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Temperature Metrology

Isothermal Heat Sources

Introduction

The Purpose of an Isothermal Heat Source

Definitions

An Isothermal Heat Sourceis a temperature controlled mass which is in-
tended to provide the identical temperature to the Reference Thermome-
ter as it does to the Test Thermometers during comparison calibration.
Comparison Calibrationexists when traceable temperature knowledge
from a reference thermometer is transferred to a test thermometer.

The purpose then of the source is to use its unique properties during the temperature calibra-
tion process. These sources come in many forms. The mass may be any matter that can be
controlled adequately for the purpose.

Uncertainties

Uncertainties or temperature inaccuracies will be created to some level depending on the
sameness of temperature between the reference thermometer and the unit under test (UUT) lo-
cations during measurement. These uncertainties are the primary limitations of the calibration
transfer. They are caused by variations in:

• Temperature Uniformity: Homogenous temperature

• Temperature Stability: Steadiness of temperature

• Stem Conduction: Errors created by inadequate thermal connection between the heat
source and thermometer, and thermal conduction along the thermometer between the
source and ambient temperatures.

This discussion will provide some examples of heat sources, their relative thermal properties,
temperature ranges, stability and uniformity as well as other considerations for selection and
optimization.

Examples of Isothermal Heat Sources

Liquid Baths: Utilize temperature control and stirring of fluids such as water, oils, molten
salt, molten metals etc. to maintain a stable and uniform transfer of temperature.
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Dry-Wells: Utilize metal blocks as a heat transfer medium. These devices may be portable
with wide temperature ranges. The temperature controller and control sensor may be cali-
brated to provide the temperature reference. Changeable inserts permit calibration of different
thermometer diameters.

Furnaces:A laboratory instrument utilizing a metal, graphite or some other material as an
equalization block. Temperature uniformity may be improved with profiled heating, heat pipes
or multiple heating zones. Long immersion depths are typical in laboratory versions.

Fluidized Baths: Utilize a powdered solid material suspended in a flow of air to provide ther-
mal uniformity.

Phase change devices:A Phase Change such as the melting of ice in an ice bath or boiling
liquid nitrogen provides a stable and uniform medium. A fixed-point cell may be also used as
a constant temperature device using an SPRT as a reference.

Comparison of Performance

Not all heat sources will serve all applications. Your error budget, including all sources of er-
ror, will help you determine what the stability and uniformity need to be. The following gener-
alized charts will give you some idea of the relative characteristics of different heat source
instruments.

The temperature range required for a calibration is determined by the use of the UUT. The
temperature range of the heat source is limited by design, materials of construction or ancil-
lary material like bath fluids. Refrigerated baths are limited by the breakdown temperatures of
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the refrigerant or refrigerant oil contained in the evaporator in the bath. Materials of construc-
tion have temperature limits; heater designs have limits, and so on.

Each heat source has limits of uncertainty as well. The chart above compares some typical
ranges of uncertainty for different types of heat source instruments. The separation is clear be-
tween fixed-point measurements and comparison measurements of the various types. It is also
clear that some comparison heat sources have better uncertainty characteristics than others do.
While these things are true, there are other considerations that must be made.

The essential performance of any isothermal heat source is to meet the definition above for a
particular application.
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Discussion of the Basic Elements

The basic heat source will include a “thermal mass” made of some thermally conductive mate-
rial in which sensors to be calibrated are inserted. It may be a solid mass such as a metal or a
fluid such as water or oil. It is also isolated from the environment in such a way that excessive
heat gains or losses are minimized and so that gradients are low.

A temperature controller will sense the temperature of the mass by means of a temperature
sensor and will control the heating or cooling to it in order to control its temperature.

Fluid media heat sources, such as baths, offer a significant benefit of stirring. The stirring ac-
tion allows the temperature variations to be physically mixed or homogenized. Because of
this, baths have a greater potential for high uniformity than any of the other heat sources.
Without stirring, other means must be considered to limit the gradients. Proper location and
design of heating and cooling elements, protection from ambient heat losses or gains and so
on are required. Heating and cooling must seem to come from the same source and works best
if it surrounds the thermal mass rather than come from within it.

Heat Source Selection

The user must ask:what device of those available meets my needs?  Needs may mean current
needs or future needs. Considerations may include whether it is used in the lab or in the field.
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It would also consider types and sizes of probes and temperature ranges. And certainly, you
must consider the uncertainty levels needed. Available may mean availability in the market
place or availability within my organization. Is the source available economically feasible?
Other selection considerations may concern the productivity, utility, or practicality of a heat
source for your application.

This list includes several important issues besides uncertainty and temperature range:

• Cost (for unit or accessories)

• Speed or throughput

• Cleanliness (media does not contaminate thermometer or area)

• Portability (may be required for some calibrations)

• Safety

• Ability to automate (computer interface)

• Lifetime

• Ease  and convenience of use

• Utility or flexibility

• Reliability

Constant Temperature Calibration Baths

Different bath products vary in design details but they generally fall into these 4 basic con-
cepts. Each concept or type has certain advantages and disadvantages and each manufacturer
may have succeeded to different levels in attaining optimum results. The types are 1) common
utility design, 2) parallel tube design, 3) concentric tube design and 4) heat port design.
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Design Types

Utility Bath Design

Utility baths are available at low cost but fail to provide adequate immersion depth, high
enough temperature uniformity or stability. Some may only be 4 to 6 inches deep. Another
problem is stirring. Utility baths typically use a pump device for pumping fluid to an external
device. These pumps do not typically circulate the fluid well enough inside the bath to ho-
mogenize the temperature gradients. Their controllers do not have the resolution for mK sta-
bilities. And, finally, they have serious problems with heating and cooling element design.
They typically have separate heating and cooling elements inside the tank. Refer to Figure 4.
Separate heating and cooling elements force a temperature gradient in the fluid as heat from
the heater flows to the cooling source. At the extreme, several degrees can exist between
them. This is a difficult job for their already anemic stirring systems.

Figure 5 illustrates several thermometers in different locations within a water bath. This bath
is at 25°C at the center. Each of the other thermometers has two sets of temperature deviations
relative to the reference in the center. They represent differences that may be found between
two differentbaths. The upper reading is more ideal, varying only fractions of a mK from the
setpoint that may be found under ideal conditions for a good design. The lower set illustrates a
much larger deviation creating a much larger non-uniformity uncertainty for the calibration
process. This illustrates the impact of bath design on calibration performance. Other parame-
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ters may effect performance as well, including fluid properties such as viscosity, temperature
and others.

Parallel Tube Design

The parallel tube design overcomes some of the limitations of the utility bath. The heating and
cooling elements are separate from the calibration working area and allow the heating and
cooling affects to be mixed by an efficient stirrer before they can disturb the probes being cali-
brated. This concept was developed by scientists at National Laboratories specifically for cali-
bration work. Any temperature gradient in the working area can only be due to the heat losses
along its length and the velocity of the fluid as it moves through it. The working space is often
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small, however. It can also be susceptible to level changes due to fluid expansion & contrac-
tion.

Concentric Tube Design

The concentric tube, or tube within a tube concept, features an inner working area containing
fluid thermally guarded by fluid from the outer tube. The heating and cooling takes place in
the outer area where the fluid is stirred and temperature controlled before it is pumped into the
working area. The guarding effect from the fluid in the outer tank helps to temper gradients
due to heat losses at extreme temperatures that would otherwise be detrimental to calibration.
It can be built to the appropriate depth for better probe immersion. The design overcomes
limitations of the parallel tube design regarding stirring problems at low fluid levels and gradi-
ents created by high heat losses at extreme temperatures. This concept was also developed by
scientists at national laboratories for temperature calibration work. It may be limited by the ef-
fectiveness of the design application and temperature controller and other design application
issues. It also has limited working space.

Heat Port Design

The heat port design concept features a large unobstructed work space. The heating and cool-
ing elements of a Hart heat port bath are located on the outer wall of the stainless steel tank.
Refer to Figure 7 for an illustration of the “heat-port” sandwich. The heating element is next
to the tank itself. It is thin and responsive. It covers a large part of the tank surface. Next to the
heater is a thin pad of thermal insulating material. It serves to filter the pulsations from the
cooling-plate that comes next. The cooling plate covers the entire heater surface. The cooling
effect is therefore evenly distributed with the heating, eliminating hot or cold spots. The tech-
nique minimizes the job of the stirring system. The actual cooling may be supplied through re-
frigeration, tap water cooling, or simply heat loss through the walls.
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If the cooling is supplied through refrigeration, it is has been thermally stabilized by special
refrigeration techniques. The refrigeration system can be adjustable to minimize the amount of
power that must be stirred into the fluid.

Liquid and Glass Requirements

Liquid and glass thermometers require viewing the meniscus of its working fluid. Total im-
mersion thermometers require that all but about 12mm of the liquid column be immersed.
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One method is to fill the bath to near the top if the bath has a thin enough lid. Still another
method is to have a device that pumps the fluid to a point above the lid so that the meniscus
can be viewed conveniently.

Optimizing Performance of Liquid Baths

Consider these issues in order to meet the calibration performance you need.

Immersion depth

A well stirred bath will have minimal thermal gradients. Near the surface, however, there are
temperature effects due to heat loss and evaporation. This will reduce temperature stability
and uniformity. In addition, stem conduction, which is energy transfer up or down the length
of the sensor, is likely to cause measurement errors. The following recommendation will mini-
mize the effect.

Rule of Thumb: Immersion Depth = 20 x the diameter + sensor length

Example:  The diameter is .25 inches and the sensing element is 1.25 inches long.

Immersion Depth = 20 x .25 + 1.25 = 6.25 inches

Immersion Depth Testing
It may become necessary to do testing to determine a minimum critical depth for a particular
thermometer. This procedure can help you visualize what depth is required.

A uniform heat source is required for an immersion test. A temperature readout device capable
of the resolution required is also needed.

Procedure: Set up the equipment with the heat source at the desired temperature. Insert the
thermometer to its maximum safe depth and let it stabilize. Use some type of clamping device
to hold it in place. Note the temperature then withdraw thermometer 1 inch. Again wait until it
has stabilized and note the temperature. Continue this process until the thermometer sensor
reaches the surface (or some other practical limit is reached). Plot the temperature differences
between the bottom temperature and the temperature at each depth. The errors will flatten out
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through the range of adequate immersion. To eliminate these errors, the minimum depth must
be achieved.

You may wish to test a variety of thermometers in this fashion and compare the results. Also
compare the results at higher or lower temperatures. You will see that the required immersion
depth increases as the heat source and ambient temperatures separate. This temperature differ-
ence is the driving force causing the effect. The thermal resistance between the source and the
sensor relative to the thermal resistance from the sensor to ambient causes the temperature
read to be between the source temperature and ambient temperature under conditions of inade-
quate immersion.

Fluid Selection

The selection of the right bath fluid is one of the most important optimizing criteria. Consider
the following issues when selecting your bath fluid medium.

• Temperature Range: it must fit the range required for calibration.

• Viscosity: it must be low enough to permit adequate stirring and hence adequate
stability.

• Conductivity: the higher the conductivity the greater the response and the lower the
gradients.

• Specific Heat: a high specific heat reduces temperature disturbances by requiring more
energy to change the temperature a given amount.

• Toxicity/Fuming: health effects must be considered; take precautions, use a fume
removal system.

• Safety: use fluids below their flash points, always study the Material Safety Data Sheet
(MSDS) information.

• Expansion of fluid: allow adequate space for thermal expansion.

• Cost: high temperature fluids tend to be expensive.
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• Water Miscibility: water will condense or freeze in fluids below the dew point,
changing the fluid’s characteristics.

• Sensor Contamination: some sensors being calibrated may be contaminated by some
fluids. Some fluids, such as silicone oils, can be difficult to completely remove.

Viscosityand temperature rangeare the most critical choices for the best uncertainties. If these
cannot be met, the calibration objectives may be unattainable. Often, finding adequate specifi-
cations in these areas precludes choices of other criteria such as lowest cost. It is seldom pos-
sible to find an ideal fluid for your application. Some compromises will need to be made. This
often means more baths with different fluids in them to cover the required range.

Select a viscosity below 10 centistokes if possible. The critical action of stirring can generally
be maintained satisfactorily below this point. As the viscosity increases, stirring becomes less
effective, creating temperature gradients and greater instability. Viscosities greater than 50
centistokes may reduce stirring effectiveness to a level below that required for even minimum
calibration requirements.

Temperature and viscosity are closely tied in determining the acceptable temperature range of
a fluid. The temperature range is also limited by other conditions such as evaporation and the
boiling point. As the vapor pressure increases with temperature, the cooling of the surface of
the fluid increases, creating stability problems. Additionally, the droplets formed on the lid of
the bath, which consequently fall back into the fluid, create a disturbance that can be measured
as thermal instability of the bath. Boiling fluid is also unstable. Loss of expensive fluid
through rapid evaporation is also undesirable.

At lower temperatures (below the dew point of water), water can condense into the fluid. If
the fluid is immiscible with water as with oils, the mix of fluid properties may cause prob-
lems. This is particularly a problem at temperatures below freezing as the ice creates a thick
slush. The slush has poor thermal properties and does not stir well resulting in poor stirring of
inhomogeneous materials. The fluid must be heated to evaporate the water out of it. A dry gas
purge slowly bled into a nearly closed-off bath can help. A dry-box containing a desiccant
placed over the access well can also slow the absorption of water. Fluids such as alcohol can
absorb a large amount of water before saturating. Care must be taken for safety, however.

Safety is an important issue with any extreme heat source. Whether or not warnings are in
place for burns or fire, care for safety is essential. This is particularly the case with hot oil and
salt baths. Toxicity is, of course, an issue as well. Many fluids have ideal thermal properties
but are less than ideal with regard to toxicity. Always study the MSDS that must be provided
with the fluid and be prepared to act with prudence. Hart Scientific recommends the use of
fume removal systems. The type that have tubes to remove the fumes near their exit point
from the bath are the most effective. Some hood designs permit the fumes to pass by the user
before they are removed. Human contact with fluids or fumes should be minimized.

Safety with regard to flammability is important to each fluid user and his organization. Terms
such as “firepoint”, “flashpoint” and “autoignition temperature” should be understood and
considered with care in your application. You should know the flashpoint of the fluid you are
using at a minimum.

The flashpoint is the temperature at which a fluid gives off enough vapor to form an ignitable
mixture with air near its surface. It may be reported as open cup or closed cup. The closed cup
temperature defines a condition much like a bath where the vapor is concentrated within an
enclosed volume. It is the most conservative value. Hart does not recommend using a fluid
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higher than the flashpoint. When the flashpoint is achieved, there can be a condition of suffi-
cient fumes (fuel) and oxygen to ignite it if there is a source of ignition (spark or flame).

The firepoint is the lowest temperature at which the liquid produces fumes fast enough to sup-
port combustion.

The autoignition point is the temperature at which a self-sustained combustion can occur in
the absence of an external ignition source. An explosion hazard may exist.

Location of Reference and Unit Under Test

Even the very best of baths will have instability and gradients to some level. Good practice
suggests that having the reference and UUTs as close together as practical is best. In addition,
it is advisable to characterize or profile your equipment so you know what it does under the
conditions of calibration.

Test the Bath’s Temperature Profile

The profiling can be accomplished with a thermometer inserted into the bath at a central loca-
tion and then measuring deviations between that temperature and the surrounding area that
will contain the UUTs. This characterization should be done with regard to the stability of the
bath. Take an average measurement. A dual or multi-thermometer arrangement is ideal, with
one thermometer always remaining in the same central location as the reference. The test must
be conducted at the same temperature and with the same fluid as the intended calibrations.
Testing under a range of conditions will illustrate problems with stirring and temperature dif-
ference to ambient.

The resulting uncertainty data can be used to help determine overall uncertainties and make
improvements in hardware and procedure.
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Thermal Equilibration Blocks

Some improvement in the stability of baths can be made with equilibration blocks. Improve-
ments of 2 to 10 times have been observed depending on the nature of the thermal noise and
the block design. The block essentially isolates and filters the temperature changes reducing
their magnitude. Disadvantages include slower response time and less flexibility in terms of
thermometer & UUT size and quantity. Of course, extra cleaning occasionally is also required.

Bath Summary

Bath Advantages

• Best stability & uniformity

• Best flexibility for size & shape of thermometers

• Best reduction of stem conduction

• Best flexibility for quantity of thermometers

Bath Disadvantages

• Limited temperature ranges

• Slower to change temperature

• Fluids can be messy

• Fluid high cost

Dry-well Calibrators

A dry-well calibrator is a fast, convenient, portable, wide temperature range and often rela-
tively inexpensive heat source. They may also be used as atemperature referencewhen appro-
priately calibrated. For better accuracy results, they may be used as acomparator(comparing
a reference sensor with a test sensor). Their higher uncertainties may make them inadequate
for secondary calibration but they are quite useful for industrial accuracies varying from a few
degrees to tenths of a degree. Selection of a dry-well calibrator can be made after understand-
ing your general calibration requirements. A general understanding of their advantages and
limitations will be explained here.

A dry-well calibrator basically consists of a mass of metal heated with a heater. The tempera-
ture in the block is sensed by a control sensor; a PRT, thermocouple, or thermistor. A tempera-
ture controller utilizes the information from the control sensor to control the temperature of
the dry-well. Some dry-well designs utilize thermoelectric coolers permitting sub-ambient
temperatures with reduced high-end temperatures. Heated-only models typically operate from
temperatures just above ambient and higher depending on construction techniques and materi-
als. Some are optimized for speed in heating and cooling, others for sensor volume.

Design Considerations

Some of the design factors that can reduce errors are as follows.
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1. Reduction of temperature gradients

2. Allowance of adequate immersion depth

3. High-temperature stability

The metal mass or isothermal block or just block as it may be called, will provide a well or
number of wells for the insertion of thermometers of different sizes. This may be done with a
variety of fixed size wells or with sleeves or inserts to provide different sizes. A good fit is es-
sential.

Uniformity and Stability

As in the baths, temperature gradients are created by cooling and heating elements or from
strong heating and cooling losses or gains. A primary difference is that the thermal mass me-
dium is solid and cannot be stirred like the fluids in the bath. Therefore those gradients that
may be in the block cannot be homogenized into a more stable thermal mass. This lack of uni-
formity creates uncertainties that may be from 10 to 1000 times greater than in a bath depend-
ing on makes, models and conditions of use. These gradients may be in any direction in the
thermal mass. In multiple well models, the gradient may create temperature differences from
well to well. Vertically (along the length of block), the gradient may cause one sensor to read a
different average temperature than another due to differences in sensor length or location.

The temperature gradients may be caused by non-uniform heating or cooling. Heating ele-
ments that surround the block; i.e. wrapped around it, are superior to elements inserted into it.
Inserted elements create hot spots while wrapped heaters tend to create greater uniformity.
Heaters can be designed with profiled watt densities to match typical heat losses from the
block thus reducing vertical gradients.

