2.197
-1.934
-1.669
-1.401
-1.131
-0.858
-0.583
-0.307
-0.028
0.253
0.535
0.819
1.1056
1.392
1.681
1.971
2.263
2.555
2.849
3.145
3.441
3.738
4.036
4.335
4.635
4.936
5.238
5.540
5.843
6.146
6.450
6.755
7.060
7.365
7.671
7.977
8.284
8.591
8.898
9.206
9.513
9.821
10.129

2
-4.632
-4.402
-4.168
-3.930
-3.688
-3.443
-3.195
-2.943
-2.689
-2.431
-2.171
-1.908
-1.642
-1.374
-1.103
-0.831
-0.556
-0.279
0.000
0.281
0.563
0.848
1.134
1.421
1.710
2.000
2.292
2.585
2.879
3.174
3.470
3.768
4.066
4.365
4.665
4.966
5.268
5.570
5.873
6.176
6.481
6.785
7.090
7.396
7.702
8.008
8.315
8.622
8.929
9.236
9.544
9.852
10.160

3
-4.609
-4.379
-4.144
-3.906
-3.664
-3.418
-3.170
-2.918
-2.663
-2.405
-2.144
-1.881
-1.615
-1.347
-1.076
-0.803
-0.528
-0.251
0.028
0.309
0.592
0.876
1.162
1.450
1.739
2.029
2.321
2614
2.908
3.204
3.500
3.798
4.096
4.395
4.695
4.996
5.298
5.600
5.903
6.207
6.511
6.816
7121
7.426
7.732
8.039
8.345
8.652
8.960
9.267
9.575
9.883
10.191

4
-4.586
-4.355
-4.120
-3.882
-3.639
-3.394
-3.145
-2.892
-2.637
-2.379
-2.118
-1.855
-1.589
-1.320
-1.049
-0.776
-0.501
-0.223
0.056
0.337
0.620
0.905
1.191
1.479
1.768
2.058
2.350
2.644
2.938
3.233
3.530
3.827
4.126
4.425
4.725
5.026
5.328
5.630
5934
6.237
6.541
6.846
7.151
7.457
7.763
8.069
8.376
8.683
8.990
9.298
9.606
9.914
10.222

5
-4.563
-4.332
-4.097
-3.858
-3.615
-3.369
-3.120
-2.867
-2.612
-2.353
-2.092
-1.828
-1.562
-1.293
-1.022
-0.748
-0.473
-0.195
0.084
0.365
0.648
0.933
1.220
1.507
1.797
2.088
2.380
2.673
2.967
3.263
3.560
3.857
4.156
4.455
4.755
5.057
5.358
5.661
5.964
6.268
6.572
6.877
7.182
7.488
7.794
8.100
8.407
8.714
9.021
9.329
9.636
9.944
10.252

6
-4.540
-4.309
-4.073
-3.833
-3.590
-3.344
-3.094
-2.842
-2.586
-2.327
-2.066
-1.802
-1.535
-1.266
-0.995
-0.721
-0.445
-0.168

0.112
0.394
0.677
0.962
1.248
1.536
1.826
2117
2.409
2.702
2.997
3.293
3.589
3.887
4.186
4.485
4.786
5.087
5.389
5.691
5.994
6.298
6.602
6.907
7.212
7.518
7.824
8.131
8.437
8.745
9.052
9.359
9.667
9.975
10.283

7
-4.517
-4.285
-4.049
-3.809
-3.566
-3.319
-3.069
-2.816
-2.560
-2.301
-2.039
-1.775
-1.508
-1.239
-0.967
-0.694
-0.418
-0.140
0.140
0.422
0.705
0.990
1.277
1.565
1.855
2.146
2.438
2732
3.026
3.322
3.619
3.917
4.216
4.515
4.816
5117
5.419
5.721
6.025
6.328
6.633
6.938
7.243
7.549
7.855
8.161
8.468
8.775
9.083
9.390
9.698
10.006
10.314

8
-4.494
-4.262
-4.025
-3.785
-3.541
-3.294
-3.044
-2.791
-2.534
-2.275
-2.013
-1.748
-1.481
-1.212
-0.940
-0.666
-0.390
-0.112

0.168
0.450
0.734
1.019
1.306
1.594
1.884
2175
2.467
2.761
3.056
3.352
3.649
3.947
4.245
4.545
4.846
5.147
5.449
5.752
6.055
6.359
6.663
6.968
7.274
7.579
7.885
8.192
8.499
8.806
9.113
9.421
9.729
10.037
10.345

-4.471
-4.238
-4.001
-3.761
-3.517
-3.270
-3.019
-2.765
-2.509
-2.249
-1.987
-1.722
-1.455
-1.185
-0.913
-0.639
-0.362
-0.084
0.196
0.478
0.762
1.048
1.335
1.623
1.913
2.204
2.497
2.791
3.085
3.381
3.678
3.976
4.275
4.575
4.876
5177
5.479
5.782
6.085
6.389
6.694
6.999
7.304
7.610
7.916
8.223
8.530
8.837
9.144
9.452
9.760
10.068
10.376

10
-4.448
-4.215
-3.978
-3.737
-3.492
-3.245
-2.994
-2.740
-2.483
-2.223
-1.960
-1.695
-1.428
-1.158
-0.885
-0.611
-0.334
-0.056

0.224
0.507
0.791
1.076
1.363
1.652
1.942
2.233
2.526
2.820
3.115
3.411
3.708
4.006
4.305
4.605
4.906
5.207
5.509
5.812
6.116
6.420
6.724
7.029
7.335
7.641
7.947
8.253
8.560
8.867
9.175
9.483
9.790
10.098
10.407