Thermal conductivity differences between thermometers and the equilibration block can add
to the uncertainties of measurements. Here we are primarily referring to the fit of the ther-
mometer to the equilibration block. The reference and UUTs must see the temperature the
same way. Fit has to do with the matching of the diameters of the thermometer and the block,
roundness, etc. The clearance between the thermometer and the well is typically from 0.007 to
0.012 inches. There is also a random component of repeatability of measurement from one in-
sertion to another due to differences in thermal contact resistances. All of these things act to-
gether to create uncertainties between the temperature of the reference thermometer and the
UUTs. The immersion depth of the thermometers helps to minimize these thermal conductiv-
ity effects.

Two thermometers that are thermally similar can be compared better than thermometers that
differ physically. That is to say, they are the same length and diameter, they have the same
sensor length and they fit into the same size well. Under these conditions, many of the affects
due to variations in fit, gradient, heat loss etc. will be seen the same way and these errors will
cancel out.

Temperature stability of a dry-well is also a factor in making comparison measurements. Just
as with the bath, the temperature of a block may oscillate or drift. Many dry-well instruments
are only stable to near ±0.1°C. Higher quality calibrators may have stabilities of ±0.040°C.
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Dry-Well Summary

Dry-well Advantages

• Portable

• No messy fluids

• Wide temperature ranges

• Fastest to change temperature

• Least cost

Dry-well Disadvantages

• Some inflexibility for size & shape of thermometers

• May have some stem conduction problems

• Some inflexibility for quantity of thermometers

• Greater uncertainties (contact resistance, higher gradients & greater instability)

Furnaces

The definition of a furnace as we shall use it here:

A calibration heat source used in the higher temperature spectrum that is
used for comparison calibration of laboratory quality thermometers such
as SPRTs, noble metal thermocouples, secondary level PRTs, etc.

Heated Zone Design

Of the many aspects of furnace design, one of the most important is that of the heated zone.
The heating method must provide the desired temperature point along with safety and long
life. As with other heat sources, it must provide a uniform and constant temperature. The
heated zone is fairly long in order to accommodate the length of standards level thermometers.
Designs are typically cylindrical in order to provide even and identical heating over their
length. They utilize thermal equilibration blocks to create a more uniform temperature around
the thermometers being compared. Heated zones may be of the following types.

• Single Zone: The heater is wound as one uniform element. Insulating and radiation
shielding can reduce heat loss from each end.

• Single Zone Profiled: The heater is wound with essentially one element but the watt
density is increased at the ends in order to compensate for heat losses. Differences at
different temperatures cannot be adjusted for.

• 3-Zone: A main heater provides general heating with additional heaters controlled by
separate controllers at each end to minimize heat losses out of the ends. This can
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provide a long, very uniform temperature central zone. Heat loss changes at different
temperatures are automatically compensated for.

• Heat Pipe: Typically a single heater heats the heat pipe. The working fluid of the heat
pipe will evaporate, efficiently conducting heat along its length and then condense at
the other end. The fluid runs through capillary action to the other end by gravity,
completing the cycle. The process continues so long as the fluid is being evaporated.
This action will provide a uniform temperature over the length of the heat pipe.
Working fluids have limited ranges of a few hundred degrees over which they can be
used.
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The graph shown in Figure 16 on page 21 illustrates data taken from the 4 furnace design
types. The superiority of the 3-zone and the heat pipe is clear. The costs are higher for the im-
proved performance, however. Data for the 4 types was not available under identical condi-
tions. The following information explains the differences.

• Single zone furnace: Horizontal design, 700°C, INCONEL equilibration block, TC
measurement

• Profiled single zone furnace: Vertical design, 962°C, graphite block, HTPRT
measurement
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• 3-zone furnace: Vertical design, 662°C, aluminum freeze point cell, SPRT
measurement

• Heat Pipe furnace: Vertical design, 900°C, nickel equilibration block with platinum
SPRT protection, HTPRT measurement

Equilibration Blocks

The control systems of furnaces may vary depending upon the temperature range. Thermocou-
ple controllers may only provide a stability of ±0.1°C while those using PRTs may provide
stabilities of better than ±0.040°C. Equilibration blocks are used to increase the stability and
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uniformity of the controlled zone in a calibration furnace. The most highly conductive mate-
rial that will survive the temperature is typically chosen. Pure oxygen-free copper is common
for lower temperatures. Oxidation limits its use so other materials such as aluminum,
aluminum-bronze, nickel, and INCONEL may be used. Each of these has increasing oxidation
resistance but lowering thermal conductivity. To be effective, the block must be thermally iso-
lated from temperature gradients within the heated zone. Combined uncertainties of stability
and uniformity can be ± 1 to 2 mK under ideal conditions.

Ion Contamination

At higher temperatures (above 650°C) metal ions work loose from the equilibration block or
other metal components and stream off until they cool or attach themselves to something else.
There is a serious danger that the pure platinum thermometer element (either the reference or
unit under test) will be contaminated. The platinum element of an SPRT can lose its calibra-
tion and be made useless as a precision thermometer in this way. Whether the furnace is used
for comparison calibration, preheating, or annealing, the thermometer must be protected from
metal ion contamination. This is done by providing some material that is in the path of the
metal ions that will prevent penetration of those ions into the thermometer. The quartz glass or
alumina surrounding the thermometer element will not adequately protect it. High-density
graphite such as is used in fixed-point cells will work, as well as silicon carbide. Another
method is to provide a shield made of platinum. The platinum ions driven from it will not con-
taminate the platinum sensor. It will also stop the ions coming from the equilibration block or
other sources.

Furnace Life

Lifetime of the furnace heater elements and heat pipe can be limited, particularly at high tem-
peratures (1000°C and above). Temperature effects such as oxidation corrode the metals in-
creasingly as temperature rises. Heat pipes that have long lifetimes at 900 °C can have
relatively short lifetimes at 1000°C. Use of equipment at these temperatures should be limited
to that required for the procedure and not be left on unnecessarily.
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Immersion Depth

Immersion depth is an important issue with furnaces as it is with baths and other heat sources.
Most furnaces are designed with long heated zones to accommodate this need. SPRTs are long
as well as many noble metal thermocouples.

Laboratory Furnace Summary

Furnace Advantages

• No messy fluids

• Wide temperature ranges

• Improved uniformity

Furnace Disadvantages

• Some inflexibility for size & shape of thermometers

• Requires long thermometers to reduce stem conduction

• Some inflexibility for quantity of thermometers

• Greater uncertainties than baths but better than dry-wells typically (higher gradients &
greater instability)

• Expensive
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• Slow to stabilize

Fluidized Baths

Fluidized baths consist of a heated tank of a powdered media forced into motion by the action
of compressed air. Otherwise, the temperature control process is essentially like that of any
bath. The medium is typically a ceramic material such as alumina. The temperature range of
these materials is high allowing wide temperature ranges to be achieved without changing the
media. Stability and uniformity can only be achieved by the use of an equilibration block. The
block can disrupt the flow and cause the powder bed to collapse. Historically, these baths have
had the problem of being dirty in that they tend to leak powder into the lab. Some are
equipped with filters that remove much of the powder. Additionally, a source of compressed
air is required. Stabilities and uniformities vary. Stabilities of a few mK can be achieved by
using an equalization block. Salt baths cover most of the fluidized baths range but with im-
proved uncertainties.

Phase change devices

Phase change devices do not directly use temperature controllers and control sensors to main-
tain a specified temperature. Instead they rely on a change of phase to maintain their tempera-
ture. The latent heats involved in changing from liquid to solid or solid to liquid, for example,
can provide an extended period of time at a constant and uniform temperature. Examples in-
clude:

• Ice Baths
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• Triple Point of Water

• Boiling Liquid Nitrogen

• Dry Ice and Alcohol Bath

• Metal Fixed-points

Metal Fixed-points and the Triple Point of Water

Standard fixed-points such as the triple point of water or metal fixed-points are not normally
thought of as heat sources for comparison calibration. However, they provide the most stable
sources available. Some labs do not use the intrinsic value of their fixed-point but rather use it
as a stable heat source at the fixed-point temperature for comparing thermometers to a NIST
traceable SPRT. Extremely low thermal noise can be counted on. Stabilities are sub-mK.
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Ice Baths

Ice baths depend on the purity of the water and proper preparation and then they become not
only a constant temperature bath but also a secondary fixed-point. Under ideal conditions val-
ues of 0°C to within ±0.002°C can be reached. Under less than ideal conditions, much greater
errors can be found. The proper proportion of ice to water and purity must be maintained. A
stirred ice bath might typically achieve 0.005°C.

Liquid Nitrogen Bath

Liquid nitrogen is utilized to realize a temperature near the argon point. Liquid nitrogen boils
near –196°C at 1 atmosphere and the argon TP is defined as –189.8344°C.

The extremely low temperature of liquid nitrogen requires using a high-quality covered dewar
to insure a usable measurement time. An equilibration block with multiple wells is utilized to
compare a traceable reference to the UUTs. The block is usually made from high-purity, oxy-
gen free copper. The block helps to minimize the effects of gradients in the boiling nitrogen.
The hydrostatic pressure gradients create thermal gradients within the liquid nitrogen as well.
To minimize this effect, the block may be insulated on all but the top surface. In that way, the
block “sees” primarily one temperature. The temperature stability is largely dependent on the
pressure stability. Sudden building pressure changes or weather changes can effect results.

Isothermal Heat Source Summary

There are a variety of types of heat source instruments that can be used to meet a variety of
needs within their design capability. A knowledge of the limitations of each type is critical in
making a proper selection for calibration of a particular thermometer. Each type will have its
own characteristics. Proper use will depend on a knowledge and application of the thermal
properties of that thermal transfer body and the properties of the thermometers involved. It is
recommended that first, a careful selection of heat sources be made for the application, sec-
ond, the instrument be characterized by those using it in order to understand how it will per-
form under conditions of use, and, third, optimize conditions to get the instrument’s best
performance.
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Temperature Metrology

Readouts

Part I: RTD and Thermistor Readouts

The fundamental purpose of an RTD or thermistor readout is to measure resistance. However,
not every instrument that simply measures resistance is well suited for work with RTDs or
thermistors. Many other features ought to be considered when deciding what to use as a read-
out, such as accuracy. Of course, cost may also be an important issue. Readouts can vary
greatly in cost, from a few hundred dollars to tens of thousands of dollars. There is generally a
tradeoff between cost and accuracy. When selecting a readout, it is easy enough to determine
the maximum allowable cost you can afford. What may not be as easy is determining what ac-
curacy you need in a readout and whether or not you will actually achieve the accuracy you
expect.

The following discussion will focus on these issues with the goal of helping you determine
what readout is best for your application and how you can achieve the best accuracy possible
from your system. First, we will introduce several types of readout devices. Then, we will
look at some of the important requirements for RTD and thermistor readouts and consider how
various readouts meet these requirements.

Types of Readouts

First, let’s look at some of the types of readout instruments that are most often used with
RTDs and thermistors. There may be other types we won’t discuss, such as an analog ohmme-
ter, but for modern thermometery requiring accuracies of 0.1°C or better, we recommend digi-
tal readouts. They can be grouped into three general categories: digital multimeters,
thermometer readouts, and resistance bridges.

Digital Multimeters

Digital Multimeters (DMMs) are general purpose electrical measurement instruments that are
capable of measuring voltage, resistance, and usually current, over a wide range of values.
They can be and often are used with RTDs and thermistors, though they may not be the best
choice for this application. One of their main disadvantages is that they are generally not able
to display temperature, only resistance. Another disadvantage is that they offer little or no
control of the driving current. Still, they are often used because they are fairly inexpen-
sive—between about $500 and $5000—and are readily available. Just a few years ago at Hart
we used a Schlumberger Solartron 7081 8-1/2 digit digital multimeter for much of our work
with RTDs and SPRTs. DMMs come in a variety of forms and sizes and offer many different
features. Accuracies can range from about 1°C to better than 0.005°C.

Thermometer Readouts

By “thermometer readout” we mean a digital readout specifically designed to measure tem-
perature using temperature sensors. Because thermometer readouts are designed for this appli-
cation, they offer many advantages, especially convenience and accuracy. Being able to
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immediately display temperatures is a big advantage. There are a large variety of thermometer
readouts available. They span a wide range of price and accuracy. Cost can range from  $500
to $12,000. Accuracies can range from 1°C to better than 0.001°C.

Resistance Bridges

For the ultimate in accuracy, resistance bridges are used. These can achieve accuracies of
0.0001°C or better. They are used with SPRTs in primary temperature calibration labs where
extreme accuracy is required. As expected, you will have to pay for this precision. Resistance
bridges can cost up to $60,000. They are also large and heavy which makes them anything but
portable. Resistance bridges only measure resistance ratio. You have to use them with a sepa-
rate standard resistor. Any resistance and temperature calculations must be done externally. A
separate computer is used for this function.

Two types of resistance bridges are widely used: AC bridges and DC current comparators.
They both use ratio transformers that are adjusted to match the ratio of the two resistors being
compared (the sensor and standard resistor). AC bridges apply AC driving current to the resis-
tors whereas DC current comparators use DC current that is periodically reversed to cancel
thermoelectric EMFs.

Readout requirements for RTDs

Now let’s look at some of the issues related to making measurements with RTDs and see how
well different readouts meet our requirements.

Accuracy and resistance range

All readouts have some limit to the accuracy to which they can measure resistance. This limits
the accuracy to which you can measure temperature. The temperature error due to resistance
measurement error can be easily calculated if you know the sensitivity of the sensor you’re
measuring inΩ/°C. The following equation states the relation.

U
U

ST

R=

In this equation UT is the temperature error, UR is the resistance error, andS is the sensitivity
of the RTD. This is about 0.4Ω/°C for a 100Ω RTD.

As an example, suppose we are measuring a 100Ω RTD with a readout that has an accuracy of
0.01Ω at the resistance we’re measuring. The temperature error is calculated as follows:
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The following chart (Figure 20) shows the relationship between readout accuracy and tem-
perature accuracy for various types of platinum temperature sensors.

The resistance of a typical RTD ranges from about 10Ω to about 400Ω. You must carefully
evaluate the accuracy of your readout over this resistance range. Some DMMs may not be
very accurate at these low resistances. On the other hand, RTD thermometer readouts are de-
signed for optimum accuracy over this range. Resistance bridges are equally accurate over a
wide range of resistances as long as the appropriate standard resistor is used.

The accuracy specifications given with a readout may not show accuracy as a simple resis-
tance error value. Instead, it is often stated as a percent of reading, a percent of full-scale, or a
combination of both. For instance, a readout having a full-scale value of 1000Ω may have an
accuracy stated as 0.01% of reading plus 0.002% of full-scale. If the resistance of your RTD
happened to be, say, 250Ω at the temperature you are measuring, then the accuracy of the
readout at this temperature is 0.0001 x 250Ω + 0.00002 x 1000Ω = 0.045Ω. For another ex-
ample, consider a readout with its accuracy stated simply as 80 ppm. The resistance accuracy
at 250Ω is 80 x 10–6 x 250Ω = 0.02Ω. Some manufacturers may also state different accuracies
depending on the calibration interval. Be careful to use the correct specifications based on the
time since the readout was last calibrated.

Consider this potential pitfall: many readouts have multiple resistance ranges, each with a dif-
ferent accuracy, and the readout may automatically switch the range while you are making
measurements. Many DMMs automatically switch ranges near 100Ω or 200Ω. This is right in
the middle of the resistance range of RTDs. The next higher range will likely be ten times
greater with an error that is likewise greater. If you are not careful, you may be making meas-
urements with uncertainties that are much greater than you think. Often you will notice when
the range switches because the displayed resolution will also change, but don’t count on it. A
good RTD thermometer readout will maintain excellent accuracy over the full range of resis-
tance you can expect with your RTD. Resistance bridges may have a similar problem in that
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the range of ratios they can measure may be limited. Some bridges can only measure ratios
less than one. The solution is to select a standard resistor value that is greater than the largest
resistance you will measure. Keep in mind, though, that if the standard resistance is too high,
the measured resistance ratios will be too low and accuracy will be compromised.

Lead resistance

Consider a sensor with two lead wires as shown in the figure below. The apparent resistance
of the sensor is the sum of the resistances of the element and the two lead wires. This will dif-
fer from the true resistance of the RTD by the amount of the lead resistance.

The error caused by the lead resistance in a two-wire sensor can be calculated using the fol-
lowing formula:

U
r

SL

L=

UL is the temperature uncertainty due to lead resistance, rL is total lead resistance, and S is the
sensitivity of the sensor (again, this is about 0.4Ω/°C for 100Ω RTDs).

As an example, consider an RTD at 0°C (100Ω) with 0.2Ω of resistance on each lead wire.
The resulting error in the temperature measurement due to the lead resistance is evaluated as
follows:
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Lead resistance error can be partially eliminated by calibrating the RTD with the lead resis-
tance included. Still, several factors limit the accuracy you can achieve. First, the added lead
resistance changes the resistance-temperature curve so it no longer closely follows the normal
characterization equations. Second, the lead resistance will not be very stable. It will change
depending on ambient temperature, stress on the lead wires, and quality of connection be-
tween the leads and the readout instrument. For these reasons, it is difficult to achieve an ac-
curacy better than about 0.2°C with a two-wire RTD.

To better compensate for lead resistance, many RTDs are constructed with three lead wires. A
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special three-wire measurement circuit uses the resistance of one lead wire to cancel the resis-
tance of the others as shown in Figure 22 below.

The accuracy of this technique depends on the leads having the same resistance. In reality, the
resistance of the leads may differ by as much as 0.01Ω with leads two meters long. This re-
sults in temperature errors as much as 0.025°C. With even longer leads, the expected error will
be proportionately greater.

Three-wire sensors are intended to be used with specially designed readouts that implement a
circuit, such as is shown in the figure above. DMMs, resistance bridges, and many thermome-
ter readouts aren’t designed that way. What if you are given the task of calibrating a three-wire
sensor but you don’t have three-wire readout? It is still possible to determine the true resis-
tance of a three-wire RTD using a conventional two-wire or four-wire readout, though it re-
quires extra steps. It also requires that the readout display resistance instead of temperature.
(This may exclude some thermometer readouts.) First, you need to measure the resistance of
the RTD. If the readout is a two-wire type leave the extra wire unconnected. If the readout is a
four-wire type connect the unpaired wire to two terminals. Next, measure the lead resistance
across the two paired wires. Leave the unpaired wire unconnected. Now you must calculate
the true resistance using the RTD resistance measurement and lead resistance measurement. If
the RTD resistance was measured using a two-wire readout the measured RTD resistance is
too high by the resistance of two leads, so subtract the measurement you made of the resis-
tance of the two lead wires. If you are using a four-wire readout the measurement was too
high by the resistance of only one lead, so you must subtract only half the measured lead resis-
tance.

To many, this procedure is too complicated and too inconvenient. I certainly agree. It’s also
quite susceptible to mistakes. There is plenty of opportunity for error in connecting and dis-
connecting wires, making multiple measurements, writing down the numbers, entering the
numbers on a calculator, and performing the math. Furthermore, don’t assume that you only
need to measure the lead resistance once, and then you can use that value for all subsequent
measurements. The lead resistance is very dependent on the temperature you’re measuring as
well as the ambient temperature. For instance, one three-wire RTD we calibrated had a lead
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resistance of 1.435Ω at 0°C. At 200°C it had changed to 1.509Ω. If we didn’t repeat the lead
resistance measurement at 200°C, we would have seen an error of 0.18°C.