100
110
120
130
140
150
160
170
180
190

210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
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°F 0 1 2 3 4 5 6 7 8 ] 10 °F
380 10.407  10.437 10468 10499 10.530 10.561 10.592 10.622 10.653 10.684 10.715 380
390 10.715 10.746  10.777 10.807 10.838 10.869 10.900  10.931 10962 10.992  11.023 390
400 11.023 11.054  11.085 11.116 11.147 11177 11208 11239 11.270  11.301 11.332 400
410 11.332 11.363  11.393  11.424 11.455 11.486 11517 11548 11578  11.609 11.640 410
420 11.640 11.671 11702 11.733 11.764 11794 11825 11.856 11.887 11.918  11.949 420
430 11.949 11980 12.010 12.041 12.072 12103 12134 12165 12196 12226  12.257 430
440 12257 12288 12.319 12350 12.381 12.411 12.442 12473 12504 12535 12.566 440
450 12566  12.597 12.627 12658 12689 12720 12.751 12782 12813 12.843 12.874 450
460 12.874 12905 12936 12.967 12998 13.029 13.059 13.090 13.121 13.152  13.183 460
470 13.183 13214 13244 13275 13306 13.337 13.368 13.399 13430 13.460 13.491 470
480 13.491 13.522 13.553 13.584 13.615 13.645 13.676 13.707 13.738 13.769  13.800 480
490 13.800 13.830 13.861 13.892 13.923 13.954 13.985 14.015 14.046 14.077 14.108 490
500 14108 14139 14170 14.200 14.231 14262 14293 14.324 14355 14385 14.416 500
510 14416  14.447 14478 14509 14539 14570 14.601 14632 14663 14.694 14.724 510
520 14724 14755 14786 14817 14.848 14.878 14909 14.940 14.971 15.002  15.032 520
530 15.032 15.063 15.094 15125 15156 15186 15217 15248 15279 15310 15.340 530
540 15.340  15.371 15402 15433 15464 15494 15525 15556 15587 15.617 15.648 540
550 15648 15679 15710 15741 15.771 15.802 15833 15.864 15894 15925 15956 550
560 15.956 15987 16.018 16.048 16.079 16.110  16.141 16.171 16.202 16233  16.264 560
570 16.264  16.294 16.325 16.356 16.387 16417 16448 16479 16510 16.540 16.571 570
580 16.571 16.602 16.633 16.663 16.694 16.725 16.756 16.786 16.817 16.848 16.879 580
590 16.879  16.909 16.940 16.971 17.001 17.032 17.063 17.094 17124 17155 17.186 590
600 17186  17.217  17.247 17.278 17.309 17.339 17.370 17.401 17.432 17462 17.493 600
610 17493 17524 17554 17585 17616 17.646 17.677 17.708 17.739 17.769  17.800 610
620 17.800  17.831 17.861 17.892 17923 17953 17984 18.015 18.046 18.076  18.107 620
630 18.107 18.138 18.168 18.199  18.230 18.260  18.291 18.322 18352 18.383  18.414 630
640 18.414  18.444 18475 18506 18.537 18.567 18.598 18.629 18.659 18.690 18.721 640
650 18.721 18.751 18.782 18.813 18.843 18.874 18.905 18.935 18.966 18.997  19.027 650
660 19.027 19.058 19.089 19.119  19.150 19.180  19.211 19.242 19.272 19.303  19.334 660
670 19.334 19364 19.395 19426 19456 19487 19518 19.548 19.579 19.610  19.640 670
680 19.640  19.671 19.702 19.732 19.763 19.793 19.824 19.855 19.885 19.916  19.947 680
690 19.947 19977 20.008 20.039 20.069 20.100 20.131 20.161 20.192 20.222  20.253 690
700 20.253 20284 20.314 20.345 20.376 20.406 20.437 20.467 20.498 20.529  20.559 700
710 20.559  20.590 20.621 20.651 20.682 20.713 20.743 20.774 20.804 20.835 20.866 710
720 20.866 20.896 20.927 20.958 20.988 21.019 21.049 21.080 21.111 21141 21172 720
730 21172 21203 21233 21264 21295 21325 21356 21.386 21.417 21448 21478 730
740 21478 21509 21540 21.570 21.601 21.631 21.662 21.693 21.723 21.754 21.785 740
750 21785 21.815 21846 21877 21907 21938 21968 21999 22.030 22.060 22.091 750
760 22.091 22122 22152 22183 22214 22244 22275 22305 22336 22367 22397 760
770 22397 22428 22459 22489 22520 22551 22581 22612 22643 22673 22704 770
780 22704 22735 22.765 22796 22.826 22.857 22.888 22918 22949 22980 23.010 780
790 23.010  23.041 23.072 23.102 23.133 23.164 23194 23225 23256 23.286 23.317 790
800 23.317  23.348 23.378 23409 23440 23471 23501 23532 23563 23.593 23.624 800
810 23.624 23655 23.685 23716 23.747 23.777 23.808 23.839 23.870 23.900 23.931 810
820 23.931 23.962 23.992 24.023 24.054 24.085 24115 24.146 24177 24207 24.238 820
830 24238 24269 24300 24330 24.361 24392 24423 24453 24484 24515 24.546 830
840 24546 24576 24607 24638 24669 24699 24730 24761 24792 24822 24.853 840
850 24853 24884 24915 24946 24976 25007 25038 25.069 25099 25130 25.161 850
860 25.161 25192 25223 25254 25284 25315 25346 25377 25408 25438 25469 860
870 25469 25500 25531 25562 25593 25623 25654 25685 25716 25.747 25.778 870
880 25778 25809 25840 25.870 25.901 25932 25963 25994 26.025 26.056 26.087 880
890 26.087 26.118  26.148 26.179 26.210 26.241 26272 26.303 26.334 26.365 26.396 890
900 26.396  26.427 26.458 26.489 26.520 26.551 26.582 26.613 26.644 26.675 26.705 900
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°F
910

920

930

940

950

960

970

980

990

1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390

0
26.705
27.016
27.326
27.637
27.949
28.261
28.573
28.887
29.201
29.515
29.831
30.147
30.464
30.782
31.100
31.420
31.740
32.061
32.384
32.707
33.031
33.356
33.683
34.010
34.339
34.668
34.999
35.331
35.664
35.999
36.334
36.671
37.009
37.348
37.688
38.030
38.372
38.716
39.061
39.407
39.754
40.103
40.452
40.802
41.154
41.506
41.859
42.212
42.567

1
26.736
27.047
27.357
27.668
27.980
28.292
28.605
28.918
29.232
29.547
29.862
30.179
30.496
30.813
31.132
31.452
31.772
32.094
32.416
32.739
33.064
33.389
33.715
34.043
34.372
34.701
35.032
35.364
35.698
36.032
36.368
36.705
37.043
37.382
37.722
38.064
38.407
38.751
39.096
39.442
39.789
40.138
40.487
40.837
41.189
41.541
41.894
42.248
42.602

2
26.767
27.078
27.388
27.699
28.011
28.323
28.636
28.950
29.264
29.578
29.894
30.210
30.527
30.845
31.164
31.484
31.804
32.126
32.448
32.772
33.096
33.422
33.748
34.076
34.405
34.734
35.065
35.398
35.731
36.066
36.401
36.738
37.076
37.416
37.756
38.098
38.441
38.785
39.130
39.477
39.824
40.172
40.522
40.872
41.224
41.576
41.929
42.283
42.638

3
26.798
27.109
27.419
27.731
28.042
28.355
28.667
28.981
29.295
29.610
29.926
30.242
30.559
30.877
31.196
31.516
31.836
32.158
32.480
32.804
33.129
33.454
33.781
34.109
34.437
34.767
35.099
35.431
35.764
36.099
36.435
36.772
37.110
37.450
37.790
38.132
38.475
38.819
39.165
39.511
39.859
40.207
40.557
40.908
41.259
41.611
41.965
42.319
42.673

4
26.829
27.140
27.450
27.762
28.073
28.386
28.699
29.012
29.327
29.642
29.957
30.274
30.591
30.909
31.228
31.548
31.868
32.190
32.513
32.836
33.161
33.487
33.814
34.141
34.470
34.801
35.132
35.464
35.798
36.133
36.469
36.806
37.144
37.484
37.825
38.167
38.510
38.854
39.199
39.546
39.894
40.242
40.592
40.943
41.294
41.647
42.000
42.354
42.709

5
26.860
27.171
27.482
27.793
28.105
28.417
28.730
29.044
29.358
29.673
29.989
30.305
30.623
30.941
31.260
31.580
31.901
32.222
32.545
32.869
33.194
33.519
33.846
34.174
34.503
34.834
35.165
35.498
35.831
36.166
36.502
36.840
37.178
37.518
37.859
38.201
38.544
38.888
39.234
39.581
39.928
40.277
40.627
40.978
41.329
41.682
42.035
42.390
42.744

6
26.891
27.202
27.513
27.824
28.136
28.448
28.761
29.075
29.390
29.705
30.020
30.337
30.654
30.973
31.292
31.612
31.933
32.255
32577
32.901
33.226
33.552
33.879
34.207
34.536
34.867
35.198
35.531
35.865
36.200
36.536
36.873
37.212
37.552
37.893
38.235
38.578
38.923
39.269
39.615
39.963
40.312
40.662
41.013
41.365
41.717
42.071
42.425
42.780

7
26.922
27.233
27.544
27.855
28.167
28.480
28.793
29.107
29.421
29.736
30.052
30.369
30.686
31.005
31.324
31.644
31.965
32.287
32.610
32.934
33.259
33.585
33.912
34.240
34.569
34.900
35.231
35.564
35.898
36.233
36.570
36.907
37.246
37.586
37.927
38.269
38.613
38.957
39.303
39.650
39.998
40.347
40.697
41.048
41.400
41.753
42.106
42.460
42.815

8
26.954
27.264
27.575
27.886
28.198
28.511
28.824
29.138
29.452
29.768
30.084
30.400
30.718
31.036
31.356
31.676
31.997
32.319
32.642
32.966
33.291
33.617
33.945
34.273
34.602
34.933
35.265
35.598
35.932
36.267
36.603
36.941
37.280
37.620
37.961
38.304
38.647
38.992
39.338
39.685
40.033
40.382
40.732
41.083
41.435
41.788
42.142
42.496
42.851

26.985
27.295
27.606
27.917
28.230
28.542
28.855
29.169
29.484
29.799
30.115
30.432
30.750
31.068
31.388
31.708
32.029
32.351
32.674
32.999
33.324
33.650
33.977
34.306
34.635
34.966
35.298
35.631
35.965
36.301
36.637
36.975
37.314
37.654
37.995
38.338
38.682
39.027
39.373
39.720
40.068
40.417
40.767
41.118
41.470
41.823
42177
42.531
42.886

10
27.016
27.326
27.637
27.949
28.261
28.573
28.887
29.201
29.515
29.831
30.147
30.464
30.782
31.100
31.420
31.740
32.061
32.384
32.707
33.031
33.356
33.683
34.010
34.339
34.668
34.999
35.331
35.664
35.999
36.334
36.671
37.009
37.348
37.688
38.030
38.372
38.716
39.061
39.407
39.754
40.103
40.452
40.802
41.154
41.506
41.859
42.212
42.567
42.922

910
920
930

950

960

970

980

990

1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
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T/CType K - Thermoelectric Voltage

As a Function of Temperature (°C) Reference Junctions at 0 °C
Reference Standard: NBS Monograph 125 and BS 4937 parts 1-7

Table 8.1.7 Thermoelectric Voltage in Absolute Millivolts

°C 0 1 2 3 4 5 6 7 8 ] 10 °C
-270 -6.458 -6.457 -6.456 -6.455 -6.453 -6.452 -6.450 -6.448 -6.446 -6.444 -6.441 -270
-260 -6.441 -6.438 -6.435 -6.432 -6.429 -6.425 -6.421 -6.417 -6.413 -6.408 -6.404 -260
-250 -6.404 -6.399 -6.394 -6.388 -6.382 -6.377 -6.371 -6.364 -6.358 -6.351 -6.344 -250
-240 -6.344 -6.337 -6.329 -6.322 -6.314 -6.306 -6.297 -6.289 -6.280 -6.271 -6.262 -240
-230 -6.262 -6.253 -6.243 -6.233 -6.223 -6.213 -6.202 -6.192 -6.181 -6.170 -6.158 -230
-220 -6.158 -6.147 -6.135 -6.123 -6.111 -6.099 -6.087 -6.074 -6.061 -6.048 -6.035 -220
-210 -6.035 -6.021 -6.007 -5.994 -5.980 -5.965 -5.951 -5.936 -5.922 -5.907 -5.891 -210
-200 -5.891 -5.876 -5.860 -5.845 -5.829 -5.813 -5.796 -5.780 -5.763 -5.747 -5.730 -200
-190 -5.730 -5.712 -5.695 -5.678 -5.660 -5.642 -5.624 -5.606 -5.587 -5.569 -5.550 -190
-180 -5.550 -5.531 -5.512 -5.493 -5.474 -5.454 -5.434 -5.414 -5.394 -5.374 -5.354 -180
-170 -5.354 -5.333 -5.313 -5.292 -5.271 -5.249 -5.228 -5.207 -5.185 -5.163 -5.141 -170
-160 -5.141 -5.119 -5.097 -5.074 -5.051 -5.029 -5.006 -4.983 -4.959 -4.936 -4.912 -160
-150 -4.912 -4.889 -4.865 -4.841 -4.817 -4.792 -4.768 -4.743 -4.719 -4.694 -4.669 -150
-140 -4.669 -4.644 -4.618 -4.593 -4.567 -4.541 -4.515 -4.489 -4.463 -4.437 -4.410 -140
-130 -4.410 -4.384 -4.357 -4.330 -4.303 -4.276 -4.248 -4.221 -4.193 -4.166 -4.138 -130
-120 -4.138 -4.110 -4.082 -4.053 -4.025 -3.997 -3.968 -3.939 -3.910 -3.881 -3.852 -120
-110 -3.852 -3.823 -3.793 -3.764 -3.734 -3.704 -3.674 -3.644 -3.614 -3.584 -3.553 -110
-100 -3.553 -3.523 -3.492 -3.461 -3.430 -3.399 -3.368 -3.337 -3.305 -3.274 -3.242 -100

-90 -3.242 -3.211 -3.179 -3.147 -3.115 -3.082 -3.050 -3.018  -2.985  -2.953 -2.920 -90
-80 -2.920 -2.887 -2.854 -2.821 -2.788 -2.754 -2.721 -2.687  -2.654  -2.620 -2.586 -80
-70 -2.586 -2.552 -2.518 -2.484 -2.450 -2.416 -2.381 -2.347  -2.312 -2.277 -2.243 -70
-60 -2.243 -2.208 -2.173 -2.137 -2.102 -2.067 -2.032 -1.996  -1.961 -1.925 -1.889 -60
-50 -1.889 -1.853 -1.817 -1.781 -1.745 -1.709 -1.673 -1.636  -1.600 -1.563 -1.527 -50
-40 -1.527 -1.490 -1.453 -1.416 -1.379 -1.342 -1.305 -1.268  -1.231 -1.193 -1.156 -40
-30 -1.156 -1.118 -1.081 -1.043 -1.005 -0.968 -0.930 -0.892 -0.854  -0.816 -0.777 -30
-20 -0.777 -0.739 -0.701 -0.662 -0.624 -0.585 -0.547 -0.508 -0.469  -0.431 -0.392 -20
-10 -0.392 -0.353 -0.314 -0.275 -0.236 -0.197 -0.157 -0.118 -0.079  -0.039 0.000 -10
0 0.000 0.039 0.079 0.119 0.158 0.198 0.238 0.277 0.317 0.357 0.397 0
10 0.397 0.437 0.477 0.517 0.557 0.597 0.637 0.677 0.718 0.758 0.798 10
20 0.798 0.838 0.879 0.919 0.960 1.000 1.041 1.081 1.122 1.162 1.203 20
30 1.203 1.244 1.285 1.325 1.366 1.407 1.448 1.489 1.529 1.570 1.611 30
40 1.611 1.652 1.693 1.734 1.776 1.817 1.858 1.899 1.940 1.981 2.022 40
50 2.022 2.064 2.105 2.146 2.188 2.229 2.270 2.312 2.353 2.394 2436 50
60 2.436 2477 2519 2.560 2.601 2.643 2.684 2.726 2.767 2.809 2.850 60
70 2.850 2.892 2.933 2.975 3.016 3.058 3.100 3.141 3.183 3.224 3.266 70
80 3.266 3.307 3.349 3.390 3.432 3.473 3.515 3.556 3.598 3.639 3.681 80
90 3.681 3.722 3.764 3.805 3.847 3.888 3.930 3.971 4.012 4.054 4.095 90

100 4.095 4.137 4.178 4.219 4.261 4.302 4.343 4.384 4.426 4.467 4.508 100
110 4.508 4.549 4.590 4.632 4.673 4.714 4.755 4.796 4.837 4.878 4.919 110
120 4.919 4.960 5.001 5.042 5.083 5.124 5.164 5.205 5.246 5.287 5.327 120
130 5.327 5.368 5.409 5.450 5.490 5.531 5.571 5612 5.652 5.693 5.733 130
140 5.733 5.774 5.814 5.855 5.895 5.936 5.976 6.016 6.057 6.097 6.137 140
150 6.137 6.177 6.218 6.258 6.298 6.338 6.378 6.419 6.459 6.499 6.539 150
160 6.539 6.579 6.619 6.659 6.699 6.739 6.779 6.819 6.859 6.899 6.939 160
170 6.939 6.979 7.019 7.059 7.099 7.139 7179 7.219 7.259 7.299 7.338 170
180 7.338 7.378 7.418 7.458 7.498 7.538 7.578 7.618 7.658 7.697 7.737 180
190 7.737 7.777 7.817 7.857 7.897 7.937 7.977 8.017 8.057 8.097 8.137 190
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Table 8.1.7 cont. Thermoelectric Voltage in Absolute Millivolts

°C
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540

610

640
650
660
670
680
690
700
710
720

0
8.137
8.537
8.938
9.341
9.745
10.151
10.560
10.969
11.381
11.793
12.207
12.623
13.039
13.456
13.874
14.292
14.712
15.132
15.552
15.974
16.395
16.818
17.241
17.664
18.088
18.513
18.938
19.363
19.788
20.214
20.640
21.066
21.493
21.919
22.346
22.772
23.198
23.624
24.050
24.476
24.902
25.327
25.751
26.176
26.599
27.022
27.445
27.867
28.288
28.709
29.128
29.547
29.965