To completely and automatically eliminate any effects of lead resistance, a four-wire or Kelvin
circuit is preferred. A diagram of this circuit is shown in Figure 23 below.

The RTD must have four lead wires—two wires attached to each end of the sensor. Current is
driven through two opposite leads and the potential is sensed through the other two wires. As
long as the current through the potential leads is negligible, the potential sensed is the same
potential at the element with no error at all caused by lead resistance. All high quality RTDs,
SPRTs, and thermistors are constructed with four lead wires. The best DMMs, thermometer
readouts, and bridges all use four-wire inputs.

Thermoelectric EMF

Thermoelectric EMF (electromotive force) is caused by temperature differences between junc-
tions of dissimilar metals. The result is a small offset voltage, like a tiny battery connected in
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series with the wires. RTDs are susceptible to this effect. The most significant thermoelectric
EMFs are generated where the platinum element connects to copper lead wires (see Figure
24).

A platinum-copper junction has a thermoelectric EMF that changes about 7 mV per °C. If the
excitation current is 1 mA, a 7 mV error will appear as a 0.007Ω error. This is equivalent to a
temperature error of 0.018°C for a 100Ω RTD. Now this is only the error caused by a 1°C
difference between junctions. It can actually be much more than that at high temperatures.
We have seen actual thermoelectric EMF errors as much as 0.1°C with some RTDs at 400°C.

In the construction of high-quality RTD probes, precautions are taken to reduce the number
of junctions and to make sure opposite junctions are near the same temperature. Even still, a
certain amount of thermoelectric EMF will always exist. Preferably, the readout itself should
incorporate techniques to cancel thermoelectric EMF. One way this is done is to measure the
EMF with the driving current switched off and subtract this from the voltage measured with
the current applied. DMMs sometimes use this technique to produce a “true ohms” measure-
ment. One problem with this method is that the magnitude of the current is not constant and
self-heating effects can cause errors as we will discuss shortly. A better way to cancel ther-
moelectric EMF errors is to make two measurements of the resistance, one with the driving
current in one direction and the other with the same magnitude of current but in the opposite
direction. Averaging the two measurements cancels the error. DC current comparators and
some thermometer readouts use this technique. With AC bridges, thermoelectric EMFs are
automatically ignored as a result of the AC measurement system, so no extra cancellation
techniques are required.

You should be aware of the technique used by your readout. If it uses strictly DC, you should
know how much error is caused by thermoelectric EMF. You can measure the EMF using a
microvoltmeter or you can swap connections around and observe the differences you see in
the measurements. Test for thermoelectric EMF at the highest and lowest temperatures at
which the RTD will be operated since those are the temperatures at which you will see the
greatest errors.
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Electrical current and self-heating

As we all know, the amount of electrical power dissipated in a resistor is the resistance times
the square of the current. This fact is important in resistance thermometry because current is
necessary to measure the resistance of the sensor. The power that results heats up the sensor,
making its temperature higher than the medium you’re trying to measure. This is called self-
heating. Not only is the self-heating error dependent on resistance and current, but it is also
dependent on the medium—specifically, how well the medium dissipates the heat from the
sensor. Given the same current and resistance, self-heating will be much greater when you at-
tempt to measure the temperature of an insulating substance such as air than it will be when
you measure the temperature of something like stirred water. The following equation can be
used to calculate self-heating error.

U
i R

H
=

2

δ

In this equationUH is the temperature rise due to self-heating,i is the current,R is the resis-
tance, andδ is the dissipation coefficient.

A requirement for making accurate measurements with resistive sensors is to limit self-heating
to a negligible amount or at least in some way cancel the effect of the error. You should not
use more current than is recommended for the RTD. With 100Ω RTDs this is often 1 mA.
Since self-heating is dependent on the square of the current, using twice the normal current in-
creases the self-heating error by a factor of four. Using ten times the normal current increases
self-heating by a factor of 100. An RTD that has a self-heating effect of 0.01°C with 1 mA
would have an error of 1°C with 10 mA. This much current not only causes an extreme
amount of self-heating error but it might actually cause damage to the sensor.

Conversely, if an RTD calls for 1 mA and you use 0.5 mA instead, the self-heating would be
four times less. Wouldn’t that be better? Not necessarily. One reason not to have the current
too low is because electrical noise becomes more significant. Smaller current produces smaller
voltage and thus a lower signal to noise ratio. This reduces the accuracy of the measurement.
Assuming the readout is still able to achieve adequate accuracy with less current, isn’t less
current and less self-heating better? Consider the calibration of the RTD. Suppose 1 mA was
used during the calibration and the resulting self-heating effect was 0.004°C. Subsequently,
you use it with a readout that drives it with 0.5 mA. The self-heating is then only 0.001°C.
The temperature you read will be 0.003°C lower than it ought to be. In many applications the
error that results from using too low of current is negligible. Still, as a general rule, you should
use the same current that was used during calibration. However, even this rule may have ex-
ceptions.

I ran into a problem once when I was testing a temperature-controlled air chamber. When I
measured the temperature with an RTD I measured 0.025°C higher than with a thermocouple.
Comparing the RTD and thermocouple in a water bath, they measured the same temperature.
The problem was caused by differences in the dissipation coefficient. The dissipation coeffi-
cient of an RTD inside an insulating substance, like air, is much smaller than inside a stirred
liquid. In order to accurately measure the temperature of the air with the RTD, I had to reduce
the current well below the normal 1 mA.

Ideally, your readout should allow you to set the current to anything you like. From what
we’ve discussed, there are several reasons for this. First, having variable current gives you a
way to measure the self-heating error. By changing the current from, say, 1 mA to 1.414 mA
and observing the change in the measurement you can determine just how much self-heating
there is at 1 mA. Second, different sensors may require different currents. Some RTD probes
may work best with 1 mA while others may need 0.5 mA. This depends on the dissipation co-
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efficient as determined by the size and construction of the RTD. Finally, you may need to
change the current depending on the medium you are measuring since the medium also affects
the dissipation coefficient.

Consider these issues when selecting a readout for your RTDs. Does the readout apply the
right driving current for your RTD throughout the range of resistances you will measure?
DMMs not designed for RTDs very well may not. One particular older DMM operates with a
current of 10 mA. This could damage an RTD designed to operate with 0.5 or 1 mA. The read-
out’s manual will usually tell you what level of current it uses. If in doubt, you can measure it.
Connect the readout to a 100Ω resistor and measure the voltage across the resistor with a
handheld digital voltmeter. Dividing the voltage by 100 gives you the current. Some readouts
may use the right current, but it might not be constant. For instance, our Schlumberger Solar-
tron DMM uses 1 mA but the current is switched off half the time to allow it to cancel ther-
moelectric EMF. This results in a self-heating effect that is somewhere between that of no
current and a constant 1 mA. Also, be aware that the readout may have multiple ranges, each
with a different driving current. Will the readout allow you to change the current so you can
measure the self-heating error? Will it let you use a lower current for applications where the
dissipation coefficient is small? Few, if any, DMMs will allow you to change the current.
Many thermometer readouts don’t even have this feature. Most bridges and a few good ther-
mometer readouts will allow you to select various values of current.

Temperature calculation

At some point in the use of an RTD the measured resistance must be converted to a tempera-
ture value. After all, the whole purpose of RTDs is to measure temperature. You can use a va-
riety of methods to determine temperature from the resistance. One way is to use a
resistance-temperature table. This method is not very accurate (unless you use interpolation),
is subject to easy mistakes, and is slow. You could use a calculator instead but this is also sub-
ject to mistakes and can be very slow and difficult with the more complicated equations. Com-
puters are best suited for the task. Since most readouts already have built-in microprocessors,
why not have them perform the calculations for you automatically? Thermometer readouts are
programmed to calculate temperature using algorithms such as Callendar-Van Dusen or ITS-
90. Most will allow you to enter special coefficients for your probe. Most DMMs are not
really intended to measure temperature so they generally lack this capability. Resistance
bridges measure resistance ratio only. With these devices you will need to use a separate com-
puter to calculate resistance first, then temperature.

Multiple channels

Some applications require you to work with a large number of multiple sensors. A desirable
feature is the ability to connect up and automatically scan multiple sensors. Dedicated auto-
matic switches are called scanners or multiplexers. These work in conjunction with the read-
out to allow you to measure many sensors in a short amount of time without having to
exchange connections. Some readouts may have multiple channels built in. Others may have
the capability to connect with and control a separate multiplexer. Some may have no multi-
plexer capability at all but can be controlled remotely by a computer while the computer also
controls a multiplexer.

Speed of measurement

Another consideration when working with a large number of RTDs is speed of measurement.
Not only can this improve work efficiency, but it can lead to better results since comparison
measurements can be made close together. Bridges can be very slow, requiring one minute or
more after switching channels to make a measurement. Most DMMs and readouts can make
measurements in 1 to 20 seconds.
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Other convenient features of readouts

Following are several other features which can add convenience to a readout.

We mentioned before that resistance bridges measure resistance ratio only and must be used
with a separate standard resistor. DMMs and thermometer readouts do not require any external
resistors.

In many cases, such as the calibration of RTDs, your work can be made much more efficient
by automation. Having a digital interface such as RS-232 or IEEE-488 (GPIB) allows a read-
out to be controlled by a computer in an automated system.

Some readouts have graphic displays that can show several readings simultaneously either in
numeric form or graphic form. This can be helpful in quickly visualizing temperature trends
and variations.

Readout Requirements for Thermistors

Many of the same issues discussed for RTD readouts apply equally well to thermistor read-
outs. However, the wide resistance range and other characteristics of thermistors require some
special considerations.

Resistance range and accuracy

Thermistors have a much wider and higher range of resistance compared to RTDs. A readout
designed for RTDs may not work at all with thermistors. There are some readouts specially
designed to work with both.

Thermistors come in a variety of nominal resistances (usually, its resistance at 25°C) but the
most commonly used thermistors have a nominal resistance of about 10 kΩ. The actual resis-
tance will vary from about 300Ω at 150°C to 1 MΩ at –50°C. This presents a challenge to the
readout to accurately measure resistance over such a wide range.

Fortunately, the increased sensitivity of thermistors makes the accuracy of the readout less
critical. This is one of the greatest advantages of thermistors. A typical thermistor has a sensi-
tivity of about 400Ω/°C at 25°C. A readout with an accuracy of 0.01% would give you a tem-
perature accuracy of 0.0025°C. Compare this to what you would get if you used a readout of
this accuracy with an RTD: 0.025°C.

When using DMMs with thermistors the DMM is more likely to automatically change range
while you’re making measurements. If you have to change the range manually, be sure you are
using the right range or the accuracy may be poor.

Lead resistance

Lead resistance with a thermistor is much less of a problem than with an RTD for two reasons.
First, since the thermistor’s resistance is higher, the relative magnitude of the lead resistance is
much less. Second, the sensitivity of thermistors is higher so the same resistance error causes
less temperature error.

Consider a thermistor at 25°C. Its sensitivity at this point is about 400Ω/°C. Suppose there is
0.2Ω of resistance on each lead wire. The resulting error in the temperature measurement due
to lead resistance is evaluated as follows:
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Compare this to the previous example of the RTD where the lead resistance caused an error of
1°C. This may be typical of the error you might see with a two-wire thermistor, but the error
can be larger. At higher temperatures where the resistance and sensitivity are much lower, the
error can reach 0.01°C or more. For best results, thermistors should also be constructed and
operated with four lead wires to completely eliminate lead resistance errors.

Current and Self-heating

The same self-heating issues we discussed relative to RTDs apply to thermistors except ther-
mistors are generally more susceptible to self-heating. There are two reasons for this. First,
they have a much higher resistance and, as you remember, self-heating increases with resis-
tance. Second, they often have a much lower dissipation coefficient, which is because the ther-
mistor’s sensing element is much smaller. As a result, the driving current must be much
smaller with a thermistor. Compared to a 100Ω RTD that operates with 0.5 or 1 mA, a ther-
mistor requires about 10µA. At the lowest temperatures where the resistance is very high,
even 10µA may cause too much self-heating. 5µA or even 2µA may be more appropriate.

Make sure your readout uses the proper current over the range of resistances it will measure
from the thermistor. The wide variation of resistance in a thermistor makes this a likely prob-
lem, especially with DMMs. Our Schlumberger Solartron DMM uses 10µA above 10 kΩ but
below 10 kΩ it automatically switches to a lower range that uses 1 mA. That’s 10,000 times
the normal self-heating! Be careful! Thermometer readouts designed for thermistors will more
likely operate with the proper current.

Temperature Calculation

Thermistors require special algorithms to calculate temperature from resistance. Equations
normally used with RTDs such as ITS-90 or Callendar-Van Dusen do not match up well with
the extreme nonlinearity of thermistors. A much better characterization of a thermistor’s resis-
tance is given by the Steinhart-Hart equation:
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The temperature calculation may be done separately after the resistance is measured. As with
RTDs, a resistance-temperature table or computer may be used. But again, the quickest and
most convenient method is to have the readout do the calculation automatically and display
the temperature directly. DMMs and most bridges do not have this capability, especially with
thermistors. Only readouts specifically designed to be used with thermistors will be able to
display temperature. These will let you enter the special Steinhart-Hart coefficients for your
thermistor and automatically apply them in the equation each time a new resistance is meas-
ured.

Part II: Thermocouple Readouts

Thermocouples basically require a readout that measures voltage. To be able to achieve rea-
sonable accuracy, though, some special issues must be considered. In this section we will dis-
cuss some of the important requirements of readouts for use with thermocouples. We will
begin by introducing several types of readout instruments that might be used.
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Types of Readouts

Most anything that measures voltage can possibly be used with thermocouples. Practically,
though, of the devices best suited for this application, there are three types: DMMs, ther-
mometer readouts, and potentiometers.

DMM

As explained in the section on RTD readouts, DMMs can measure voltage as well as resis-
tance. You might actually use the same DMM to measure RTDs, thermistors, and thermocou-
ples. They often are able to measure voltage even more precisely than they can resistance.
When used with thermocouples the accuracies DMMs can achieve range from about 3°C to as
good as 0.02°C. Other advantages DMMs may have are low cost and availability. Disadvan-
tages, as we will explain in more detail soon, are lack of capability to display temperature, and
no built-in automatic cold-junction compensation.

Thermometer Readout

There are many thermometer readouts available that are designed specifically for thermocou-
ples. For reasonably low cost you can get a convenient, compact thermocouple readout that
displays actual temperature. The accuracy it provides may be much better than a DMM of
comparable cost. Unlike DMMs, thermocouple readouts offer built-in cold-junction compen-
sation.

Potentiometer

Voltage potentiometers are used for the most precise thermocouple work. They measure volt-
age with accuracies as good as 0.05µV (equivalent to about 0.002°C). Because potentiome-
ters are very expensive, as well as bulky and difficult to operate, they are not used very often
for general thermocouple measurements.

Thermocouple Readout Requirements

Now we’ll look at some of the characteristics and requirements of thermocouples and consider
how well various readouts might work for our application.

Voltage range and accuracy

The accuracy to which the readout measures voltage limits the accuracy of your temperature
measurements. Again, the formula that relates the two is

U
U
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where UT is the temperature error, UR is the resistance error, andS is the sensitivity of the
thermocouple. This is about 0.04 mV/°C for a type K thermocouple. The sensitivity can range
from about 0.01 to 0.08 mV/°C for other types of thermocouples.

As an example, if a readout has an accuracy of 0.001V the temperature accuracy with a type K
thermocouple would be
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Yes, that’s 25°C! You can see that because the sensitivities of thermocouples are so low it
takes a pretty accurate readout to give you reasonable temperature accuracy. The average
DMM won’t cut it. To give you accuracy around 1°C the readout must be accurate to
0.00004V. The voltages measured with thermocouples are low—typically, in the range of 0 to
50 mV. Designing a readout just for this limited range makes it somewhat easier to achieve the
necessary accuracy. This is one reason why many thermocouple readouts can give you better
accuracy than a DMM for comparable price.

When evaluating temperature accuracy be sure to consider the sensitivity of the thermocouple
type you are using. The best place to find this is in the thermocouple tables. Take two voltage
values one degree apart near the temperature your measuring and subtract them to figure the
sensitivity. Realize that the sensitivity may change significantly depending on temperature.

Thermoelectric EMF

With the low sensitivities of thermocouples, it doesn’t take much voltage error to destroy your
accuracy. Ironically, the same principle by which thermocouples operate can also cause error.
Any additional junctions, including multiplexer switch contacts, between wires of dissimilar
metals will produce unwanted EMFs. Unlike the case with RTDs, there is no way to do some-
thing like vary the current to cancel spurious EMFs. The readout can’t distinguish the undesir-
able EMF from the desirable EMF of the thermocouple. It’s necessary to keep the number of
junctions to a minimum. If additional junctions are required you must make sure that the two
wires forming the junction are made from identical material.

Cold-junction compensation

No matter what, there are always going to be at least two additional junctions besides the ther-
mocouple itself. You have to connect the thermocouple to the readout somehow. Also, these
junctions will have to be between wires of different materials. The wires of the thermocouple
are made from certain types of materials and they must contact the copper wires leading to the
measurement circuit of the readout. These connections are called thereference junction. In
short, you are always going to have spurious EMFs. This is a fundamental issue with thermo-
couples. Some method must be used to cancel the reference-junction EMFs. This is calledref-
erence junction compensation (RJC) or cold-junction compensationor CJC.

One way CJC can be accomplished is as follows. First, we measure the exact temperature of
the reference junction. Using this temperature we calculate the EMF at the reference junction
using the table or formulas that characterize the thermocouple. Then, we subtract the
reference-junction EMF from the voltage the readout measures.

Using thermocouples would be very inconvenient if we had to go through this process each
time we made a measurement. Fortunately, thermocouple readouts can do this automatically.
A sensor is placed near the input connections of the readout. The readout senses the tempera-
ture of the junctions, computes the temperature either digitally or using analog circuitry, and
subtracts the corresponding voltage from the input voltage. This process, which we callinter-
nal RJC or CJC, is outlined in Figure 33 on page 74.

A limitation to the accuracy of this method is the accuracy with which the readout can deter-
mine the temperature of the junctions. Any temperature gradients between the junctions and
the sensor directly affect the accuracy. Even though the sensor may be placed close to the
junctions, differences in temperature of tenths of a degree are still likely to occur. Also, there
is a limit to the accuracy with which the readout can measure the resistance of the sensor.
There is also a limit to its ability to predict the resistance-temperature relationship so that it
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can accurately compute temperature from resistance. For these reasons, readouts using this
method are typically limited in accuracy to no better than about 0.1°C.

There is a better way to perform RJC. Rather than try to measure the reference-junction tem-
perature we can place it at a certain known temperature. We will then automatically know the
temperature and we can easily determine the EMF of the reference-junction. Furthermore,
making the temperature constant means we only have to determine the EMF once. Now, let’s
go a step further. If we hold the temperature of the cold junction at the temperature at which
the thermocouple characterization is referenced (0°C) then the contributing EMF of the refer-
ence junction will be 0. No EMF calculation and no subtraction will be necessary. This is the
basis for external RJC, again, see Figure 33 on page 74.