1
8.177
8.577
8.978
9.381
9.786
10.192
10.600
11.010
11.422
11.835
12.249
12.664
13.080
13.497
13.915
14.334
14.754
15.174
15.594
16.016
16.438
16.860
17.283
17.707
18.131
18.555
18.980
19.405
19.831
20.257
20.683
21.109
21.535
21.962
22.388
22.815
23.241
23.667
24.093
24.519
24.944
25.369
25.794
26.218
26.642
27.065
27.487
27.909
28.330
28.751
29.170
29.589
30.007

2
8.216
8.617
9.018
9.421
9.826
10.233
10.641
11.051
11.463
11.876
12.290
12.706
13.122
13.539
13.957
14.376
14.796
15.216
15.636
16.058
16.480
16.902
17.326
17.749
18.173
18.598
19.023
19.448
19.873
20.299
20.725
21.152
21.578
22.004
22.431
22.857
23.284
23.710
24.136
24.561
24.987
25.412
25.836
26.260
26.684
27.107
27.529
27.951
28.372
28.793
29.212
29.631
30.049

3
8.256
8.657
9.058
9.462
9.867
10.274
10.682
11.093
11.504
11.918
12.332
12.747
13.164
13.581
13.999
14.418
14.838
15.258
15.679
16.100
16.522
16.945
17.368
17.792
18.216
18.640
19.065
19.490
19.916
20.342
20.768
21.194
21.621
22.047
22473
22.900
23.326
23.752
24178
24.604
25.029
25.454
25.879
26.303
26.726
27.149
27.572
27.993
28.414
28.835
29.254
29.673
30.091

4
8.296
8.697
9.099
9.502
9.907

10.315

10.723
11.134
11.546
11.959

12.373

12.789

13.205

13.623

14.041

14.460

14.880

15.300

15.721

16.142

16.564

16.987

17.410

17.834

18.258

18.683

19.108

19.533

19.959

20.385

20.811

21.237

21.663

22.090

22.516

22.942

23.369

23.795

24.221

24.646

25.072

25.497

25.921

26.345

26.769

27.192

27.614

28.035

28.456

28.877

29.296

29.715

30.132

5
8.336
8.737
9.139
9.543
9.948
10.355
10.764
11.175
11.587
12.000
12.415
12.831
13.247
13.665
14.083
14.502
14.922
15.342
15.763
16.184
16.607
17.029
17.453
17.876
18.301
18.725
19.150
19.576
20.001
20.427
20.853
21.280
21.706
22.132
22.559
22.985
23.411
23.837
24.263
24.689
25.114
25.539
25.964
26.387
26.811
27.234
27.656
28.078
28.498
28.919
29.338
29.756
30.174

6
8.376
8.777
9.179
9.583
9.989
10.396
10.805
11.216
11.628
12.042
12.456
12.872
13.289
13.706
14.125
14.544
14.964
15.384
15.805
16.227
16.649
17.072
17.495
17.919
18.343
18.768
19.193
19.618
20.044
20.470
20.896
21.322
21.749
22175
22.601
23.028
23.454
23.880
24.306
24.731
25.157
25.582
26.006
26.430
26.853
27.276
27.698
28.120
28.540
28.961
29.380
29.798
30.216

7
8.416
8.817
9.220
9.624
10.029
10.437
10.846
11.257
11.669
12.083
12.498
12.914
13.331
13.748
14.167
14.586
15.006
15.426
15.847
16.269
16.691
17.114
17.537
17.964
18.385
18.810
19.235
19.661
20.086
20.512
20.938
21.365
21.791
22.218
22.644
23.070
23.497
23.923
24.348
24.774
25.199
25.624
26.048
26.472
26.896
27.318
27.740
28.162
28.583
29.002
29.422
29.840
30.257

8
8.456
8.857
9.260
9.664
10.070
10.478
10.887
11.298
11.711
12.125
12.539
12.955
13.372
13.790
14.208
14.628
15.048
15.468
15.889
16.311
16.733
17.156
17.580
18.004
18.428
18.853
19.278
19.703
20.129
20.555
20.981
21.407
21.834
22.260
22.687
23.113
23.539
23.965
24.391
24.817
25.242
25.666
26.091
26.515
26.938
27.361
27.783
28.204
28.625
29.044
29.464
29.882
30.299

8.497
8.898
9.300
9.705
10.111
10.519
10.928
11.339
11.752
12.166
12.581
12.997
13.414
13.832
14.250
14.670
15.090
15.510
15.931
16.353
16.776
17.199
17.622
18.046
18.470
18.895
19.320
19.746
20.172
20.98
21.024
21.450
21.876
22.303
22.729
23.156
23.582
24.008
24.434
24.859
25.284
25.709
26.133
26.557
26.980
27.403
27.825
28.246
28.667
29.086
29.505
29.924
30.341

10
8.537
8.938
9.341
9.745

10.151
10.560
10.969
11.381
11.793
12.207
12.623
13.039
13.456
13.874
14.292
14.712
15.132
15.552
15.974
16.395
16.818
17.241
17.664
18.088
18.513
18.938
19.363
19.788
20.214
20.640
21.066
21.493
21.919
22.346
22.772
23.198
23.624
24.050
24.476
24.902
25.327
25.751
26.176
26.599
27.022
27.445
27.867
28.288
28.709
29.128
29.547
29.965
30.383

200
210
220
230
240

260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450

470
480
490
500
510
520
530
540
550
560

580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
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Table 8.1.7 cont. Thermoelectric Voltage in Absolute Millivolts

°C 0 1 2 3 4 5 6 7 8 9 10 °C
730 30.383 30.424 30466 30.508 30.549 30.591 30.632 30.674 30.716  30.757  30.799 730
740 30.799  30.840 30.882 30.924 30.965 31.007 31.048 31.090 31.131 31.173 31.214 740
750 31.214 31256 31.297 31339 31380 31422 31463 31.504 31.546 31.587 31.629 750
760 31629 31670 31.712 31753 31794 31836 31877 31918 31960 32.001 32.042 760
770 32.042 32.084 32125 32166 32207 32249 32290 32.331 32372 32414 32455 770
780 32455 32496 32537 32578 32.619 32661 32702 32.743 32784 32.825 32.866 780
790 32.866 32.907 32.948 32990 33.031 33.072 33.113 33.154 33.195 33.236  33.277 790
800 33.277 33.318 33.359 33400 33.441 33482 33523 33564 33.604 33.645 33.686 800
810 33.686 33.727 33.768 33.809 33.850 33.891 33.931 33.972 34.013 34.054 34.095 810
820 34.095 34136 34.176 34.217 34258 34299 34.339 34.380 34421 34461 34.502 820
830 34502 34.543 34583 34.624 34665 34705 34746 34787 34.827 34.868  34.909 830
840 34.909 34949 34990 35030 35.071 35.111 35152 35192 35233 35.273 35.314 840
850 35314 35354 35395 35435 35476 35516 35557 35597 35637 35678 35718 850
860 356.718 35758 35.799 35839 35880 35920 35960 36.000 36.041 36.081 36.121 860
870 36.121  36.162 36.202 36.242 36.282 36.323 36.363 36.403 36.443 36.483 36.524 870
880 36.524 36.564 36.604 36.644 36.684 36.724 36.764 36.804 36.844 36.885 36.925 880
890 36.925 36.965 37.005 37.045 37.085 37.125 37.165 37.205 37.245 37.285 37.325 890
900 37.325 37.365 37.405 37.445 37.484 37.524 37.564 37.604 37.644 37.684 37.724 900
910 37.724 37.764 37.803 37.843 37.883 37.923 37.963 38.002 38.042 38.082 38.122 910
920 38.122 38.162 38.201 38241 38.281 38.320 38.360 38.400 38439 38479 38.519 920
930 38.519  38.558 38.598 38.638 38.677 38.717 38.756 38.796 38.836 38.875 38.915 930
940 38.915 38.954 38.994 39.033 39.073 39.112 39.152 39.191 39.231 39.270 39.310 940
950 39.310 39.349 39.388 39.428 39467 39.507 39.546 39.585 39.625 39.664 39.703 950
960 39.703 39.743 39.782 39.821 39.861 39.900 39.939 39.979 40.018 40.057 40.096 960
970 40.096  40.136  40.175 40.214  40.253 40.292  40.332 40.371  40.410 40.449  40.488 970
980 40.488  40.527 40.566 40.605 40.645 40.684 40.723 40.762 40.801 40.840 40.879 980
990 40.879  40.918 40.957 40.996 41.035 41.074 41113 41152 41191 41230 41.269 990
1000 41269 41308 41.347 41385 41424 41463 41502 41541 41580 41619 41.657 1000
1010 41.657 41696 41735 41.774 41813 41.851 41.890 41929 41.968 42.006 42.045 1010
1020 42.045 42.084 42123 42161 42200 42239 42277 42316 42355 42393 42432 1020
1030 42432 42470 42509 42548 42586 42.625 42.663 42702 42.740 42779 42817 1030
1040 42.817 42.856 42.894 42933 42971 43.010 43.048 43.087 43.125 43.164 43.202 1040
1050 43.202 43240 43279 43.317 43.356  43.394  43.432 43471 43509 43.547 43.585 1050
1060 43.585 43.624 43.662 43.700 43.739 43.777 43.815 43.853 43.891 43930 43.968 1060
1070 43.968 44.006 44.044 44.082 44121 44159 44197 44235 44273 44311 44349 1070
1080 44.349 44387 44.425 44463 44501 44539 44577 44615 44653 44691 44.729 1080
1090 44729 44767 44805 44.843 44881 44919 44957 44995 45.033 45.070 45.108 1090
1100 45108 45146 45184 45222 45260 45297 45335 45373 45411 45448 45486 1100
1110 45486 45524 45561 45599 45637 45675 45712 45750 45787 45825 45.863 1110
1120 45863 45900 45938 45975 46.013 46.051 46.088 46.126 46.163 46.201  46.238 1120
1130 46.238 46.275 46.313 46.350 46.388 46425 46463 46.500 46.537 46.575 46.612 1130
1140 46.612 46.649 46.687 46.724 46.761 46.799 46.836 46.873 46.910 46.948 46.985 1140
1150 46.985 47.022 47.059 47.096 47.134 47171  47.208 47.245 47282 47319  47.356 1150
1160 47.356  47.393 47430 47468 47.505 47.542 47579 47.616 47.653 47.689 47.726 1160
1170 47726  47.763 47.800 47.837 47.874 47911  47.948 47.985 48.021 48.058 48.095 1170
1180 48.095 48.132 48.169 48.205 48.242 48.279 48.316 48.352 48.389 48426 48.462 1180
1190 48.462  48.499 48.536 48.572 48.609 48.645 48.682 48.718 48755 48.792  48.828 1190
1200 48.828 48.865 48.901 48.937 48.974 49.010 49.047 49.083 49.120 49.156  49.192 1200
1210 49192  49.229 49.265 49.301 49.338 49.374 49.410 49446 49483 49519 49.555 1210
1220 49.555 49.591 49.627 49663 49.700 49.736 49.772 49.808 49.844 49880 49.916 1220
1230 49916  49.952 49988 50.024 50.060 50.096 50.132 50.168 50.204 50.240  50.276 1230
1240 50.276  50.311  50.347 50.383 50.419 50455 50491 50526 50.562 50.598 50.633 1240
1250 50.633 50.669 50.705 50.741 50.776 50.812 50.847 50.883 50.919 50.954  50.990 1250
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Table 8.1.7 cont. Thermoelectric Voltage in Absolute Millivolts

°C
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370

0
50.990
51.344
51.697
52.049
52.398
52.747
53.093
53.439
53.782
54.125
54.466
54.807

1
51.025
51.380
51.733
52.084
52.433
52.781
53.128
53.473
53.817
54.159
54.501
54.841

2
51.061
51.415
51.768
52.119
52.468
52.816
53.162
53.507
53.851
54.193
54.535
54.875

3
51.096
51.450
51.803
52.154
52.503
52.851
53.197
53.542
53.885
54.228
54.569

4
51.132
51.486
51.838
52.189
52.538
52.886
53.232
53.576
53.920
54.262
54.603

T/CType K - Thermoelectric Voltage

As a Function of Temperature (°F) Reference Junctions at 0 °F

5
51.167
51.521
51.873
52.224
52.573
52.920
53.266
53.611
53.954
54.296
54.637

6
51.203
51.556
51.908
52.259
52.608
52.955
53.301
53.645
53.988
54.330
54.671

Reference Standard: NBS Monograph 125 and BS 4937 parts 1-7

Table 8.1.8 Thermoelectric Voltage in Absolute Millivolts

°F
-460
-450
-440
-430
-420
-410
-400
-390
-380
-370
-360
-350
-340
-330
-320
-310
-300
290
280
270
-260
250
240
230
220
210
200
-190
-180
170
-160
-150

0

-6.456
-6.447
-6.431
-6.409
-6.380
-6.344
-6.301
-6.251
-6.195
-6.133
-6.064
-5.989
-5.908
-5.822
-5.730
-5.632
-5.529
-5.421
-5.308
-5.190
-5.067
-4.939
-4.806
-4.669
-4.527
-4.381
-4.230
-4.075
-3.917
-3.754
-3.587

1

-6.455
-6.445
-6.429
-6.406
-6.377
-6.340
-6.296
-6.246
-6.189
-6.126
-6.057
-5.981
-5.900
-5.813
-5.720
-5.622
-5.519
-5.410
-5.296
-5.178
-5.054
-4.926
-4.792
-4.655
-4.512
-4.366
-4.215
-4.060
-3.901
-3.737
-3.570

2

-6.454
-6.444
-6.427
-6.404
-6.373
-6.336
-6.292
-6.241
-6.183
-6.119
-6.049
-5.973
-5.891
-5.804
-5.711
-5.612
-5.508
-5.399
-5.285
-5.165
-5.041
-4.912
-4.779
-4.641
-4.498
-4.351
-4.200
-4.044
-3.884
-3.721
-3.553

3

-6.454
-6.443
-6.425
-6.401
-6.370
-6.332
-6.287
6.235
6177
6.113
-6.042
-5.965
-5.883
5.795
-5.701
-5.602
-5.497
-5.388
5273
-5.153
-5.029
-4.899
-4.765
-4.627
-4.484
4336
4184
-4.028
-3.868
-3.704
-3.536

4

-6.453
-6.441
-6.423
-6.398
-6.366
-6.328
-6.282
-6.230
-6.171
-6.106
-6.035
-5.957
-5.874
-5.786
-5.691
-5.592
-5.487
-5.376
-5.261
-5.141
-5.016
-4.886
-4.752
-4.613
-4.469
-4.321
-4.169
-4.012
-3.852
-3.688
-3.519

5

-6.452
-6.440
-6.421
-6.395
-6.363
-6.323
-6.277
-6.224
-6.165
-6.099
-6.027
-5.949
-5.866
-5.776
-5.682
-5.581
-5.476
-5.365
-5.249
-5.129
-5.003
-4.873
-4.738
-4.598
-4.454
-4.306
-4.153
-3.997
-3.836
-3.671
-3.502

-6.458
-6.451
-6.438
-6.419
-6.392
-6.359
-6.319
-6.272
-6.219
-6.158
-6.092
-6.020
-5.941
-5.857
-5.767
-5.672
-5.571
-5.465
-5.354
-5.238
-5.116
-4.990
-4.860
-4.724
-4.584
-4.440
-4.291
-4.138
-3.981
-3.819
-3.654
-3.485

7
51.238
51.592
51.943
52.294
52.642
52.989
53.335
53.679
54.022
54.364
54.705

7
-6.457
-6.450
-6.436
-6.416
-6.389
-6.355

-6.15
-6.267
-6.213
-6.152
-6.085
-6.012
-5.933
-5.848
-5.758
-5.662
-5.561
-5.454
-5.342
-5.226
-5.104
-4.978
-4.846
-4.710
-4.570
-4.425
-4.276
-4.122
-3.965
-3.803
-3.637
-3.468