When using external RJC the cold junction is placed in something like an ice bath that keeps it
at 0°C. This method is used to achieve the best accuracy possible with thermocouples. Obvi-
ously, though, it has its drawbacks. Requiring an ice bath and having to place the reference
junction inside it can be very inconvenient. Anyway, for many applications the 0.1 to 1°C pos-
sible with internal RJC may be adequate. If this is true in your case then you won’t want to
use DMMs or potentiometers. Neither will allow automatic internal RJC. On the other hand,
thermometer readouts designed for thermocouples generally have built-in CJC.

What would happen if you didn’t do any reference junction compensation? How accurate
would your thermocouple be? Generally, the error you would see is about the same as the tem-
perature of the room, in degrees C. If you were measuring 500°C and the room temperature
was 25°C the voltage you measured might indicate about 475°C. If this is accurate enough
then maybe you don’t need RJC. There are some applications, such as pilot flame detectors,
where the cold-junction error is not significant. In some cases the error can actually be much
less. This is because the sensitivity of some thermocouples is much lower near room tempera-
ture than at the normal temperatures they are designed to measure. In fact, type B thermocou-
ples have a sensitivity of nearly 0 at room temperature so no RJC is required.

Temperature calculation

Thermometer readouts offer another significant advantage over DMMs and potentiometers.
They can display temperature directly. DMMs can only give you the voltage and potentiome-
ters only show you voltage ratio. Thermometer readouts let you select among various types of
thermocouples and perform all the calculations, including RJC, to convert the measured volt-
age to temperature. Some may even let you enter adjustment factors or calibration parameters
to let you improve the accuracy of your thermocouple.

Other thermcouple issues

Finally, there are a few other issues that we should at least mention so problems can be
avoided.

Thermocouple wires will have a certain amount of resistance. The resistance increases if the
wires are made thinner or longer. Any current passing through the wires will cause a change in
the voltage seen by the readout. To avoid errors caused by the wire resistance, the readout
should not draw any significant current. Check the input impedance of your readout to make
sure it is adequately high. If you can determine how much current there is and if you know the
resistance of your thermocouple you can calculate how much voltage error it causes and how
much temperature error results from it.

Another cause of current might be ground loops. If the thermocouple is attached to ground
near its hot junction and also at the readout, any voltage potential between the two ground
points will drive current through the thermocouple wires. This can cause error in the voltage.
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To prevent this, the circuit should only be grounded at one point. Many thermocouples are
grounded because of the way they are designed or installed. This means that the readout cir-
cuits should be isolated from ground.

Error can also be caused by electrical interference. High frequency signals reaching the ther-
mocouple wires can travel down the wires to the readout and interfere with the measurement
circuitry causing loss of accuracy. Interference (often referred to as EMI or RFI) can be
avoided by shielding the thermocouple wires and connecting the shield to ground. If this is not
practical, it may help to connect the thermocouple circuit to ground at some point to provide
an easy path for the current to reach ground, thus steering it away from the measurement cir-
cuitry. If the readout inputs are floating and the thermocouple is also isolated from ground,
you may have to intentionally connect a wire from one of the thermocouple wires to ground.
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Calibration Techniques

Common Calibration Techniques

Introduction

All common thermometers are temperature transducers. They exhibit a change in an electrical
or physical parameter which is proportional to a change in temperature. To calibrate such a de-
vice is to establish and/or define the relationship between temperature and this parameter. For
a thermometer to be useful, this relationship must be stable and repeatable. There are many
types of instruments which, to a greater or lesser degree, fulfill these requirements.  In the fol-
lowing section, we will discuss several of the types of thermometers introduced previously
from the point of view of calibration requirements. First, we will review some characteristics
of the instrument being discussed and what we must quantify with regard to these characteris-
tics, as well as how these characteristics influence our choice of calibration method.  Next, we
will detail the instruments, standards, and apparatus necessary for the calibration. Finally, we
will describe the actual procedure recommended for calibration of the instrument. The sec-
tions are intended to be complete in themselves and as a consequence there will be repetition
between sections.

Platinum Resistance Thermometers

Characteristics

A platinum resistance thermometer (PRT) is a thermometer constructed from a high purity
platinum element (wire-wound coil or thin film) placed in a tube of metal or glass and sealed
with an inert atmosphere and/or mineral insulator. Two, three, or four leads are connected to
the element and are used to provide for the measurement of the electrical resistance of the ele-
ment. PRTs are one of the most commonly used thermometers for temperature measurement
in the field and in the laboratory because they have characteristics which make them particu-
larly well suited for applications at all levels of accuracy. In many cases, the reference probe
being used in the calibration laboratory is a specially constructed and calibrated PRT called an
SPRT (standard platinum resistance thermometer). In this instance, the word “standard” is
used to denote a specific construction and behavior, not a position in measurement hierarchy.
The specific requirements for the SPRT were discussed previously, so we will not review them
here. However, keep in mind that many of the characteristics which make the PRT attractive
as a temperature sensor also enable it to be defined in such a specific way as in the case of the
SPRT. Some of these characteristics are:

• Electrical parameter is resistance

• Wide temperature Range (–260°C to 1000°C)

• Stable over time

• Stable over temperature
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• Well defined mathematically

• Relatively linear

• Shallow slope (lowΩ/°C)

• Relatively easy to measure

• Relatively easy to calibrate

• Commercially available in many configurations

These characteristics benefit the user, the metrologist, or both.  All of these characteristics
contribute to the popularity of the PRT as a measurement instrument and as a calibration stan-
dard and make it suitable for a wide variety of tasks.

The list above shows that PRTs are suitable for use over a wide temperature range. This is
true, but actual design and construction will differ in instruments intended for different ranges.
No single instrument will be suitable for use over the entire range shown above. In calibration,
the electrical resistance is measured at several temperature points and fitted to a mathematical
expression. The number of calibration points depends on the range and accuracy desired but,
because the temperature response of platinum is relatively linear and very well known, fewer
calibration points are required for a given range compared to other sensor types. Also, because
of the shallow slope, the readout used for the resistance measurement need not have a large
range. PRTs, like any probe, have immersion requirements which vary from configuration to
configuration.  Often, the required immersion is not stated or specified. Since PRTs are used in
so many different applications, we are presented with a large variety of shapes, sizes, and
types. Although the basic calibration requirements are the same, these various configurations
pose different problems in the laboratory. We must solve these problems satisfactorily to pro-
vide a proper calibration. Therefore, we must understand the requirements to an extent that al-
lows us to adapt our process, if necessary, to accommodate a new or unusual configuration.

Instruments, Standards, and Apparatus

Calibration is performed by measurement of the resistance of the unit under test (UUT) while
it is exposed to a temperature. Fundamentally, four instruments are required as follows:

1) Reference probe

2) Readout for the reference

3) Readout for the UUT

4) Temperature source

Reference Probe

Depending upon the accuracy required, the reference probe will be either an SPRT or a PRT of
better quality and calibration than the UUTs. Since this instrument forms the basis for our cali-
bration, its accuracy and stability are of paramount importance.

SPRTs
SPRTs are the most accurate and stable instruments available for this purpose. They are gener-
ally available in 0.25, 2.5, 25, and 100Ω versions with either borosilicate glass (Pyrex), fused
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silica glass (quartz), stainless steel, or INCONEL sheath materials. The different resistance
values and different sheath materials are intended for different temperature ranges. A typical
quartz sheathed 25Ω SPRT will have a temperature range of –200°C to 660°C and with a high
quality calibration will have calibration uncertainties from 0.001°C to 0.010°C. Additionally,
since these instruments are actually part of the definition of the ITS-90, they are standardized.
That is, there are minimum requirements for the purity of the platinum wire and the type of
construction used. This results in less confusion as to the suitability of the instrument for a
particular application and almost guaranteed good performance if calibrated and used cor-
rectly. These instruments are highly stable and accurate, but they are expensive and extremely
delicate. They should be reserved for high accuracy applications only.

PRTs
When accuracy requirements are less severe, PRTs can be used successfully. As mentioned,
PRTs are available in many configurations, however PRTs which are suitable for use as cali-
bration standards are generally available as 100Ω stainless steel sheathed probes. Historically,
they have been limited to a temperature range of –200°C to 420°C but a new type has been in-
troduced which has extended the upper limit to 660°C. Calibration uncertainties range from
0.010°C to 0.025°C. These instruments are not as accurate as SPRTs but they are generally
more rugged and easier to work with. Additionally, unlike SPRTs, the design of PRTs is left to
the discretion and ingenuity of the manufacturer. Not all designs perform to the level required
for use as a reference. Be careful in the selection of a PRT to ensure that the type selected is
appropriate for use as a calibration reference over the range of interest and with the required
accuracy.

Special Considerations
In addition to accuracy requirements, there are other characteristics which must be considered.
For example, PRTs which are not hermetically sealed will allow moisture ingress and will not
perform well below 0°C regardless of what is stated in the specifications.  Also, not all 25Ω
SPRTs are capable of reaching 660°C without damage. Instruments with mica components
will begin to deteriorate when exposed to temperatures greater than 500°C. Also, some SPRTs
and PRTs have flaws which affect the accuracy of the measurement. For example, there is a
specific SPRT design in which the platinum element is so well “insulated” from the outside of
the sheath that correct immersion is not possible. This SPRT would cause large measurement
errors which would be transparent to the user. Also, consider how the instrument is to be used.
If high accuracy measurements are to be performed in a dry-well heat source, a metal sheath
SPRT is a better choice than a glass sheath model. These points and others must be understood
and taken into account in the selection of a reference probe.
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SPRT PRT

Capable of very high accuracy Capable of moderate to high accuracy

Capable of large temperature range Capable of large temperature range

Extremely stable Very stable

Available in various resistance values Resistance values limited

Available in various sheath materials Configurations limited

Standardized Not standardized

Relatively expensive to purchase Relatively inexpensive to purchase

Relatively expensive to calibrate Relatively inexpensive to calibrate

Extremely delicate Less delicate

Table 1. Reference Probe Characteristics Summary Table



Readout

Readouts were covered in detail previously, so we will not go into individual characteristics or
performance here. We will review some of the main considerations. First, when calibrating
PRTs against a reference PRT or SPRT, the technical requirements for the readout are the same
for the UUTs and the reference. If a switching system is available, one readout can usually be
used for both. If the readout is designed for temperature calibration (not just temperature
measurement) and has variable settings (current, timing, etc.), then certainly it can be used for
both. If the readout is not designed for temperature calibration and/or a switching system is
not available, then two or more readouts will probably be required. Before selecting a readout,
review the information presented in the readouts section with regard to current settings, tim-
ing, multiplexing, etc. Best results will be obtained with readouts designed specifically for
thermometer calibration. DMMs and bridges severely limit the flexibility, with no increase or
just a negligible increase in accuracy, and usually no cost savings. There are two important
points to consider with regard to PRT and SPRT readouts which bear repeating:

1) Ensure that the readout has a resistance range appropriate for the reference probe and
UUTs for which it is intended. Over the range of –200 to 660°C, a 25Ω SPRT will vary
in resistance from approximately 4.6Ω to 84.4Ω, a 100Ω PRT from approximately
18Ω to 338Ω. This will usually require 2 or 3 range changes for typical DMMs (10Ω,
100Ω, and 1kΩ ranges). Many modern thermometer readouts are designed to cover
this span on a single range. Changing ranges can cause discontinuities in the math fit
(the equations are intended to fit platinum, not DMM range offsets or gain errors).

2) Ensure that the readout is using the proper source current. Too much source current
will result in excessive self-heating and incorrect calibration. In some cases, particu-
larly with older DMMs, the source current is so high that damage to the sensor is
likely. Additionally, some DMMs use unconventional values of source current such as
decades of 2 or 3 rather than 1 (2 mA or 3 mA, not 1 mA). Most certainly, these values
of current are not reproduced during calibration of the reference or use of the UUT.
Moreover, if the readout is a DMM which requires range changes as mentioned above,
the source current will change with the range, meaning different current values for
measurements at different temperatures. This will result in inconsistent self-heating
and additional calibration errors.

Temperature Source

As with readouts, temperature sources were discussed in depth previously. We will review
points that pertain specifically to PRT calibration applications here. For additional information
refer to the section on temperature sources. The most common temperature sources for PRT
calibration are dry-wells and baths. Dry-wells are used in applications where probe consis-
tency (diameter and length) is present and modest accuracy is desired. When probes of differ-
ent shapes and sizes must be accommodated, or higher accuracy is required, calibration baths
should be utilized. For the lowest temperatures (below –100°C) and the highest temperatures
(above 500°C), an LN2 comparison device and calibration furnace come into play. The two
most important considerations are uniformity and stability. Since PRT probes are often mas-
sive, immersion depth is also an issue. Insufficient immersion depth will result in calibration
errors. Additionally, if the reference probe is a glass sheath SPRT, then some form of protec-
tion should be used at higher temperatures to prevent devitrification of the glass sheath and
contamination of the platinum sensor. This is a concern particularly with dry-wells and fur-
naces at temperatures above 400°C and with calibration baths that use liquid salt as the bath
fluid. Another matter pertains to the style of UUT to be calibrated. Calibration of short UUTs
presents many problems with regard to the temperature source. The probe must be immersed
sufficiently without subjecting the transition junction (where the leads join the probe) to ex-
treme temperatures. Often dry-well temperature sources are a better solution in these situa-
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tions. Some calibration baths have fluid level adapters which actually raise the fluid up to the
top of the bath lid. These adapters can also be used successfully in the calibration of short
probes. Whatever type of temperature source is used, the most important consideration is the
application itself. Even an excellent instrument may not perform adequately in a specific ap-
plication if it is not matched to that application. Carefully evaluate the requirements before se-
lecting the temperature source to ensure a good fit.

Calibration Procedure

Introduction

There are two types of calibrations applicable to PRTs—characterization and tolerance testing.
The type of calibration to perform is determined by the way in which the UUT is to be used
and the accuracy required by the user. Characterization is the type of calibration in which the
UUT resistance is determined at several temperature points and the data are fitted to a mathe-
matical expression. Tolerance testing on the other hand is a calibration in which the UUT re-
sistance is compared to defined values at specific temperatures. No data fitting is performed.
In the laboratory, we are required to perform both types of calibration depending upon our
customer’s needs. Often, we are expected to offer advice and support in determining which
method is better suited to the user’s requirements. We will discuss these points and others in
this section.

Characterization

Characterization is the method that is most often used for medium to high accuracy PRT cali-
bration. With this method, the resistance vs. temperature relationship is determined anew with
each calibration. Generally, with this type of calibration, new calibration coefficients and a
calibration table are provided as a product of the calibration. There are five basic steps to per-
form as listed below:

1) Place the reference probe and the UUTs in the temperature source in close proximity to
one another.

2) Connect the leads to the readout(s) ensuring proper 2, 3, or 4 wire connection.

3) Measure the reference probe and determine the temperature.

4) Measure and record the resistance of the UUT(s).

5) Fit the data.

Some readouts simplify the technique by combining or eliminating some of the steps. In the
following discussion, we will consider an application involving PRT characterization by com-
parison to an SPRT.

Step 1: Probe Placement
All temperature sources have instabilities and gradients. These translate into calibration errors
and/or uncertainties. To minimize the effects, the probes should be placed as close together as
practical. In dry-well temperature sources, the probe immersion points are fixed. Baths offer
flexibility in probe placement. The probes to be calibrated should be placed in a radial pattern
with the reference probe in the center (focus) of the circle. This ensures an equal distance from
the reference probe to each of the UUTs. Also, the sensing elements should be on the same
horizontal plane. Even though sensing elements are different lengths, having the bottoms of
the probes at the same level is sufficient. Sufficient immersion must be achieved so that stem
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losses do not occur. Generally, sufficient immersion is achieved when the probes are im-
mersed to a depth equal to 20 times the probe diameter plus the length of the sensing element.
For example, consider a 3/16 inch diameter probe with a 1 inch long sensing element. Using
the rule of thumb, 20 x 3/16” + 1” = 3 3/4” + 1” = 4 3/4”. In this example, minimum immer-
sion is achieved at 4 3/4 inches. This rule of thumb is generally correct with thin wall probe
construction and in situations of good heat transfer. If the probe has thick wall construction
and/or poor heat transfer is present (such as in the case of a dry-well with incorrectly sized
holes), more immersion is required.

Step 2: Connection to Readout
This step is straightforward. Connections must be tight and in proper 2, 3, or 4 wire configura-
tion. If using 4 wire configuration, ensure that the current and voltage connections are correct.
See Figures 25, 26, and 27.

Step 3: Measurement of Reference Probe and Temperature Determination
There are two ways to measure the reference probe and determine the temperature. Both tech-
niques have the same potential accuracy. That is, if done correctly, neither technique is inher-
ently more accurate than the other. The first and best method is used with sophisticated
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readouts designed for temperature work. The resistance is measured and the temperature cal-
culated from calibration coefficients which were entered into the readout previously. Once
these calibration coefficients have been entered, the temperature calculations are accom-
plished internally and the readout displays in temperature units. The temperature data is avail-
able in real time. Some modern readouts also display the data in graphical format, allowing
the operator to determine stability at a glance. Both of these features speed up the process and
eliminate possible operator error due to incorrect table interpolation. The second method is
used when the readout does not provide for proper temperature calculation. (Some readouts,
particularly DMMs, have some of the more popular temperature conversions built in. These
typically do not allow use of unique calibration coefficients and cannot be used for accurate
temperature calibration.) In this case, the resistance is measured and the temperature is deter-
mined from either a calibration table or from a computer or calculator program. Since the tem-
perature must be calculated after the resistance is measured, the process is slower and does not
provide immediate, real time temperature data. If the temperature source is not stable errors
will be introduced due to the time delay. Also, interpolation from a calibration table can lead
to large errors if done incorrectly. Use of a calibration table may seem daunting, but with a lit-
tle practice it can be mastered. See Tables 2 and 3 below.
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t(°C) R(t) dR/dt(t) t(°C) R(t) dR/dt(t)

400 249.8820 0.3514 450 267.3108 0.3456

401 250.2335 0.3513 451 267.6564 0.3455

402 250.5848 0.3512 452 268.0019 0.3454

403 250.9360 0.3511 453 268.3472 0.3452

Table 2. Interpolation from a resistance table



1) Measure the reference probe resistance 249.9071

2) Locate where it falls on the table between 249.8820 and 250.2335

3) Subtract lower table value from measured value 249.9071 – 249.8820 = 0.0251

4) Divide by dR/dT(t) (slope of curve) 0.0251 / 0.3514 = 0.0714

5) Add fractional temperature to table value 0.0714 + 400 = 400.0714°C

1) Measure reference probe resistance 54.75258

2) Calculate W (Rt/Rtpw) (Rtpw = 25.54964) 54.75258 / 25.54964 = 2.1429883

3) Locate where it falls on the table between 2.1429223 and 2.1465557

4) Subtract lower table value from measured value 2.1429883 – 2.1429223 = 0.000066

5) Multiply by dt/dW(t) (inverse slope of curve) 0.000066 • 275.2199 = 0.0181

6) Add fractional temperature to table value 0.0181 + 300 = 300.0181°C

Step 4: Measurement of UUTs
Since the UUTs are resistance thermometers similar to the reference probe, they are measured
in a similar manner. If several UUTs are undergoing calibration, ensure that when they are
connected or switched in, sufficient time is allowed for self-heating to occur before the data is
recorded. Also, ensure that the readout is set to the correct range to provide the proper source
current and to prevent range changes between the measurements at different temperatures.
Typically, the measurements are conducted starting at the highest temperature of calibration
and working down. Additionally, it increases the precision of the calibration to use a mean
(average) value calculated from multiple measurements at the same temperature. Often, the
readout is designed with statistical features to facilitate this practice. It is also a good practice
to close the process with an additional measurement of the reference probe. The sequence in
which the probes (reference and UUT) are measured is referred to as a measurement scheme.
There are many variables to consider when designing a measurement scheme. Some points to
consider are:

• Accuracy - the higher the accuracy desired, the more all of the following must be
considered.