8
51.274
51.627
51.979
52.329
52.677
53.024
53.370
53.714
54.057
54.398
54.739

8
-6.457
-6.449
-6.435
-6.414
-6.386
-6.352
-6.310
-6.262
-6.207
-6.146
-6.078
-6.004
-5.925
-5.839
-5.748
-5.652
-5.550
-5.443
-5.331
-5.214
-5.092
-4.965
-4.833
-4.697
-4.556
-4.410
-4.261
-4.107
-3.949
-3.787
-3.621
-3.451

51.309
51.662
52.014
52.364
52.712
53.059
53.404
53.748
54.091
54.432
54.773

-6.456
-6.448
-6.433
-6.411
-6.383
-6.348
-6.306
-6.257
-6.201
-6.139
-6.071
-5.997
-5.917
-5.831
-5.739
-5.642
-5.540
-5.432
-5.319
-5.202
-5.079
-4.952
-4.819
-4.683
-4.541
-4.396
-4.245
-4.091
-3.933
-3.770
-3.604
-3.434

10
51.344
51.697
52.049
52.398
52.747
53.093
53.439
53.782
54.125
54.466
54.807

10
-6.456
-6.447
-6.431
-6.409
-6.380
-6.344
-6.301
-6.251
-6.195
-6.133
-6.064
-5.989
-5.908
-5.822
-5.730
-5.632
-5.529
-5.421
-5.308
-5.190
-5.067
-4.939
-4.806
-4.669
-4.527
-4.381
-4.230
-4.075
-3.917
-3.754
-3.587
-3.417

1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370

-460
-450
-440
-430
-420
-410
-400
-390
-380
-370
-360
-350
-340
-330
-320
-310
-300
-290
-280
-270
-260
-250
-240
-230
-220
-210
-200
-190
-180
-170
-160
-150
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Table 8.1.8 cont. Thermoelectric Voltage in Absolute Millivolts

°F 0 1 2 3 4 5 6 7 8 ] 10 °F
-140 -3.417 -3.399 -3.382 -3.365 -3.347 -3.330 -3.312 -3.295  -3.277  -3.260 -3.242 -140
-130 -3.242 -3.225  -3.207 -3.189 -3.172 -3.154 -3.136 -3.118 -3.100  -3.082 -3.065 -130
-120 -3.065 -3.047 -3.029 -3.010 -2.992 -2.974 -2.956 -2.938  -2920 -2.902 -2.883 -120
-110 -2.883 -2.865  -2.847 -2.828 -2.810 -2.791 -2.773 -2.754 2736  -2.717 -2.699 -110
-100 -2.699 -2.680 -2.661 -2.643 -2.624 -2.605 -2.586 -2.567  -2.549  -2.530 -2.511 -100

-90 -2.51 -2.492 -2.473 -2.454 -2.435 -2.416 -2.397 -2377  -2.358  -2.339 -2.320 -90
-80 -2.320 -2.300 -2.281 -2.262 -2.243 -2.223 -2.204 -2.184  -2165  -2.145 -2.126 -80
-70 -2.126 -2.106 -2.087 -2.067 -2.047 -2.028 -2.008 -1.988  -1.968  -1.949 -1.929 -70
-60 -1.929 -1.909 -1.889 -1.869 -1.849 -1.829 -1.809 -1.789 1769  -1.749 -1.729 -60
-50 -1.729 -1.709 -1.689 -1.669 -1.648 -1.628 -1.608 -1.588  -1.567  -1.547 -1.527 -50
-40 -1.527 -1.506 -1.486 -1.465 -1.445 -1.424 -1.404 -1.383 -1.363  -1.342 -1.322 -40
-30 -1.322 -1.301 -1.280 -1.260 -1.239 -1.218 -1.197 -1.1477 1156 -1.135 -1.114 -30
-20 -1.114 -1.093 -1.072 -1.051 -1.031 -1.010 -0.989 -0.968  -0.946  -0.925 -0.904 -20
-10 -0.904 -0.883 -0.862 -0.841 -0.820 -0.799 -0.777 -0.756  -0.735  -0.714 -0.692 -10
0 -0.692 -0.671 -0.650 -0.628 -0.607 -0.585 -0.564 -0.543  -0.521 -0.500 -0.478 0
10 -0.478 -0.457 -0435  -0.413 -0.392 -0.370 -0.349 -0.327  -0.305 -0.284 -0.262 10
20 -0.262 -0.240 -0.218 -0.197 -0.175 -0.153 -0.131 -0.109  -0.088  -0.066 -0.044 20
30 -0.044 -0.022 0.000 0.022 0.044 0.066 0.088 0.110 0.132 0.154 0.176 30
40 0.176 0.198 0.220 0.242 0.264 0.286 0.308 0.331 0.353 0.375 0.397 40
50 0.397 0.419 0.441 0.464 0.486 0.508 0.530 0.553 0.575 0.597 0.619 50
60 0.619 0.642 0.664 0.686 0.709 0.731 0.753 0.776 0.798 0.821 0.843 60
70 0.843 0.865 0.888 0.910 0.933 0.955 0.978 1.000 1.023 1.045 1.068 70
80 1.068 1.090 1.113 1.135 1.158 1.181 1.203 1.226 1.248 1.271 1.294 80
90 1.294 1.316 1.339 1.362 1.384 1.407 1.430 1.452 1.475 1.498 1.520 90

100 1.520 1.543 1.566 1.589 1.611 1.634 1.657 1.680 1.703 1.725 1.748 100
110 1.748 1.771 1.794 1.817 1.839 1.862 1.885 1.908 1.931 1.954 1.977 110
120 1.977 2.000 2.022 2.045 2.068 2.091 2114 2137 2.160 2.183 2.206 120
130 2.206 2229 2.252 2.275 2.298 2.321 2.344 2.367 2.390 2.413 2.436 130
140 2.436 2.459 2.482 2.505 2.528 2.551 2574 2.597 2.620 2.643 2.666 140
150 2.666 2.689 2712 2735 2.758 2.781 2.804 2.827 2.850 2.873 2.896 150
160 2.896 2.920 2.943 2.966 2.989 3.012 3.035 3.058 3.081 3.104 3.127 160
170 3.127 3.150 3.173 3.196 3.220 3.243 3.266 3.289 3.312 3.335 3.358 170
180 3.358 3.381 3.404 3.427 3.450 3.473 3.496 3.519 3.543 3.566 3.589 180
190 3.589 3.612 3.635 3.658 3.681 3.704 3.727 3.750 3.773 3.796 3.819 190
200 3.819 3.842 3.865 3.888 3.911 3.934 3.957 3.980 4.003 4.026 4.049 200
210 4.049 4.072 4.095 4.118 4141 4.164 4.187 4.210 4.233 4.256 4.279 210
220 4.279 4.302 4.325 4.348 4.371 4.394 4.417 4.439 4.462 4.485 4.508 220
230 4.508 4.531 4.554 4.577 4.600 4.622 4.645 4.668 4.691 4.714 4.737 230
240 4.737 4.759 4.782 4.805 4.828 4.851 4.873 4.896 4.919 4.942 4.964 240
250 4.964 4.987 5.010 5.033 5.055 5.078 5.101 5.124 5.146 5.169 5.192 250
260 5.192 5214 5.237 5.260 5.282 5.305 5.327 5.350 5.373 5.395 5418 260
270 5.418 5.440 5.463 5.486 5.508 5.531 5.553 5.576 5.598 5.621 5.643 270
280 5.643 5.666 5.688 5711 5.733 5.756 5.778 5.801 5.823 5.846 5.868 280
290 5.868 5.891 5913 5.936 5.958 5.980 6.003 6.025 6.048 6.070 6.092 290
300 6.092 6.115 6.137 6.160 6.182 6.204 6.227 6.249 6.271 6.294 6.316 300
310 6.316 6.338 6.361 6.383 6.405 6.428 6.450 6.472 6.494 6.517 6.539 310
320 6.539 6.561 6.583 6.606 6.628 6.650 6.672 6.695 6.717 6.739 6.761 320
330 6.761 6.784 6.806 6.828 6.850 6.873 6.895 6.917 6.939 6.961 6.984 330
340 6.984 7.006 7.028 7.050 7.072 7.094 7117 7.139 7.161 7.183 7.205 340
350 7.205 7.228 7.250 7.272 7.294 7.316 7.338 7.361 7.383 7.405 7.427 350
360 7.427 7.449 7.471 7.494 7.516 7.538 7.560 7.582 7.604 7.627 7.649 360
370 7.649 7.671 7.693 7.715 7.737 7.760 7.782 7.804 7.826 7.848 7.870 370
380 7.870 7.893 7.915 7.937 7.959 7.981 8.003 8.026 8.048 8.070 8.092 380
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Table 8.1.8 cont. Thermoelectric Voltage in Absolute Millivolts

°F
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
850
860
870
880
890
900
910

0
8.092
8.314
8.537
8.759
8.983
9.206
9.430
9.655
9.880

10.106
10.333
10.560
10.787
11.015
11.243
11.472
11.702
11.931
12.161
12.392
12.623
12.854
13.085
13.317
13.549
13.781
14.013
14.246
14.479
14.712
14.945
15.178
15.412
15.646
15.880
16.114
16.349
16.583
16.818
17.053
17.288
17.523
17.759
17.994
18.230
18.466
18.702
18.938
19.174
19.410
19.646
19.883
20.120

1

8.114
8.336
8.559
8.782
9.005
9.229
9.453
9.678
9.903
10.129
10.355
10.582
10.810
11.038
11.266
11.495
11.725
11.954
12.184
12.415
12.646
12.877
13.108
13.340
13.572
13.804
14.036
14.269
14.502
14.735
14.968
15.202
15.435
15.669
15.903
16.138
16.372
16.607
16.841
17.076
17.311
17.547
17.782
18.018
18.253
18.489
18.725
18.961
19.197
19.434
19.670
19.907
20.143

2

8.137
8.359
8.581
8.804
9.027
9.251
9.475
9.700
9.926
10.151
10.378
10.605
10.833
11.061
11.289
11.518
11.748
11.977
12.207
12.438
12.669
12.900
13.131
13.363
13.595
13.827
14.060
14.292
14.525
14.758
14.992
15.225
15.459
15.693
15.927
16.161
16.395
16.630
16.865
17.100
17.335
17.570
17.806
18.041
18.277
18.513
18.749
18.985
19.221
19.457
19.694
19.930
20.167

3
8.159
8.381
8.603
8.826
9.050
9.273
9.498
9.723
9.948
10.174
10.401
10.628
10.855
11.083
11.312
11.541
11.770
12.000
12.230
12.461
12.692
12.923
13.154
13.386
13.618
13.850
14.083
14.316
14.548
14.782
15.015
15.248
15.482
15.716
15.950
16.184
16.419
16.654
16.888
17.123
17.358
17.594
17.829
18.065
18.301
18.536
18.772
19.008
19.245
19.481
19.717
19.954
20.190

4

8.181
8.403
8.626
8.849
9.072
9.296
9.520
9.745
9.971
10.197
10.423
10.650
10.878
11.106
11.335
11.564
11.793
12.023
12.254
12.484
12.715
12.946
13.178
13.409
13.641
13.874
14.106
14.339
14.572
14.805
15.038
15.272
15.505
15.739
15.974
16.208
16.442
16.677
16.912
17.147
17.382
17.617
17.853
18.088
18.324
18.560
18.796
19.032
19.268
19.505
19.741
19.978
20.214

5
8.203
8.425
8.648
8.871
9.094
9.318
9.543
9.768
9.993

10.219
10.446
10.673
10.901
11.129
11.358
11.587
11.816
12.046
12.277
12.507
12.738
12.969
13.201
13.433
13.665
13.897
14.129
14.362
14.595
14.828
15.062
15.295
15.529
15.763
15.997
16.231
16.466
16.700
16.935
17.170
17.406
17.641
17.876
18.112
18.348
18.584
18.820
19.056
19.292
19.528
19.765
20.001
20.238

6
8.225
8.448
8.670
8.893
9.117
9.341
9.565
9.790
10.016
10.242
10.469
10.696
10.924
11.152
11.381
11.610
11.839
12.069
12.300
12.530
12.761
12.992
13.224
13.456
13.688
13.920
14.153
14.385
14.618
14.852
15.085
15.318
15.552
15.786
16.020
16.255
16.489
16.724
16.959
17.194
17.429
17.664
17.900
18.136
18.371
18.607
18.843
19.079
19.316
19.552
19.788
20.025
20.261

7

8.248
8.470
8.692
8.916
9.139
9.363
9.588
9.813
10.038
10.265
10.491
10.719
10.947
11.175
11.404
11.633
11.862
12.092
12.323
12.553
12.784
13.016
13.247
13.479
13.711
13.943
14.176
14.409
14.642
14.875
15.108
15.342
15.576
15.810
16.044
16.278
16.513
16.747
16.982
17.217
17.453
17.688
17.923
18.159
18.395
18.631
18.867
19.103
19.339
19.576
19.812
20.049
20.285

8
8.270
8.492
8.715
8.938
9.161
9.385
9.610
9.835

10.061
10.287
10.514
10.741
10.969
11.198
11.426
11.656
11.885
12.115
12.346
12.576
12.807
13.039
13.270
13.502
13.734
13.967
14.199
14.432
14.665
14.898
15.132
15.365
15.599
15.833
16.067
16.302
16.536
16.771
17.006
17.241
17.476
17.711
17.947
18.183
18.418
18.654
18.890
19.127
19.363
19.599
19.836
20.072
20.309

8.292
8.514
8.737
8.960
9.184
9.408
9.633
9.858
10.084
10.310
10.537
10.764
10.992
11.221
11.449
11.679
11.908
12.138
12.369
12.599
12.831
13.062
13.93
13.525
13.757
13.990
14.222
14.455
14.688
14.922
15.155
15.389
15.622
15.856
16.091
16.325
16.560
16.794
17.029
17.264
17.500
17.735
17.971
18.206
18.442
18.678
18.914
19.150
19.386
19.623
19.859
20.096
20.332

10
8.314
8.537
8.759
8.983
9.206
9.430
9.655
9.880
10.106
10.333
10.560
10.787
11.015
11.243
11.472
11.702
11.931
12.161
12.392
12.623
12.854
13.085
13.317
13.549
13.781
14.013
14.246
14.479
14.712
14.945
15.178
15.412
15.646
15.880
16.114
16.349
16.583
16.818
17.053
17.288
17.523
17.759
17.994
18.230
18.466
18.702
18.938
19.174
19.410
19.646
19.883
20.120
20.356

390
400
410
420

440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750

770
780
790
800
810
820
830
840
850
860

880
890
900
910
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Table 8.1.8 cont. Thermoelectric Voltage in Absolute Millivolts