• Temperature source stability - the more stable the source, the more time exists to
conduct the measurements before temperature changes cause unwanted error.

• Number of UUTs - the higher the number, the longer it takes to cycle through all
UUTs.
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t(°C) W(t) dt/dW(t) t(°C) W(t) dt/dW(t)

300 2.1429223 275.2199 350 2.3231801 279.6655

301 2.1465557 275.3075 351 2.3267558 279.7559

302 2.1501880 275.3951 352 2.3303304 279.8464

303 2.1538192 275.4827 353 2.3339037 279.9369

Table 3. Interpolation from a resistance ratio (W) table



• Number of readouts - will the reference probe and UUTs be measured with the same
readout or different readouts?

• Type of readout - a readout designed for temperature calibration often has features
which allow flexibility in the measurement scheme.

• UUT characteristics - self-heating time, source current requirements, stability, and
overall quality influence the measurement process.

It is not possible for us to anticipate all of the variables and discuss the optimum solutions
here. However, in the following examples, we will consider some typical calibration scenarios
and suggested measurement schemes.

Example 1: 2 DMM readouts, 1 reference probe and 5 UUTs

The reference probe is connected to one readout and the first UUT is connected to the
second readout. This places the probes to be measured under current at all times, thus,
eliminating self-heating errors caused by changing current conditions. The UUTs will be
connected and measured individually. The scheme is as follows:

REF(1)-UUT (1) - REF(2)-UUT (2) - REF(3)-UUT (3) - REF(4)-UUT (4) - REF(5)-UUT (5)

This provides 5 readings each of the reference and the UUT. Take the average of the read-
ings and use it for the data fit. The reference probe readings are in resistance so the tem-
perature will have to be computed. After completion, repeat the process for the additional
UUTs.
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Example 2: 1 DMM readouts, 1 reference probe and 5 UUTs

This example is similar to the first except that the reference probe and UUT must be
measured by the same readout. The same scheme can be followed but more time must be
allowed between readings to allow for self-heating. Since more time is involved, it might
be beneficial to reduce the number of readings from five to three unless the heat source is
extremely stable. Each probe will be connected and measured individually. The scheme is
as follows:

wait-REF(1)-wait-UUT (1) - wait-REF(2)-wait-UUT(2) - wait-REF(1)-wait-UUT(3)-done

This provides 3 readings each of the reference and the UUT. Take the average of the read-
ings and use it for the data fit. Again, the reference probe readings are in resistance so the
temperature will have to be computed. After completion, repeat the process for the addi-
tional UUTs.
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Example 3: 1 multi-channel thermometer readout, 1 reference probe and 5 UUTs

In this example, all of the probes are connected directly to the thermometer readout. The
readout controls the measurement and scans through all probes performing statistics in
real time. Current may or may not be supplied at all times depending on the type of ther-
mometer readout. If current is supplied at all times, there will be no self-heating errors. If
current is not supplied at all times, ensure that the switching is done rapidly enough to re-
duce self-heating errors to a negligible level. The scheme is as follows

REF - UUT 1 - UUT 2 - UUT 3 - UUT 4 - UUT 5 - repeat 10 or more times

This provides many readings each of the reference and all of the UUTs. The average can
be calculated and displayed directly by the readout. Also, the reference probe readings are
in temperature so no further computation is required - the data is ready to fit.
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Step 5: Data Fitting
Data fitting is simple in concept but can be complicated in practice. Essentially it is a process
of solving a set of simultaneous equations which contain the calibration data to arrive at a set
of coefficients unique to the PRT and calibration. There are several commercial software pro-
grams available specifically written to accomplish this task. Some are limited in function and
do no more than solve the basic temperature functions. Others are more flexible and allow op-
tions regarding the number and location of calibration points and provide analysis regarding
the precision of the resultant fit. The latter type of program is preferred. For metrologists who
wish to tackle the algorithms themselves, a good mathematics application software like Math-
cad or Mathematica or a good spreadsheet like Excel is extremely helpful. Of course, pro-
grams can be written in any of the modern computer languages (with double precision or
better floating point capability) to perform the calculations with equal accuracy.

There are several equations which are used for PRT characterization. Among the most com-
mon are the International Temperature Scale of 1990 (ITS-90) series, the Callendar-Van
Dusen, and third through fifth order polynomials. Obviously, with more than one model avail-
able to describe the behavior of a physical system, we must choose which one is best for our
situation.  The following discussion covers the features and purpose of each of these models
and describes the form of the equations. The steps necessary to actually fit the data will be dis-
cussed in the section on mathematics later in this manual.

ITS-90: The ITS-90 series of functions were developed through a concerted effort from
the international metrology community’s leading temperature experts. These functions are
intended to describe how the behavior of the SPRT relates, with a very high degree of pre-
cision, to the fixed points on which the scale is based. It does this extremely well. For our
purposes, we are interested in the equations themselves. It turns out that the ITS-90 series
works extremely well with high quality PRTs. The reference function - deviation function
structure has many advantages over traditional polynomials. This is the preferred model
for high accuracy applications. The ITS-90 temperatures are expressed in Kelvin units.

The equation is of the form:

W T
R T
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90= (1)

Where: W(T90) = resistance ratio at temperature T
R(T90) = measured resistance at temperature T
RTPW = measured resistance at the triple point of water

The reference function is related to the deviation function with the following expression:
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Where: ∆W(T90) = deviation of calculated W from reference function at temperature T
W(T90) = calculated resistance ratio at temperature T (from equation (1))
Wr(T90) = reference function value at temperature T

Reference function for the range 13.8033 K to 273.16 K (–259.3467°C to 0.01°C):
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Where: Wr(T90) = reference function value at temperature T
Ai = reference function coefficients from definition

Deviation function for the subrange 83.8058 K to 273.16 K (–189.3442°C to 0.01°C):

∆W T a W T b WT W T
4 90 4 90 4 90 90

1 1( ) ( ( ) ) ( ) ) ln( ( ))= ⋅ − + ⋅ − ⋅ (4)

Where: ∆W(T90) = calculated deviation value at temperature T (from equation (2))
W(T90) = calculated resistance ratio at temperature T (from equation (1))
a4, b4 = resulting calibration coefficients

Reference function for the range 273.15 K to 1234.93 K (0.00°C to 961.78°C):
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Where: Wr(T90) = reference function value at temperature T
Ci = reference function coefficients from definition

Deviation function for the subrange 273.15 K to 692.677 K (0.00°C to 419.527°C):

∆W T a W T b WT
8 90 8 90 8 90

21 1( ) ( ( ) ) ( ) )= ⋅ − + ⋅ − (6)

Where: ∆W(T90) = calculated deviation value at temperature T (from equation (2))
W(T90) = calculated resistance ratio at temperature T (from equation (1))
a8, b8 = resulting calibration coefficients

The designations 4 and 8 in the deviation functions, equations (4) and (6) were inserted
by NIST for identification of specific subranges. The values for the coefficients Ai and Ci

in the reference functions, equations (3) and (5) are given in Table 4.
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Callendar-Van Dusen:The Callendar-Van Dusen equation has a long history. It was the
main equation for SPRT and PRT interpolation for many years. It formed the basis for the
temperature scales of 1927, 1948, and 1968. This equation is far simpler than the ITS-90
equations but has serious limitations in the precision of fit. As a result, it is not suitable
for high accuracy applications but is perfectly suited to modest accuracy applications.
Partly due to its history and simplicity, but mostly due to its continued suitability, it con-
tinues to be the preferred model for industrial platinum resistance thermometers today.

The general form of the equation is:

W t
R t

R
( )

( )
=

0

(7)

Where: W(t) = resistance ratio at temperature t
R(t) = measured resistance at temperature t
R0 = measured resistance 0°C

And...

W t At Bt Ct t( ) ( )= + + + ⋅ −1 1002 3 (8)

Where: W(t) = resistance ratio at temperature t (reference 0°C)
A,B,C = calibration coefficients (C is = 0 for temperatures above 0°C)

NOTE: All temperatures are expressed in°C and the resistance ratio (W) is referenced
to 0°C rather than the triple point of water (0.010°C) as with the ITS-90.
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Coefficient Value Coefficient Value

A0 –2.135 347 29 C0 2.781 572 54

A1 3.183 247 20 C1 1.646 509 16

A2 –1.801 435 97 C2 –0.137 143 90

A3 0.717 272 04 C3 –0.006 497 67

A4 0.503 440 27 C4 –0.002 344 44

A5 –0.618 993 95 C5 0.005 118 68

A6 –0.053 323 22 C6 0.001 879 82

A7 0.280 213 62 C7 –0.002 044 72

A8 0.107 152 24 C8 –0.000 461 22

A9 –0.293 028 65 C9 0.000 457 24

A10 0.044 598 72

A11 0.118 686 32

A12 –0.052 481 34

Table 4. ITS-90 Reference Function Coefficients



Polynomials: Polynomials are frequently used to model physical phenomena from all
fields of science. They have limited use with PRTs because of the high order required to
achieve a suitable fit. (Recall that the reference functions for the ITS-90 are 9th and 12th
order polynomials for the ranges above 0°C and below 0°C.) Additionally, the previous
models use resistance ratio as the variable to fit. Most polynomials in use fit the resistance
directly. Since resistance is not as stable as the resistance ratio, these models have serious
limitations. That having been said, polynomials can be very useful over limited ranges
and in applications where accuracy requirements are very modest.

Typical expressions take the form:

t a bR cR dR eR= + + + +2 3 4 (9)

Where: t = temperature
a,b,c,d,e = calibration coefficients

Tolerance Testing

PRT calibrations involving tolerance testing are reserved for low accuracy applications. With
this type of calibration the UUT resistance is compared to defined values at specific tempera-
tures.  The values are defined by one of the common models such as the Callendar-Van Dusen
or DIN curve. PRTs calibrated in this way are generally used in industrial style applications
where the readout is unable to accept unique coefficients but is preprogrammed with a com-
mon PRT curve. The probe must be tested to ascertain its compliance to the curve of interest.
There are accuracy classes defined that probes are intended to fit.

The two common accuracy classes are:

Class A ± 0.15 + (0.002 · t)°C (10)

Class B ± 0.30 + (0.005 · t)°C (11)

These include errors arising from deviations in R0 and from errors in slope. Frequently, we
will see probes rated at a fraction of Class A. For example, 0.1 ASTM Class A. Fractional ac-
curacy is achievable in sensors alone, but are very difficult to achieve in probes. The calcula-
tions are straightforward. See below:

Calculate the accuracy of a 0.1 ASTM Class A probe at 100°C

1) = (0.13 + (0.0017 · t)) · 0.1

2) = (0.13 + (0.0017 · 100)) · 0.1

3) = (0.13 + 0.17) · 0.1 =0.03

Tolerance testing is straightforward. The measurements are carried out essentially in the same
manner as described for characterization. The results are then compared to the defined values
and pass or fail is determined. If DMMs are used, than the data is fitted to the standard tables
as described previously for interpolation of the reference probe. In this case, both the refer-
ence probe and the UUT are interpolated according to their specific tables and the UUT error
is the difference between the two results. Alternatively, the calibration temperature can be set
precisely to a value from the table and the resistance of the UUT compared to a reference
value from that table at that specific temperature. With this method, the calculations are easier
to perform because interpolation is performed on only the reference probe, but setup can be
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more difficult because the temperature source must be set and maintained at a precise value.
The simplest method is available when the readout used for the UUTs has the curve prepro-
grammed or is programmable. In this case, it can be set to perform the measurement and dis-
play directly in temperature according to the curve of interest. The error is then simply the
difference in temperature readings based on the UUT and the reference probe.

Thermistors

Characteristics

A thermistor is a temperature sensitive semiconductor. It is available in bead, disc, button,
needle, or probed configurations. Two, three, or four leads are connected to the element and
are used to provide for the measurement of the electrical resistance of the element. Thermis-
tors have been traditionally used in low accuracy applications or in applications where a very
small sensor was required. Lately, however, they are becoming much more popular in medium
to high accuracy applications. Thermistors differ from PRTs in that they have a negative tem-
perature coefficient (positive temperature coefficient thermistors are available, but not com-
mon) and very high sensitivity. Some thermistor characteristics are:

• Electrical parameter is resistance

• Narrow temperature Range (–50°C to 200°C)

• Stable over time

• Stable over temperature

• Well defined mathematically

• Negative temperature coefficient

• Very high sensitivity

• Exponential curve

• Relatively easy to measure

• Relatively easy to calibrate

• Commercially available in many configurations

Thermistors have a much narrower temperature range than PRTs. They are limited even fur-
ther by the exponential nature of their curve. The resistance of a typical 10 kΩ thermistor will
vary over a 100°C temperature range from about 28.5 kΩ at 0°C to about 925Ω at 100°C (10
kΩ is the nominal resistance at 25°C). The precision of the exponential fit deteriorates beyond
this span. Therefore, like PRTs, no single instrument will be useable over the entire thermistor
range. Also, like PRTs, the electrical resistance is measured at several temperature points and
fitted to a mathematical expression. The number of calibration points depends on the range
and accuracy desired but, because of the non-linearity, usually between 5 and 10 points are re-
quired. Also, for the same reason, the readout used for the resistance measurement must have
a large range. Thermistors, like any probe, have immersion requirements which vary from
configuration to configuration. Often, the required immersion is not stated or specified. Since
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thermistors are used in so many different applications, we are presented with a large variety of
shapes, sizes, and types. Although the basic calibration requirements are the same, these vari-
ous configurations pose different problems in the laboratory. We must solve these problems
satisfactorily to provide a proper calibration. Therefore, we must understand the requirements
to an extent which allows us to adapt our process, if necessary, to accommodate a new or un-
usual configuration.

Instruments, Standards, and Apparatus

Calibration is performed by measurement of the resistance of the UUT while it is exposed to a
temperature. Fundamentally, four instruments are required as follows:

1) Reference probe

2) Readout for the reference

3) Readout for the UUT

4) Temperature source

Reference Probe

Depending upon the accuracy required, the reference probe will be either an SPRT, a PRT, or a
thermistor of better quality and calibration than the UUTs. Since this instrument forms the ba-
sis for our calibration, its accuracy and stability are of paramount importance.

SPRTs
SPRTs are the most accurate and stable instruments available for this purpose. Generally a 25
or 100Ω glass sheath version is used. A typical glass sheathed 25Ω SPRT with a high quality
calibration will have calibration uncertainties from 0.001°C to 0.005°C over the temperature
range of thermistors. Additionally, since these instruments are actually part of the definition of
the ITS-90, they are standardized. That is, there are minimum requirements for the purity of
the platinum wire and the type of construction used. This results in less confusion as to the
suitability of the instrument for a particular application and almost guaranteed good perform-
ance if calibrated and used correctly. These instruments are highly stable and accurate, but
they are expensive and extremely delicate. They should be reserved for high accuracy applica-
tions only.

PRTs
When accuracy requirements are less severe, PRTs can be used successfully. PRTs are avail-
able in many configurations, however PRTs which are suitable for use as calibration standards
are generally available as 100Ω stainless steel sheathed probes. These instruments are not as
accurate as SPRTs but they are generally more rugged and easier to work with. Additionally,
unlike SPRTs, the design of PRTs is left to the discretion and ingenuity of the manufacturer.
Not all designs perform to the level required for use as a reference. Be careful in the selection
of a PRT to ensure that the type selected is appropriate for use as a calibration reference over
the range of interest and with the required accuracy.

Thermistors
Reference grade thermistors are available with uncertainties and stability approaching an
SPRT. This grade is suitable as calibration standards. They too are generally more rugged and
easier to work with than SPRTs and even PRTs. Also, like PRTs, the design of thermistors is
left to the discretion and ingenuity of the manufacturer. Take precautions to ensure that the
model selected will perform as required over the temperature range of interest.
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Special Considerations
In addition to accuracy requirements, there are other characteristics which must be considered.
For example, thermistors which are not hermetically sealed will allow moisture ingress and
will not perform well below 0°C regardless of what is stated in the specifications. Also, some
of the common potting materials used in thermistor probes will become brittle at cold tem-
peratures, causing damage or destruction of the probe. Additionally, thermistors are available
in a wide variety of sheath or coating materials. Ensure that the material is compatible with the
bath fluid if the temperature source is a liquid bath. These points and others must be under-
stood and taken into account in the selection of a reference probe.

Readout

Readouts were covered in detail previously so we will not go into individual characteristics or
performance here. We will review some of the main considerations. First, although SPRTs,
PRTs and thermistors are all resistance sensors, the technical requirements for a thermistor
readout are quite different from those of a readout for SPRTs and PRTs. In most cases, more
than one readout is required. Some specialized readouts meet the requirements for both types
of sensors and will work with both. If the reference probe is a thermistor of similar nominal
resistance as the UUTs, then a single, switching readout can be used. However, if the readout
is not designed for temperature calibration and/or a switching system is not available then two
or more readouts will probably be required in this situation also. Before selecting a readout,
review the information presented in the readouts section with regard to current settings, tim-
ing, multiplexing, etc. Best results will be obtained with readouts designed specifically for
thermometer calibration. DMMs and bridges severely limit flexibility with no increase or just
a negligible increase in accuracy and usually no cost savings. There are two important points
to consider with regard to thermistor readouts which bear repeating:

1) Ensure that the readout has a resistance range appropriate for the reference probe and
UUTs for which it is intended. Over the range of 0 to 1000°C, a 25Ω SPRT will vary in
resistance from approximately 25Ω to 35Ω, a 100Ω PRT from approximately 100Ω to
140Ω. This will usually require no range changes for typical DMMs (100Ω range).
However, over this same temperature range, a 10 kΩ thermistor will vary in resistance
from about 28.5 kΩ to 925Ω. This will require several range changes over the course
of calibration. A few specialized thermometer readouts are designed to cover this span
on a single range. Changing ranges can cause discontinuities in the math fit (the equa-
tions are intended to fit the thermistor, not DMM range offsets or gain errors).