°F 0 1 2 3 4 5 6 7 8 ] 10 °F
920 20.356  20.380 20.403 20.427  20.451 20474 20498 20.522 20.545 20.569 20.593 920
930 20.593 20.616 20.640 20.664 20.688 20.711 20.735 20.759 20.782 20.806  20.830 930
940 20.830 20.853 20.877 20.901 20.924 20.948 20972 20.995 21.019 21.043 21.066 940
950 21.066 21.090 21.114 21137 21161 21185 21208 21232 21256 21.280 21.303 950
960 21303 21.327 21351 21374 21398 21422 21445 21469 21493 21516 21.540 960
970 21.540 21.564 21.587 21.611 21635 21.659 21.682 21.706 21.730 21.753 21.777 970
980 21777 21.801 21824 21848 21.872 21.895 21919 21943 21966 21.990 22.014 980
990 22.014 22.038 22.061 22085 22109 22132 22156 22180 22203 22.227 22.251 990
1000 22.251 22274 22298 22322 22346 22369 22.393 22417 22440 22464 22488 1000
1010 22488 22511 22535 22559 22582 22606 22630 22.654 22677 22701 22725 1010
1020 22725 22748 22772 22796 22819 22843 22867 22.890 22914 22938 22961 1020
1030 22.961 22985 23.009 23.032 23.056 23.080 23.104 23.127 23.151 23175 23.198 1030
1040 23.198  23.222 23246 23269 23293 23.317 23340 23.364 23.388 23.4M1 23.435 1040
1050 23435 23459 23482 23506 23.530 23.553 23577 23.601 23.624 23.648 23.672 1050
1060 23.672 23.695 23.719 23.743 23766 23.790 23.814 23.837 23.861 23.885 23.908 1060
1070 23.908 23932 23.956 23979 24.003 24.027 24050 24.074 24.098 24121 24145 1070
1080 24145 24169 24192 24216 24240 24.263 24287 24311 24334 24358 24.382 1080
1090 24382 24405 24429 24453 24476 24500 24523 24547 24571 24594 24.618 1090
1100 24618 24642 24665 24689 24713 24736 24760 24783 24807 24.831 24.854 1100
1110 24854 24878 24902 24925 24949 24972 24996 25020 25.043 25.067 25.091 1110
1120 25.091 25114 25138 25161 25185 25209 25232 25256 25279 25303  25.327 1120
1130 25327 25350 25.374 25397 25421 25445 25468 25492 25515 25539 25.563 1130
1140 25563 25.586 25610 25633 25657 25681 25704 25728 25751 25775 25.799 1140
1150 25799 25822 25846 25869 25.893 25916 25940 25964 25987 26.011 26.034 1150
1160 26.034 26.058 26.081 26.105 26.128 26.152 26.176 26.199 26223 26.246  26.270 1160
1170 26.270 26.293 26.317 26.340 26.364 26.387  26.411 26.435 26458 26.482  26.505 1170
1180 26.505 26.529 26.552 26.576 26.599 26.623 26.646 26.670 26.693 26.717  26.740 1180
1190 26.740 26.764 26.787 26.811 26.834 26.858 26.881 26.905 26.928 26.952 26.975 1190
1200 26.975 26.999 27.022 27.046 27.069 27.093 27116 27140 27163 27.187 27.210 1200
1210 27210  27.234 27.257 27281 27304 27328 27.351 27375 27.398 27.422 27.445 1210
1220 27445 27468 27492 27515 27539 27562 27586 27.609 27.633 27.656 27.679 1220
1230 27.679 27.703 27.726 27.750 27.773 27.797 27.820 27.843 27.867 27.890 27.914 1230
1240 27.914 27937 27.961 27.984 28.007 28.031 28.054 28.078 28.101 28.124  28.148 1240
1250 28.148 28171 28.195 28218 28241 28265 28.288 28.311 28335 28.358 28.382 1250
1260 28.382 28405 28428 28452 28475 28498 28522 28545 28569 28592 28.615 1260
1270 28.615 28639 28.662 28.685 28.709 28.732 28755 28.779 28.802 28.825 28.849 1270
1280 28.849 28.872 28.895 28919 28942 28965 28.988 29.012 29.035 29.058 29.082 1280
1290 29.082 29.105 29.128 29.152 29.175 29.198 29.221 29245 29.268 29.291 29.315 1290
1300 29315 29.338 29.361 29.384 29.408 29.431 29454 29477 29501 29.524  29.547 1300
1310 29.547 29.570 29.594 29617 29.640 29663 29.687 29.710 29.733 29.756  29.780 1310
1320 29.780 29.803 29.826 29.849 29872 29896 29.919 29.942 29965 29.989 30.012 1320
1330 30.012 30.085 30.058 30.081 30.104 30.128 30.151 30.174  30.197 30.220  30.244 1330
1340 30.244 30.267 30.290 30.313 30.336  30.359  30.383 30.406 30429 30.452 30.475 1340
1350 30475 30498 30.521 30.545 30.568  30.591 30.614 30.637 30.660 30.683 30.706 1350
1360 30.706  30.730 30.753 30.776 30.799 30.822 30.845 30.868 30.891 30.914  30.937 1360
1370 30.937 30.961 30.984 31.007 31.030 31.053 31.076 31.099 31.122 31.145 31.168 1370
1380 31.168 31191 31214 31237 31260 31.283 31306 31.329 31353 31.376 31.399 1380
1390 31.399 31422 31445 31468 31.491 31514 31537 31560 31.583 31.606 31.629 1390
1400 31629 31.652 31675 31698 31.721 31.744 31767 31790 31813 31.836 31.859 1400
1410 31.859 31.882 31.905 31927 31.950 31.973 31996 32.019 32042 32.065 32.088 1410
1420 32.088  32.111 32134 32157 32180 32203 32226 32.249 32272 32294  32.317 1420
1430 32317 32340 32363 32.386 32409 32432 32455 32478 32501 32523 32.546 1430
1440 32546 32569 32592 32615 32638 32.661 32683 32706 32.729 32.752  32.775 1440
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Table 8.1.8 cont. Thermoelectric Voltage in Absolute Millivolts

°F
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970

0
32.775
33.003
33.231
33.459
33.686
33.913
34.140
34.366
34.593
34.818
35.044
35.269
35.494
35.718
35.942
36.166
36.390
36.613
36.836
37.058
37.280
37.502
37.724
37.945
38.166
38.387
38.607
38.827
39.046
39.266
39.485
39.703
39.922
40.140
40.358
40.575
40.792
41.009
41.225
41.442
41.657
41.873
42.088
42.303
42.518
42.732
42.946
43.159
43.373
43.585
43.798
44.010
44.222

1

32.798
33.026
33.254
33.482
33.709
33.936
34.163
34.389
34.615
34.841
35.066
35.291
35.516
35.741
35.965
36.188
36.412
36.635
36.858
37.080
37.303
37.524
37.746
37.967
38.188
38.409
38.629
38.849
39.068
39.288
39.507
39.725
39.944
40.162
40.379
40.597
40.814
41.031
41.247
41.463
41.679
41.895
42.110
42.325
42.539
42.753
42.967
43.181
43.394
43.607
43.819
44.031
44.243

2

32.821
33.049
33.277
33.504
33.732
33.959
34.185
34.412
34.638
34.863
35.089
35.314
35.539
35.763
35.987
36.211
36.434
36.657
36.880
37.103
37.325
37.547
37.768
37.989
38.210
38.431
38.651
38.871
39.090
39.310
39.529
39.747
39.965
40.183
40.401
40.619
40.836
41.052
41.269
41.485
41.701
41.916
42.131
42.346
42.560
42.775
42.989
43.202
43.415
43.628
43.841
44.053
44.265

3
32.843
33.072
33.300
33.527
33.754
33.981
34.208
34.434
34.660
34.886
35.111

35.336
35.561
35.785
36.009
36.233
36.457
36.680
36.902
37.125
37.347
37.569
37.790
38.011

38.232
38.453
38.673
38.893
39.112
39.331
39.550
39.769
39.987
40.205
40.423
40.640
40.857
41.074
41.290
41.506
41.722
41.938
42.153
42.367
42582
42.796
43.010
43223
43436
43,649
43.862
44.074
44.286

4

32.866
33.094
33.322
33.550
33.777
34.004
34.231
34.457
34.683
34.909
35.134
35.359
35.583
35.808
36.032
36.256
36.479
36.702
36.925
37.147
37.369
37.591
37.812
38.033
38.254
38.475
38.695
38.915
39.134
39.353
39.572
39.791
40.009
40.227
40.445
40.662
40.879
41.096
41.312
41.528
41.744
41.959
42.174
42.389
42.603
42.817
43.031
43.245
43.458
43.671
43.883
44.095
44.307

5
32.889
33.117
33.345
33.573
33.800
34.027
34.253
34.480
34.705
34.931
35.156
35.381
35.606
35.830
36.054
36.278
36.501
36.724
36.947
37.169
37.391
37.613
37.834
38.055
38.276
38.497
38.717
38.937
39.156
39.375
39.594
39.813
40.031
40.249
40.466
40.684
40.901
41.117
41.334
41.550
41.765
41.981
42.196
42.410
42.625
42.839
43.053
43.266
43.479
43.692
43.904
44116
44.328

6
32.912
33.140
33.368
33.595
33.823
34.049
34.276
34.502
34.728
34.954
35.179
35.404
35.628
35.853
36.077
36.300
36.524
36.746
36.969
37.191
37.413
37.635
37.857
38.078
38.298
38.519
38.739
38.959
39.178
39.397
39.616
39.835
40.053
40.271
40.488
40.705
40.922
41.139
41.355
41.571
41.787
42.002
42217
42.432
42.646
42.860
43.074
43.287
43.500
43.713
43.925
44.137
44.349

7

32.935
33.163
33.391
3