2) Ensure that the readout is using the proper source current. Thermistors are even more
susceptible to self-heating errors than are SPRTs or PRTs and very low levels of cur-
rent must be used. The self-heating coefficient of a typical 10 kΩ thermistor probe is 4
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SPRT PRT / Thermistor

Capable of very high accuracy Capable of moderate to high accuracy

Extremely stable Very stable

Available in various sheath materials Wide variety of sheath materials

Standardized Not standardized

Relatively expensive to purchase Relatively inexpensive to purchase

Relatively expensive to calibrate Relatively inexpensive to calibrate

Extremely delicate Less delicate

Table 5. Reference Probe Characteristics Summary Table



mW/°C (4µW/0.001°C). Using Ohms Law, that would allow a maximum source cur-
rent of 12µA at 0°C for a self-heating error of 0.001°C! It is quite difficult to achieve
adequate sensitivity in a typical DMM with such low levels of source current. Addi-
tionally, some DMMs use unconventional values of source current such as decades of
2 or 3 rather than 1 (20µA or 30µA, not 10µA). Most certainly, these values of cur-
rent are not reproduced during calibration of the reference or use of the UUT. Moreo-
ver, if the readout is a DMM which requires range changes as mentioned above, the
source current may change with the range, meaning different current values for meas-
urements at different temperatures. This will result in inconsistent self-heating and ad-
ditional calibration errors.

Temperature Source

As with readouts, temperature sources were discussed in depth previously. We will review
points that pertain specifically to thermistor calibration applications here. For additional infor-
mation refer to the section on temperature sources. The most common temperature sources for
thermistor calibration are dry-wells and baths. Dry-wells are used in applications where probe
consistency (diameter and length) is present and modest accuracy is desired. When probes of
different shapes and sizes must be accommodated, or higher accuracy is required, calibration
baths should be utilized. The two most important considerations are uniformity and stability.
Because of the limited range of thermistors, highly stable and uniform temperature sources are
not difficult to obtain. Another matter pertains to the style of UUT to be calibrated. Calibra-
tion of short UUTs presents many problems with regard to the temperature source. The probe
must be immersed sufficiently without subjecting the transition junction (where the leads join
the probe) to extreme temperatures and in some cases to bath fluid. Often dry-well tempera-
ture sources are a better solution in these situations. Another challenge with thermistors is
sheath material. Since thermistors are available for very unique applications, ensure that dam-
age to the sheath will not occur if calibrated in your bath. Whatever type of temperature
source is used, the most important consideration is the application itself. Even an excellent in-
strument may not perform adequately in a specific application if it is not matched to that ap-
plication. Carefully evaluate the requirements before selecting the temperature source to
ensure a good fit.

Calibration Procedure

Introduction

As with PRTs, there are two types of calibration applicable to thermistors - characterization
and tolerance testing. The type of calibration to perform is determined by the way in which the
UUT is to be used and the accuracy required by the user. Characterization is the type of cali-
bration in which the UUT resistance is determined at several temperature points and the data
are fitted to a mathematical expression. Tolerance testing on the other hand is a calibration in
which the UUT resistance is compared to defined values at specific temperatures. No data fit-
ting is performed. In the laboratory, we are required to perform both types of calibration de-
pending upon our customer’s needs. Often, we are expected to offer advice and support in
determining which method is better suited to the user’s requirements. We will discuss these
points and others in this section.

Characterization

Characterization is the method that is most often used for medium to high accuracy thermistor
calibration. With this method, the resistance vs. temperature relationship is determined anew
with each calibration. Generally, with this type of calibration, new calibration coefficients and
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a calibration table are provided as a product of the calibration. There are five basic steps to
perform as listed below:

1) Place the reference probe and the UUTs in the temperature source in close proximity to
one another.

2) Connect the leads to the readout(s) ensuring proper 2 or 4 wire connection.

3) Measure the reference probe and determine the temperature.

4) Measure and record the resistance of the UUT(s).

5) Fit the data.

Some readouts simplify the technique by combining or eliminating some of the steps. In the
following discussion, we will consider an application involving thermistor characterization by
comparison to an SPRT.

Step 1: Probe Placement
All temperature sources have instabilities and gradients. These translate into calibration errors
and/or uncertainties. To minimize the effects, the probes should be placed as close together as
practicable. In dry-well temperature sources, the probe immersion points are fixed. Baths offer
flexibility in probe placement. The probes to be calibrated should be placed in a radial pattern
with the reference probe in the center (focus) of the circle. This ensures an equal distance from
the reference probe to each of the UUTs. Also, the sensing elements should be on the same
horizontal plane. Thermistor elements are very short when compared to SPRT elements (1/8 to
1/4 inch and 1 3/4 inch respectively). It is a good practice to place the tip of the thermistor
probe at approximately the center of the SPRT sensor. Sufficient immersion must be achieved
so that stem losses do not occur. Generally, sufficient immersion is achieved when the probes
are immersed to a depth equal to 20 times the probe diameter plus the length of the sensing
element. For example, consider a 3/16 inch diameter probe with a 1/4 inch long sensing ele-
ment. Using the rule of thumb, 20 x 3/16” + 1/4” = 3 3/4” + 1/4” = 4”. In this example, mini-
mum immersion is achieved at 4 inches. This rule of thumb is generally correct with thin wall
probe construction and in situations of good heat transfer. If the probe has thick wall construc-
tion and/or poor heat transfer is present (such as in the case of a dry-well with incorrectly
sized holes), more immersion is required.

Step 2: Connection to Readout
This step is straightforward. Connections must be tight and in proper 2 or 4 wire configura-
tion. If using 4 wire configuration, ensure that the current and voltage connections are correct.
See Figures 25 and 27 on pages 48 and 49.

Step 3: Measurement of Reference Probe and Temperature Determination
There are two ways to measure the reference probe and determine the temperature. Both tech-
niques have the same potential accuracy. That is, if done correctly, neither technique is inher-
ently more accurate than the other.  The first and best method is used with sophisticated
readouts designed for temperature work. The resistance is measured and the temperature cal-
culated from calibration coefficients which were entered into the readout previously. Once
these calibration coefficients have been entered, the temperature calculations are accom-
plished internally and the readout displays in temperature units. The temperature data is avail-
able in real time. Some modern readouts also display the data in graphical format, allowing
the operator to determine stability at a glance. Both of these features speed up the process and
eliminate possible operator error due to incorrect table interpolation. The second method is
used when the readout does not provide for proper temperature calculation. (Some readouts,
particularly DMMs, have some of the more popular temperature conversions built in. These
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typically do not allow use of unique calibration coefficients and cannot be used for accurate
temperature calibration.) In this case, the resistance is measured and the temperature is deter-
mined from either a calibration table or from a computer or calculator program. Since the tem-
perature must be calculated after the resistance is measured, the process is slower and does not
provide immediate, real time temperature data. If the temperature source is not stable, errors
will be introduced due to the time delay. Also, interpolation from a calibration table can lead
to large errors if done incorrectly. Use of a calibration table may seem daunting, but with a lit-
tle practice it can be mastered. See the Tables 6 and 7 below.

1) Measure reference probe resistance 119.7422

2) Locate where it falls on the table between 119.7375 and 120.1300

3) Subtract lower table value from measured value 119.7422 – 119.7375 = 0.0047

4) Divide by dR/dT(t) (slope of curve) 0.0047 / 0.3924 = 0.0120

5) Add fractional temperature to table value 0.0120 + 50 = 50.0120°C

1) Measure reference probe resistance 35.59018

2) Calculate W (Rt/Rtpw) (Rtpw = 25.54964) 55.59018 / 25.54964 = 1.3929817

3) Locate where it falls on the table between 1.3928040 and 1.3966719

4) Subtract lower table value from measured value 1.3929817 – 1.3928040=0.0001777

5) Multiply by dt/dW(t) (inverse slope of curve) 0.0001777 • 258.5417 = 0.0459

6) Add fractional temperature to table value 0.0459 + 100 = 100.0459°C

Step 4: Measurement of UUTs
Since the UUTs are resistance thermometers similar to the reference probe, they are measured
in a similar manner. If several UUTs are undergoing calibration, ensure that when they are
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t(°C) R(t) dR/dt(t) t(°C) R(t) dR/dt(t)

0 99.9625 0.3985 50 119.7375 0.3924

1 100.3610 0.3984 51 120.1300 0.3923

2 100.7594 0.3982 52 120.5223 0.3922

3 101.1576 0.3981 53 120.9144 0.3921

Table 6. Interpolation from a resistance table

t(°C) W(t) dt/dW(t) t(°C) W(t) dt/dW(t)

100 1.39280403 258.5417 150 1.58473995 262.5713

101 1.39667188 258.6214 151 1.58854844 262.6528

102 1.40053853 258.7012 152 1.59235575 262.7344

103 1.40440400 258.7810 153 1.59616188 262.8159

Table 7. Interpolation from a resistance ratio (W) table



connected or switched in, sufficient time is allowed for self-heating to occur before the data is
recorded. Also, ensure that the readout is set to the correct range to provide the proper source
current and to prevent range changes between the measurements at different temperatures.
Typically, the measurements are conducted starting at the lowest temperature of calibration
and working up. Additionally, it increases the precision of the calibration to use a mean (aver-
age) value calculated from multiple measurements at the same temperature. Often, the readout
is designed with statistical features to facilitate this practice. It is also a good practice to close
the process with an additional measurement of the reference probe. The sequence in which the
probes (reference and UUT) are measured is referred to as a measurement scheme. There are
many variables to consider when designing a measurement scheme. Some points to consider
are:

• Accuracy - the higher the accuracy desired, the more all of the following must be
considered.

• Temperature source stability - the more stable the source, the more time exists to
conduct the measurements before temperature changes cause unwanted error.

• Number of UUTs - the higher the number, the longer it takes to cycle through all
UUTs.

• Number of readouts - will the reference probe and UUTs be measured with the same
readout or different readouts?

• Type of readout - a readout designed for temperature calibration often has features
which allow flexibility in the measurement scheme.

• UUT characteristics - self-heating time, source current requirements, stability, and
overall quality influence the measurement process.

It is not possible for us to anticipate all of the variables and discuss the optimum solutions
here. However, in the following examples, we will consider some typical calibration scenarios
and suggested measurement schemes.

Example 1: 2 DMM readouts, 1 reference probe and 5 UUTs

See Figure 28 on page 51.

The reference probe is connected to one readout and the first UUT is connected to the
second readout. This places the probes to be measured under current at all times, thus,
eliminating self-heating errors caused by changing current conditions. The UUTs will be
connected and measured individually. The scheme is as follows:

REF(1)-UUT (1) - REF(2)-UUT (2) - REF(3)-UUT (3) - REF(4)-UUT (4) - REF(5)-UUT (5)

This provides 5 readings each of the reference and the UUT. Take the average of the read-
ings and use it for the data fit. The reference probe readings are in resistance so the tem-
perature will have to be computed. After completion, repeat the process for the additional
UUTs.
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Example 2: 1 digital thermometer readout, 1 DMM readout, 1 reference probe and 5
UUTs

This example is similar to the first except that the reference probe readout is a digital ther-
mometer and is displaying in temperature directly. The same scheme is followed. After
completion, repeat the process for the additional UUTs.

REF(1)-UUT (1) - REF(2)-UUT (2) - REF(3)-UUT (3) - REF(4)-UUT (4) - REF(5)-UUT (5)

This provides 5 readings each of the reference and the UUT. Take the average of the read-
ings and use it for the data fit. Since the reference probe readout indicates temperature di-
rectly, no computations are necessary. After completion, repeat the process for the
additional UUTs.
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Example 3: 1 multi-channel thermometer readout, 1 reference probe and 5 UUTs

In this example, all of the probes are connected directly to the thermometer readout. The
readout controls the measurement and scans through all probes performing statistics in
real time. It also changes current levels to provide the proper measurement current for the
type of probe being measured. Current may or may not be supplied at all times depending
on the type of thermometer readout. If current is supplied at all times, there will be no
self-heating errors. If current is not supplied at all times, ensure that the switching is done
rapidly enough to reduce self-heating errors to a negligible level. The scheme is as fol-
lows

REF - UUT 1 - UUT 2 - UUT 3 - UUT 4 - UUT 5 - repeat 10 or more times

This provides many readings each of the reference and all of the UUTs. The average can
be calculated and displayed directly by the readout. Also, the reference probe readings are
in temperature so no further computation is required—the data is ready to fit.

Step 5: Data Fitting
Data fitting is simple in concept but can be complicated in practice. Essentially it is a process
of solving a set of simultaneous equations which contain the calibration data to arrive at a set
of coefficients unique to the thermistor and calibration. There are several commercial software
programs available specifically written to accomplish this task. Some are limited in function
and do no more than solve the basic temperature functions. Others are more flexible and allow
options regarding the number and location of calibration points and provide analysis regarding
the precision of the resultant fit. The latter type of program is preferred. For metrologists who
wish to tackle the algorithms themselves, a good mathematics application software like Math-
cad or Mathematica or a good spreadsheet like Excel is extremely helpful. Of course, pro-
grams can be written in any of the modern computer languages (with double precision or
better floating point capability) to perform the calculations with equal accuracy.
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There are two common equations (with corresponding inverse functions) which are used for
thermistor characterization. They are basically variations of exponential polynomials. Obvi-
ously, with more than one model available to describe the behavior of a physical system, we
must choose which one is best for our situation.  The following discussion covers the features
and purpose of each of these models and describes the form of the equations. The steps neces-
sary to actually fit the data will be discussed in the section on mathematics later in this man-
ual.

Third order polynomial: Polynomials are frequently used to model physical phenomena
from all fields of science. They have proven to be particularly useful in fitting thermistors
and have been used for many years. Since thermistors have an exponential curve, expo-
nential polynomials expressed in terms of resistance and absolute temperature are used.
There is no limitation experienced when fitting resistance directly because thermistor re-
sistance is as stable as the resistance ratio. The following polynomials will fit a high qual-
ity thermistor with a precision of 0.003 to 0.0001°C over a 100°C temperature span. This
is the preferred model for high accuracy applications.

The equation is of the form:

T
A B R C R D R

=
+ + +

1
2 3(ln ) (ln ) (ln )

(12)

Where: T = absolute temperature in Kelvin
ln = natural log function
R = resistance in Ohms
A,B,C,D = resulting calibration coefficients

And its inverse...
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= + + +
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2 3
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Where: R = resistance in Ohms
exp = exponent function
T = absolute temperature in Kelvin
a,b,c,d = resulting calibration coefficients

Steinhart-Hart: The Steinhart-Hart equation is a version of the third order polynomial
shown above. Drs. Steinhart and Hart showed that the squared term can be eliminated
from the above functions with no loss in precision when used over a small temperature
range (maximum of 35°C span). The work of Steinhart and Hart was confirmed by B.W.
Mangum at NIST and R. Koehler at Woods Hole Oceanographic Institute. Additionally,
the Steinhart-Hart expression can prove useful over greater ranges when a small loss in
precision can be tolerated. The following polynomials will fit a high quality thermistor
with a precision of 0.0001 to 0.003°C over a 35°C temperature span and from of 0.003 to
0.010°C over a 100°C span.

The equation is of the form:

T
A B R D R

=
+ +

1
3(ln ) (ln )

(14)
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Where: T = absolute temperature in Kelvin
ln = natural log function
R = resistance in Ohms
A,B,D = resulting calibration coefficients

And it’s inverse...

R a
b

T

d

T
= + +


 


exp

3
(15)

Where: T = absolute temperature in Kelvin
exp = exponent function
R = resistance in Ohms
a,b,d = resulting calibration coefficients

Tolerance Testing

Thermistor calibrations involving tolerance testing are reserved for low accuracy applications.
With this type of calibration the UUT resistance is compared to defined values at specific tem-
peratures.  The values are generally defined by the manufacturer of the thermistor. Thermis-
tors calibrated in this way are generally used when interchangeability is more important than
accuracy. Common values for thermistor interchangeability are 0.05, 0.10, and 0.20°C.

Tolerance testing is straightforward. The measurements are carried out essentially in the same
manner as described for characterization. The results are then compared to the defined values
and pass or fail is determined. If DMMs are used, then the data is fitted to the standard tables
as described previously for interpolation of the reference probe. In this case, both the refer-
ence probe and the UUT are interpolated according to their specific tables and the UUT error
is the difference between the two results. Alternatively, the calibration temperature can be set
precisely to a value from the table and the resistance of the UUT compared to a reference
value from that table at that specific temperature. With this method, the calculations are easier
to perform because interpolation is performed on only the reference probe, but setup can be
more difficult because the temperature source must be set and maintained at a precise value.
The simplest method is available when the readout used for the UUTs has the curve prepro-
grammed or is programmable. In this case, it can be set to perform the measurement and dis-
play directly in temperature according to the curve of interest. The error is then simply the
difference in temperature readings based on the UUT and the reference probe.

Thermocouples

Characteristics

A thermocouple is a transducer comprised of two dissimilar materials joined at a junction. It
is, by far, the most widely used of all temperature sensors. Thermocouples are traditionally
used in low accuracy applications or in applications where a very small sensor is required.
Thermocouples differ from PRTs and thermistors in that rather than having an electrical pa-
rameter which is affected by temperature, they actually produce a voltage output which is tem-
perature dependent. Thermocouples can be constructed from almost any material with
thermoelectric properties. As a result, there are many different types of thermocouples avail-
able. Some thermocouple characteristics are:

• Temperature dependent voltage output
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• Wide temperature range (–200°C to 2000°C)

• Well defined mathematically

• Positive temperature coefficient

• Relatively linear output

• Relatively easy to measure

• Somewhat more difficult to calibrate

• Not particularly stable over temperature

• Commercially available in many configurations

Thermocouples have a much wider temperature range than either PRTs or thermistors. Since
they are comprised of mixtures of metals, they are limited primarily by degradation of the
mixture and resulting change in composition and by oxidation. The mixtures are chosen for
specific behavior and specific applications. Therefore, like PRTs and thermistors, no single
type will be useable over the entire range. Additionally, because of construction limitations, a
particular thermocouple assembly may not be usable over the range suggested by the thermo-
couple tables for that type of thermocouple. To calibrate a thermocouple, the EMF output is
measured at several temperature points and fitted to a mathematical expression. The number
of calibration points depends on the range and accuracy desired. Thermocouples have immer-
sion requirements similar to those of PRTs and thermistors. Thermocouples come in basically
two forms, bare (insulated) wire, and probes (although probes are available in a variety of
shapes, sizes, and types). The basic calibration requirements are the same; these various con-
figurations pose different problems in the laboratory.

Instruments, Standards, and Apparatus

Calibration is performed by measurement of the EMF output of the UUT while one junction is
exposed to a temperature and one junction is maintained at a reference (usually 0°C). Five in-
struments are required as follows:

1) Reference probe

2) Readout for the reference

3) Readout for the UUT

4) Temperature source

5) Reference junction temperature source

Reference Probe

Depending upon the accuracy required, the reference probe will be either an SPRT, a PRT, or a
thermocouple of better quality and calibration than the UUTs. Since this instrument forms the
basis for our calibration, its accuracy and stability are of paramount importance.
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SPRTs
SPRTs are the most accurate and stable instruments available for this purpose. Generally a 25
or 100Ω glass sheath version is used. A typical glass sheathed 25Ω SPRT with a high quality
calibration will have calibration uncertainties from 0.001°C to 0.005°C over the temperature
range of thermocouples. Additionally, since these instruments are actually part of the defini-
tion of the ITS-90, they are standardized. That is, there are minimum requirements for the pu-
rity of the platinum wire and the type of construction used. This results in less confusion as to
the suitability of the instrument for a particular application and almost guaranteed good per-
formance if calibrated and used correctly. These instruments are highly stable and accurate,
but they are expensive and extremely delicate. They should be reserved for high accuracy ap-
plications only.

PRTs
When accuracy requirements are less severe, PRTs can be used successfully. PRTs are avail-
able in many configurations, however PRTs which are suitable for use as calibration standards
are generally available as 100Ω stainless steel sheathed probes. These instruments are not as
accurate as SPRTs but they are generally more rugged and easier to work with. Additionally,
unlike SPRTs, the design of PRTs is left to the discretion and ingenuity of the manufacturer.
Not all designs perform to the level required for use as a reference. Be careful in the selection
of a PRT to ensure that the type selected is appropriate for use as a calibration reference over
the range of interest and with the required accuracy.

Thermocouples
Reference grade thermocouples are available with uncertainties and stability approaching a
PRT (or even an SPRT) at high temperatures. This grade is suitable as a calibration standard.
They are generally almost as delicate as SPRTs and PRTs. Thermocouples which qualify as
reference grade generally are standardized in composition but not necessarily construction.
Take precautions to ensure that the model selected will perform as required over the tempera-
ture range of interest.

Special Considerations
In addition to accuracy requirements, there are other characteristics which must be considered.
For example, the reference junction end of the thermocouples must be long enough to allow
proper immersion into the reference temperature source (typically an ice bath). Also, some of
the common sheath materials used in thermocouple probes have problems of their own at high
temperatures. Ensure that the sheath material is compatible with the calibration process for
which it is intended. These points and others must be understood and taken into account in the
selection of a reference probe.
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SPRT / PRT Thermocouple

Capable of very high to high accuracy Capable of moderate accuracy

Extremely stable Not very stable

Available in various sheath materials Possible sheath material problem at high
temperatures

Standardized Standardized

Relatively expensive to purchase Relatively inexpensive to purchase

Relatively expensive to calibrate Relatively inexpensive to calibrate

Extremely delicate Less delicate

Table 8. Reference Probe Characteristics Summary Table



Readout

Readouts in general and readouts for SPRTs and PRTs in particular were covered in detail pre-
viously so we will not go into individual characteristics or performance here. We will review
some of the main considerations for thermocouple readouts. First, since thermocouples pro-
duce a voltage output, the technical requirements for a thermocouple readout are quite differ-
ent from those of a readout for SPRTs, PRTs, or thermistors. Unless the reference probe is a
thermocouple also, two readouts will definitely be required. Additionally, the thermocouple
reference junction must be considered. Most thermocouple readouts have “electronic reference
junctions,” often referred to as cold junction compensation. This is an additional circuit which
measures the temperature at the thermocouple - readout connection and compensates for the
non-zero reference temperature. This type of compensation is very convenient but not usually
as accurate as an actual ice point bath. If the reference probe is a thermocouple also, then a
single, switching readout can be used. However, if the readout is not designed for temperature
calibration and/or a switching system is not available then two or more readouts will probably
be required in this situation also. Before selecting a readout, review the information presented
in the readouts section with regard to reference junction compensation, multiplexing, etc. Best
results will be obtained with readouts designed specifically for thermocouple calibration.
DMMs severely limit the flexibility with no increase or just a negligible increase in accuracy
and usually no cost savings. There is one important point to consider with regard to thermo-
couple readouts which bears repeating:

The voltage output from a thermocouple is very low and a small voltage uncertainty
equates to a large temperature uncertainty. The voltage measurements must be extremely
accurate even for moderate accuracy temperature calibrations. Also, at the low voltage
levels that will be measured when calibrating thermocouples, the readout floor error
(noise limit or zero offset limit) becomes very significant. Ensure that the readout has a
voltage range (usually to 100 mV range) and accuracy appropriate for thermocouple cali-
brations. Consider an example using a high accuracy 7 1/2 digit DMM to measure a type
S thermocouple at 500°C. The example shows the relative contribution from the DMM
sources of error.

DMM accuracy on 100 mV range = (20 ppm of reading + 2 ppm of range)

Type S output at 500°C = 4.2333 mV

Type S slope at 500°C = 0.0099 mV/°C

Accuracy calculations:
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In this example, the uncertainty resulting from the DMM floor is much larger than the er-
ror due to the DMM rated accuracy. This situation is more pronounced at lower tempera-
tures and less pronounced at higher temperatures. This illustrates the importance of
readout floor error.

Temperature Source

As with readouts, temperature sources were discussed in depth previously. We will review
points that pertain specifically to thermocouple calibration applications here. For additional
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information refer to the section on temperature sources. The most common temperature
sources for thermocouple calibration are dry-wells and calibration furnaces. However, when
higher accuracy is required, calibration baths can be utilized. For the lowest temperatures (be-
low –100°C) an LN2 comparison device is required. Bare wire thermocouples should never be
immersed directly into bath fluid, a protection tube should be used. Thermocouple probes are
not usually massive but immersion depth must still be considered. Insufficient immersion
depth will result in calibration errors. At elevated temperatures, precautions must be taken to
avoid damage to the reference probe. Additionally, if a “real” reference junction is to be used,
ensure that the temperature source selected is sufficiently insulated so that the external sur-
faces do not get so hot as to damage the ice bath or electronic ice bath. Whatever type of tem-
perature source is used, the most important consideration is the application itself. Even an
excellent instrument may not perform adequately in a specific application if it is not matched
to that application. Carefully evaluate the requirements before selecting the temperature
source to ensure a good fit.

Calibration Procedure

Introduction

As with PRTs and thermistors, there are two types of calibration applicable to thermocouples -
characterization and tolerance testing. However, with a few exceptions, thermocouples are not
sufficiently stable to warrant characterization. Typically, thermocouple probes and/or wire are
tested for compliance to American Society for Testing and Materials (ASTM) error ratings.
Compliance testing is simply a matter of measuring the EMF output at various temperatures
and quantifying the error from the standard tables. Occasionally, we are called upon to charac-
terize a thermocouple probe or wire. In these cases, the difference EMF is corrected by fitting
it to a second order polynomial in a manner similar to the ITS-90 reference function—devia-
tion function technique. A higher order polynomial will generally not improve the fit. The fol-
lowing section will discuss the procedures.

Tolerance Testing

In most applications, thermocouples are used without correction or characterization. The user
must relay that the thermocouple behaves as the standard model predicts within certain limits.
The ASTM has two sets of limits called standard limits of error and special limits of error. The
special limits of error are tighter tolerances. To calibrate a thermocouple to ASTM specifica-
tions is to determine that it follows the standard model. In some cases, individual probes are
calibrated while in other cases, entire rolls of wire require certification. The method is
straightforward. No data fitting or complex computations are required. There are six basic
steps to perform as listed below:

1) Place the reference probe and the UUTs in the temperature source in close proximity to
one another.

2) Connect the external reference junction if used.

3) Connect the leads to the readout(s) ensuring proper 2 wire connection.

4) Measure the reference probe and determine the temperature.

5) Measure and record the EMF output of the UUT(s).

6) Compute the errors.
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Some readouts simplify the technique by combining or eliminating some of the steps. In the
following discussion, we will consider an application involving thermocouple calibration by
comparison to a reference thermocouple.

Step 1: Probe Placement
All temperature sources have instabilities and gradients. These translate into calibration errors
and/or uncertainties. To minimize the effects, the probes should be placed as close together as
practicable. In dry-well temperature sources and calibration furnaces, the probe immersion
points are fixed. Baths offer flexibility in probe placement. The probes to be calibrated should
be placed in a radial pattern with the reference probe in the center (focus) of the circle. This
ensures an equal distance from the reference probe to each of the UUTs. Also, the sensing ele-
ments should be on the same horizontal plane. Thermocouple junctions are usually at the tip
of the probe. Sufficient immersion must be achieved so that stem losses do not occur. Gener-
ally, sufficient immersion is achieved when the probes are immersed to a depth equal to 20
times the probe diameter plus the length of the sensing element. For example, consider a 1/4
inch diameter probe. Using the rule of thumb, 20 x 1/4” = 5.” In this example, minimum im-
mersion is achieved at 5 inches. This rule of thumb is generally correct with thin wall probe
construction and in situations of good heat transfer. If the probe has thick wall construction
and/or poor heat transfer is present (such as in the case of a dry-well with incorrectly sized
holes), more immersion is required.

Steps 2 and 3: Connection to Reference Junction and Readout
The connection to the readout depends upon whether an internal or external reference junction
is used. Internal reference junctions are generally used in high throughput, low to medium ac-
curacy applications. There is less opportunity for operator error and the entire procedure is
simpler. The limitation in accuracy is due to the additional uncertainty in the reference junc-
tion compensation circuit itself (usually an additional 0.05 to 0.25°C). External reference
junctions must be used when accuracy requirements prohibit the use of internal compensation
or if the readout is not equipped with internal reference junction compensation (such as a typi-
cal DMM). External reference junction is slightly more involved with a single UUT but can
become quite complicated when several UUTs are being calibrated and uncertainties must be
kept to a minimum.

When using an internal reference (internal to the readout), the connections are straightforward.
Simply connect the 2 wire thermocouple either directly or through proper extension wire to
the readout, observing polarity. Never use copper connecting wire for the extension wire, er-
rors will result. Ensure that all connections are tight and clean. Loose and/or dirty connections
will cause spurious EMFs and measurement errors. Additionally, use of switches and multi-
plexors will result in errors because these devices are normally constructed of copper.
Switches are available which are constructed of thermocouple materials and can be used if a
large number of a single type of thermocouple must be calibrated. However, since the switch
will still contribute an error which is extremely difficult to quantify, these are not recom-
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mended either. If a large quantity of thermocouples must be calibrated, a multi-channel read-
out or external reference junction technique is recommended.

Connections involving external reference junctions are also straightforward but there is more
opportunity for problems. The thermocouple is connected through high quality copper wires to
the readout. The thermocouple to copper connections are then immersed into an ice bath to
form the reference junction. The connections must be electrically insulated from one another
and physically dry. Usually, the wires are welded, soldered, or twisted tightly and protected
with heat shrink tubing. The group of wires are inserted into a thin wall metal or glass closed
end tube and the tube is inserted into the ice bath. Immersion depth is an issue and depends
upon the wire diameter. Usually 6 to 12 inches is sufficient. The copper connecting wires then
go either directly to the readout or through a switch to the readout. Each UUT requires an in-
dividual reference junction. Some UUTs are terminated in thermocouple connectors and can-
not be conveniently connected as just described. In these cases, “reference junction probes”
can be constructed out of copper wire and thermocouple wire of the type required. The ther-
mocouple end is terminated with connectors which will mate to the UUT connectors. Of
course, these probes must be calibrated if high accuracy is required. Alternatively, internal ref-
erence junction compensation can be used. Frequently, readouts equipped with internal refer-
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ence junction compensation have thermocouple connectors built in. External reference
junctions are capable of the highest accuracy and are almost always used for calibration of no-
ble metal (R and S type) thermocouples. They are generally not necessary for the accuracy re-
quirements for base metal thermocouples.

See Figure 33 on page 74.

Step 4: Measurement of Reference Probe and Temperature Determination
There are two ways to measure the reference probe and determine the temperature. Both tech-
niques have the same potential accuracy. That is, if done correctly, neither technique is inher-
ently more accurate than the other. The first and best method is used with sophisticated
readouts designed for temperature work. The resistance is measured and the temperature cal-
culated from calibration coefficients which were entered into the readout previously. Once
these calibration coefficients have been entered, the temperature calculations are accom-
plished internally and the readout displays in temperature units. The temperature data is avail-
able in real time. Some modern readouts also display the data in graphical format, allowing
the operator to determine stability at a glance. Both of these features speed up the process and
eliminate possible operator error due to incorrect table interpolation. The second method is
used when the readout does not provide for proper temperature calculation. (Some readouts,
particularly DMMs, have some of the more popular temperature conversions built in. These
typically do not allow use of unique calibration coefficients and cannot be used for accurate
temperature calibration.) In this case, the EMF is measured and the temperature is determined
from either a calibration table or from a computer or calculator program. Since the tempera-
ture must be calculated after the EMF is measured, the process is slower and does not provide
immediate, real time temperature data. If the temperature source is not stable errors will be in-
troduced due to the time delay. Also, interpolation from a calibration table can lead to large er-
rors if done incorrectly. Use of a calibration table may seem daunting, but with a little practice
it can be mastered. See Table 9 below.

1) Measure reference probe voltage 9.5802

2) Locate where it falls on the table between 9.5739 and 9.5854

3) Subtract lower table value from measured value 9.5802 – 9.5739 = 0.006

4) Subtract lower table value from higher value 9.5854 – 9.5739 = 0.0115

5) Divide by difference (slope of curve) 0.0063 / 0.0115 = 0.548

6) Add fractional temperature to table value 0.548 + 1001 = 1001.548°C

Step 5: Measurement of UUTs
Since the UUTs are thermocouple thermometers similar to the reference probe, they are meas-
ured in a similar manner. If several UUTs are undergoing calibration, ensure that when they
are connected or switched in, sufficient time is allowed for the voltage measurement to stabi-
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°C 0 1 2 3 4 5 6 7 8 9

1000 9.5624 9.5739 9.5854 9.5969 9.6084 9.6199 9.6314 9.6430 9.6545 9.6660

1010 9.6775 9.6891 9.7006 9.7121 9.7237 9.7352 9.7468 9.7583 9.7699 9.7815

1020 9.7930 9.8046 9.8161 9.8277 9.8393 9.8509 9.8625 9.8740 9.8856 9.8972

1030 9.9088 9.9204 9.9320 9.9436 9.9552 9.9668 9.9784 9.9900 10.0017 10.0133

Table 9. Interpolation from a thermocouple table



lize before recording the data. For base metal thermocouples, the measurements are conducted
starting at the lowest temperature of calibration and working up. For noble metal thermocou-
ples, measurements are conducted in the opposite direction. Additionally, it increases the pre-
cision of the calibration to use a mean (average) value calculated from multiple measurements
at the same temperature. Often, the readout is designed with statistical features to facilitate
this practice. It is also a good practice to close the process with an additional measurement of
the reference probe. The sequence in which the probes (reference and UUT) are measured is
referred to as a measurement scheme. There are many variables to consider when designing a
measurement scheme. Some points to consider are:

• Accuracy - the higher the accuracy desired, the more all of the following must be
considered.

• Temperature source stability - the more stable the source, the more time exists to
conduct the measurements before temperature changes cause unwanted error.

• Number of UUTs - the higher the number, the longer it takes to cycle through all
UUTs.

• Number of readouts - will the reference probe and UUTs be measured with the same
readout or different readouts?

• Type of readout - a readout designed for temperature calibration often has features
which allow flexibility in the measurement scheme.

• UUT characteristics - self-heating time, source current requirements, stability, and
overall quality influence the measurement process.

Step 6: Computation of Errors
The computation of errors is straightforward. The simplest and most common method is avail-
able when the readout used for the UUTs has the thermocouple curves built in. In this case, it
can be set to perform the measurement and display directly in temperature according to the
type of thermocouple being tested. The error is then simply the difference in temperature read-
ings based on the UUT and the reference probe. If DMMs were used to perform the calibra-
tion, than the data is fitted to the standard tables as described previously for interpolation of
the reference probe. In this case, both the reference probe and the UUT are interpolated ac-
cording to their specific tables and the UUT error is the difference between the two results.
Alternatively, the calibration temperature can be set precisely to a value from the table and the
resistance of the UUT compared to a reference value from that table at that specific tempera-
ture. With this method, the calculations are easier to perform because interpolation is per-
formed on only the reference probe, but setup can be more difficult because the temperature
source must be set and maintained at a precise value. The ASTM specifications are available
in many publications and will not be discussed here.

Characterization

Thermocouple characterization is reserved for high accuracy applications involving mostly
noble metal thermocouples. Under most circumstances, base metal thermocouple are not sta-
ble and will not reproduce the behavior observed during characterization. One exception to
this is type T thermocouples for use at cryogenic temperatures. This type of thermocouple has
proven itself to be quite stable when used only below zero and can be successfully character-
ized for use at these temperatures. As mentioned previously, characterization of a thermocou-
ple involves determining the difference between the measured EMF and the standard EMF
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and correcting this difference by fitting it to a second order polynomial. This provides the
benefits of high order polynomial precision (from the reference function) and the simplicity of
lower order fitting. Additionally, work has shown that higher order polynomial “deviation
functions” will generally not improve the fit, so a second order polynomial seems to be the
correct choice. Fitting the data is simple in concept but can be complicated in practice. Essen-
tially, it is a process of solving a set of simultaneous equations which contain the calibration
data to arrive at a set of coefficients unique to the thermocouple and calibration. There are a
few commercial software programs available specifically written to accomplish this task. For
metrologists who wish to tackle the algorithms themselves, a good mathematics application
software like Mathcad or Mathematica or a good spreadsheet like Excel is extremely helpful.
Of course, programs can be written in any of the modern computer languages (with double
precision or better floating point capability) to perform the calculations with equal accuracy.
The steps necessary to fit the data will be discussed in the section on mathematics later in this
manual.

Liquid-In-Glass Thermometers

Characteristics

A liquid in glass (LIG) thermometer is a thermometer which relies upon temperature depend-
ent expansion of a liquid to indicate temperature. It is the oldest known type of thermometer,
having been in use for over 200 years. Modern style LIGs have been used for decades in many
applications ranging from low to very high accuracy. LIGs differ from the types of thermome-
ters discussed thus far in that they are mechanical rather than electrical. LIGs can be con-
structed using several different thermometric liquids. As a result, there are many different
types of LIGs available. Some LIG characteristics are:

• Wide temperature range (–200°C to 500°C)

• Very fragile

• Stable over time

• Easy to measure

• Easy to calibrate

• Cannot be automated

• Commercially available in many configurations

LIGs have a much wider temperature range than one would expect. The range is limited pri-
marily by the type of thermometric liquid used. Table 10 shows the more common thermo-
metric fluid characteristics. Because of construction limitations, a particular LIG thermometer
may not be usable over the range suggested by the LIG tables for that type of thermometric
liquid. Because these thermometers rely on physical length, resolution vs. range is the limiting
factor. For example, a 24 inch mercury LIG with 0.1 inch scale markings in 0.5°C increments
could have a maximum range of about 100°C, leaving 4 inches for the expansion chamber and
bulb.

5°C/inch ⋅ 20 inches = 100°C
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LIG thermometers come in three types based upon immersion requirements. Complete immer-
sion, total immersion and partial immersion. Complete immersion thermometers are for appli-
cations where the thermometer is completely immersed in the temperature to be measured,
such as a freezer or oven. Total immersion thermometers require immersion up to the point of
the liquid column, the space above the column should not be immersed. Partial immersion
thermometers have an immersion depth which is indicated by an immersion line on the stem.
Generally, total immersion thermometers are capable of the highest accuracy.

Instruments, Standards, and Apparatus

Calibration is performed by direct indication on the thermometer scale while the UUT is im-
mersed to the proper depth in a temperature bath. Three instruments are required as follows:

1) Reference probe

2) Readout for the reference

3) Temperature source

Reference Probe

Depending upon the accuracy required, the reference probe will be either an SPRT a PRT, or a
LIG of better quality and calibration than the UUTs. Since this instrument forms the basis for
our calibration, its accuracy and stability are of paramount importance.

SPRTs
SPRTs are the most accurate and stable instruments available for this purpose. Generally a 25
or 100Ω glass sheath version is used. A typical glass sheathed 25Ω SPRT with a high quality
calibration will have calibration uncertainties from 0.001°C to 0.010°C over the temperature
range of LIGs. Additionally, since these instruments are actually part of the definition of the
ITS-90, they are standardized. That is, there are minimum requirements for the purity of the
platinum wire and the type of construction used. This results in less confusion as to the suit-
ability of the instrument for a particular application and almost guaranteed good performance
if calibrated and used correctly. These instruments are highly stable and accurate, but they are
expensive and extremely delicate. They should be reserved for high accuracy applications
only.

PRTs
When accuracy requirements are less severe, PRTs can be used successfully. PRTs are avail-
able in many configurations, however PRTs which are suitable for use as calibration standards
are generally available as 100Ω stainless steel sheathed probes. These instruments are not as
accurate as SPRTs but they are generally more rugged and easier to work with. Additionally,
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Liquid
Typical apparent expansion

coefficient (°C -1)
Possible Temperature Range

Mercury 0.00016 –35 to 510°C

Ethanol 0.00104 –80 to 60°C

Pentane 0.00145 –200 to 30°C

Toluene 0.00103 –80 to 100°C

Table 10.Common Thermometric Liquids



unlike SPRTs, the design of PRTs is left to the discretion and ingenuity of the manufacturer.
Not all designs perform to the level required for use as a reference. Be careful in the selection
of a PRT to ensure that the type selected is appropriate for use as a calibration reference over
the range of interest and with the required accuracy.

LIGs
Reference grade LIGs are available with uncertainties and stability approaching a PRT. Refer-
ence quality LIG thermometers are almost exclusively total immersion types. Use of a LIG
thermometer as a reference would eliminate the need for a readout.

Special Considerations
In addition to accuracy requirements, there are other characteristics which must be considered.
For example, if the UUTs are partial immersion LIGs and the reference is a total immersion
LIG they will invariably be immersed to different depths during portions of the calibration. If
the calibration bath has vertical gradients, calibration errors will result. Additionally, reference
grade LIG thermometers generally have small scale markings. If this is the case, some form of
magnification may be required to properly read the scale. These points and others must be un-
derstood and taken into account in the selection of a reference probe.

Readout

LIG thermometers do not require readouts. Any readout requirement will apply to the type of
reference probe selected.  This information was covered in detail previously so we will not re-
peat that information here.

Temperature Source

As with readouts, temperature sources were discussed in depth previously. We will review
points that pertain specifically to LIG calibration applications here. For additional information
refer to the section on temperature sources. The most common temperature sources for LIG
calibration are ice baths and calibration baths. Because of poor thermal contact and immersion
problems, dry-wells are generally not acceptable. For the lowest temperatures (below –100°C)
an LN2 comparison device or cryostat is required. The main considerations are immersion
depth and fluid level. LIG thermometers are frequently very long with lengths 12 to 24 inches
being quite common. Total immersion types may require immersion of 20 inches or more for
the temperatures at the top of the scale. Very deep calibration baths are required. Additionally,
since the scale must be observed to take the measurement, the fluid level meniscus must be
viewable. The first problem can be corrected by applying what is known as emergent stem
corrections. This is a technique to correct for the portion of the stem which should be im-
mersed but is not. It is based upon actual stem temperature, expansion coefficients, and scale
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SPRT / PRT LIG

Capable of very high to high accuracy Capable of moderate to high accuracy

Extremely stable Very stable

Available in various sheath materials

Standardized Standardized

Relatively expensive to purchase Relatively inexpensive to purchase

Relatively expensive to calibrate Relatively inexpensive to calibrate

Extremely delicate Very fragile

Table 11.Reference Probe Characteristics Summary Table



markings. If done correctly, introduced errors are minimal. The second problem can only be
solved by either providing a positive meniscus or by providing an unobstructed view of the
UUT. Calibration baths have been designed specifically for LIG thermometer calibration
which solve these problems. Regular calibration baths can often be adapted to fulfill the
unique requirements of LIG calibration.

Calibration Procedure

Introduction

As with PRTs, thermistors, and thermocouples, there are two types of calibration applicable to
LIGs - characterization and tolerance testing. However, the difference between the two types
of calibration are minimal. Characterization of a LIG is possible because they are generally
more stable than accurate. The stability is a result of the materials and construction, whereas
the accuracy is dependent upon the scale markings and the uniformity of the capillary. The
scale is usually the major source of error. Since the scale location is permanent, these errors
must be noted and removed by correction. This is generally performed at cardinal scale points
and recorded for future reference. The user can apply these corrections during use to increase
the precision of the measurement. This type of correction is reserved for the highest quality
LIGs for use in demanding or regulated applications. For the most part, applications requiring
high levels of accuracy use one of the electronic thermometers discussed previously. The fol-
lowing section will discuss LIG calibration procedures. There are four basic steps to perform
as listed below:

1) Place the reference probe and the UUTs in the temperature source in close proximity to
one another.

2) Measure the reference probe and determine the temperature.

3) Measure and record the UUT indication(s).

4) Correct for emergent stem if applicable.

Some readouts simplify the technique by combining or eliminating some of the steps. In the
following discussion, we will consider an application involving LIG calibration by compari-
son to an SPRT with a direct indicating readout.

Step 1: Thermometer Placement
All temperature sources have instabilities and gradients. These translate into calibration errors
and/or uncertainties. To minimize the effects, the thermometers should be placed as close to-
gether as practical. The UUTs should be placed in a radial pattern with the reference probe in
the center (focus) of the circle. This ensures an equal distance from the reference probe to
each of the UUTs. A device which holds the UUTs in a vertical position will reduce parallax
errors. Additionally, it is very helpful if the UUT holder can be rotated. This will allow each
UUT to be rotated into direct line of sight and provide for a more convenient calibration. The
UUTs should be immersed to the proper level as indicated by the immersion line (partial im-
mersion LIG) or to within a few mm of the scale marking corresponding to the temperature of
calibration (total immersion LIG). The sensing element of the SPRT should be at the approxi-
mate depth of the UUT bulbs.

Steps 2: Measurement of the Reference Probe and Determination of Temperature
In this example, the readout is a direct indicating type. Simply note or record the indication.
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Step 3: Measurement of the UUT
LIG indications should be read to a fraction of 1/4, 1/5, or 1/10 of a minor scale division. A
magnifier or telemicroscope is very helpful. Ensure that the eye is at the same level as the me-
niscus to avoid parallax errors. Also, when interpolating between scale markings, use the cen-
ter of the markings, not the edges. Refer to Figure 34 below.

Step 4: Emergent Stem Correction
Emergent stem corrections are required when proper immersion cannot be achieved because
either the bath lacks sufficient depth or proper immersion would prevent viewing of the UUT
scale. These corrections are based upon the difference between the temperature that the stem
should have been (the calibration temperature) and the actual temperature of the emergent
stem, the emergent length (in scale divisions), and the expansion coefficients of the thermo-
metric liquid and glass stem. The emergent stem temperature must be measured. Usually, this
is accomplished with a special LIG thermometer called a faden thermometer. This is a LIG
thermometer with a very long bulb designed to measure the average temperature of the emer-
gent stem. The thermometer is placed in close proximity to the UUT with the bulb extending
the length of the emergent stem. Faden thermometers are available with various bulb lengths.
If a faden thermometer is not available, normal thermometers can be used. Two will be re-
quired, one is placed at the bottom and one is placed at the top of the emergent stem. The
mean temperature is used for the calculation.

The calculations are as follows:

Stem correction k n t t= ⋅ −( )
1

(15)

Where: k = differential expansion coefficient for thermometric liquid in
the particular type of glass of which the thermometer is made.

n = length of emergent stem (in degrees)
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t1 = temperature of the bath
t = mean temperature of the emergent stem

For example, suppose the observed reading in a 85°C bath was 84.76°C and the thermometer
was immersed to the 20°C mark on the scale so that 65°C of the column projected into the air,
and the measured temperature of the stem was 38°C, then

Stem correction = ⋅ − =000016 65 85 38 049. ( ) .

Corrected temperature = + =8476 049 8525. . .

Regulatory Requirements

Regulatory bodies place requirements on thermometer performance and testing methods
which often increase the complexity of calibration. The goal of these bodies is to standardize
calibration techniques and improve the quality of the final result. The American Society for
Testing and Materials (ASTM) exists to aid in this effort. For decades, it has created, re-
viewed, modified, and tested countless standards regarding all forms of industrial supplies and
methods. Among the body of standards are comprehensive guidelines for liquid in glass, plati-
num resistance, and thermocouple thermometer performance and testing. Rather than dupli-
cate this work, most US industries and regulatory bodies specify compliance to ASTM
standards. Some of these industries are: automotive industry, aerospace industry, defense in-
dustry, pharmaceutical industry, public utilities, food producers, and countless others. Regula-
tory and standardization bodies include the Society of Automotive Engineers (SAE), Military
Standards (Mil-Std), Nuclear Regulatory Commission (NRC), and the Food and Drug Admin-
istration (FDA), among others. In some cases, duplicate standards are written (such as SAE
standards on thermocouple testing), but these are generally based on ASTM procedures.
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For Celsius Thermometers For Fahrenheit Thermometers

mean temp
(t1+t)/2

k
for “normal”

glass

k for
“borosilicate”

glass

mean temp
(t1+t)/2

k
for “normal”

glass

k  for
“borosilicate”

glass

0°C 0.000158 0.000164 0 °F 0.000088 0.000091

100°C 0.000158 0.000164 200 °F 0.000088 0.000091

150°C 0.000158 0.000165 300 °F 0.000088 0.000092

200°C 0.000159 0.000167 400 °F 0.000089 0.000093

250°C 0.000161 0.000170 500 °F 0.000090 0.000095

300°C 0.000164 0.000174 600 °F 0.000092 0.000097

350°C | 0.000178 700 °F | 0.000100

400°C | 0.000183 800 °F | 0.000103

450°C | 0.000188

Table 12.Values of k for Mercury in Glass Thermometers



The ASTM standards specify the construction methods and minimum performance standards
for thermometers used for specific tests and detail the calibration and testing requirements for
these thermometers. Additionally, some of these standards provide requirements for proper
use of the covered thermometers. If the industry that we or our customers serve answers to one
of these regulatory bodies, our calibrations should comply with the applicable standards. In
some situations, the instruments that we are calibrating are not being used for regulated pur-
poses and compliance is not required. Unless knowledge of this situation exists, it would be
unwise to presume that it is true. These standards are specific technical instructions and proce-
dures, they exist because they are needed. They are not bureaucratic requirements that serve
no real purpose. In some cases, our customers do not even know that these standards exist or
that they must comply with them. It is our obligation to provide guidance and instructions to
aid our customers in these matters. Their success is our success.

Currently, the requirements for PRTs are undergoing review, but specific requirements exist
for LIGs and thermocouple wire and probes.

Liquid-In-Glass Requirements

The ASTM specifies liquid in glass (specifically mercury in glass) thermometers for many
tests. These are known as ASTM thermometers and are numbered according to the test for
which they are intended. These thermometers have specific construction, performance, and
calibration requirements. These requirements include stability, accuracy, and scale precision
parameters which may exceed what we would consider as normal expectations for these types
of thermometers. In order for these thermometers to provide correct results, they must meet
the specifications. If our job requires that we perform calibration of ASTM thermometers, we
should familiarize ourselves with the requirements, and follow the procedures specified by the
ASTM. The ASTM standards which apply to liquid in glass thermometers are:

E1 Specification for ASTM Thermometers

E77 Test Method for Inspection and Verification of Liquid-In-Glass Thermometers

For additional information regarding ASTM requirements, please refer to these documents.

Thermocouple Requirements

The ASTM is widely known for its coverage of thermocouples and thermocouple materials.
The familiar limits of error specifications for thermocouple performance are ASTM specifica-
tions (taken from standard E-230). ASTM thermocouple standards form the basis of thermo-
couple requirements for most US and many foreign based industries. If our job requires that
we perform any thermocouple calibration, particularly if we must certify entire rolls of ther-
mocouple wire, we should familiarize ourselves with the requirements, and follow the proce-
dures specified by the ASTM. The ASTM standards which apply to thermocouple
thermometers and materials are:

E207 Method of Thermal EMF Test of Single Thermoelement Materials by
comparison with a Reference Thermoelement of Similar EMF-Temperature
Properties

E220 Method for Calibration of Thermocouples by Comparison Techniques

E230 Specifications for Temperature Electromotive Force (EMF) Tables for
Standardized Thermocouples
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E235 Specification for Thermocouples, Sheathed, Type K, for Nuclear or Other High
Reliability Applications

E452 Test Method for Calibration of Refractory Metal Thermocouples Using an
Optical Pyrometer

E574 Specification for Duplex, Base-Metal Thermocouple Wire with Glass Fiber
or Silica Fiber Insulation

E585 Specification for Sheathed Base-Metal Thermocouple Materials

E608 Specification for Metal-Sheathed Base-Metal Thermocouples

E696 Specification for Tungsten-Rhenium Alloy Thermocouple Wire

E839 Test Methods for Sheathed Thermocouples and Sheathed Thermocouple
Material

E988 Temperature-Electromotive Force (EMF) Tables for Tungsten-Rhenium
Thermocouples

E1129 Specification for Thermocouple Connectors

E1159 Specification for Thermocouple Materials, Platinum-Rhodium Alloys, and
Platinum

E1223 Specification for Type N Thermocouple Wire

E1350 Test Methods for Testing Sheathed Thermocouple Prior to, During, and After
Installation

For additional information regarding ASTM requirements, please refer to these documents.
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Calibration Techniques

Optimizing Your Calibrations

Introduction

Thus far, we have discussed, among other topics, components of uncertainty and calibration
procedures. The question is: How do these relate to our UUT and how do these items fit to-
gether to ensure an acceptable calibration? The following section deals with these topics, out-
lining different approaches to take. Understanding these concepts is key to arriving at a sound
calibration of which we are sure and that we can justify to others.

Test Accuracy Ratio (TAR)

Description

A test accuracy ratio (also known as a test uncertainty ratio) is a method of expressing the un-
certainty of a measurement in a way which relates the calibration uncertainty to the rated ac-
curacy of the UUT. This method of expression is the preferred method for most applications
and has been specifically stated in most of the recent quality assurance (QA) programs that ap-
ply to metrology (including the current ANSI/NCSL Z540-1). However, this method is contro-
versial in primary metrology circles and is generally not accepted by measurement scientists.
They argue that it is no substitute for proper, thorough uncertainty analysis and that it is sim-
ply a way to cover up blunders. This argument may have merit but accuracy ratios are here to
stay and are widely relied upon outside of these top echelons of metrology. Measurement sci-
entists do not trust, nor do they depend upon instrument specifications. It is, therefore, not sur-
prising that a method of evaluation which is based, in part, upon instrument specifications is
objectionable to them. For the most part, they investigate the actual performance of an instru-
ment and use this data in the ensuing uncertainty analysis. This is the purest form of determin-
ing the quality of a measurement but is not practical in many situations. It was because of the
complicated, time consuming nature of uncertainty analysis, and the need for a realistic ap-
proach to measurement quality that the test accuracy ratio was conceived.

Background

One might wonder where the 4 in the 4:1 standard came from, and how it relates to the statisti-
cal concepts in true uncertainty analysis. In the late 1950s and early 1960s, the US military
(specifically, the US Air Force), began a comprehensive calibration program. The scientists
and statisticians involved in the development set guidelines pertaining to calibration accuracy.
At the highest measurement levels, they specified true uncertainty analysis, however, they did
not feel that these techniques were warranted for simply verifying whether or not an instru-
ment met its performance criteria. They pioneered theTARconcept for these circumstances.
Originally, 10:1 was selected to model a statistical probability slightly exceeding a 3 sigma
limit (99.7% confidence interval). In the early days of industrial metrology (to be differenti-
ated from scientific metrology) it was not difficult to achieve a 10:1 TAR. Over the years,
measuring and test equipment has improved in accuracy. Accuracy of instruments that are in
common use in the field today far exceed the measurement standards of yesterday. The meas-
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urement standards have improved also, but not at the same rate. As a result, the requirements
have been relaxed. The 4:1 TAR is the accepted standard today and more closely models a 2
sigma limit (97% confidence interval). For most applications, this is considered a reasonable
compromise.

For the past two decades, conventional QA programs have required a 4:1 or better TAR. Some
of these programs are: the programs within the US military, Mil-Std 45662 & Mil-Std 45662A
(for military contractors), US Code 10 CFR 50-21 (for the nuclear power industry), Interna-
tional Standards Organization (ISO) Guide 25, and the American National Standards Institute
/ National Conference of Standards Laboratories (ANSI / NCSL) Z540 (for all calibration
laboratories). The ANSI/NCSL Z540 is the current program and was written specifically to
satisfy the ISO requirements. This program has been adopted by many US industries and has
superseded almost all existing programs. Some sectors of the community have not yet ac-
cepted this standard, but in time, they probably will. The statement from the Z540 addressing
the TAR (paragraph 10.2b) states:

“The laboratory shall ensure that the calibration uncertainties are suffi-
ciently small so that the adequacy of the measurement is not affected.
Well defined and documented measurement assurance techniques or un-
certainty analyses may be used to verify the adequacy of the measure-
ment process. If such techniques or analyses are not used, then the
collective uncertainty of the measurement standards shall not exceed
25% of the acceptable tolerance (e.g., manufacturer’s specifications) for
each characteristic of the measuring and test equipment being calibrated
or verified.”

This paragraph suggests that proper uncertainty analysis is recommended, but application of a
4:1 TAR is acceptable. In reality, most choose the TAR route when possible because uncer-
tainty analysis is complicated, time consuming, and simply is not practical in many cases. In
its simplest form, the test accuracy ratio is the ratio between the rated accuracy of the UUT
and the collective uncertainty of the measurements standards. For example, if the UUT has a
rated accuracy of 0.050°C at 100°C, and the collective uncertainty of the measurements stan-
dards was 0.010°C at 100°C, the TAR would be 5:1. That is, the uncertainty of the measure-
ment standards is 5 times better than the accuracy of the UUT. In this example, the 4:1 TAR
requirement has been satisfied. There are several approved techniques for combining the un-
certainty of the standards to arrive at a calibration uncertainty. These will be discussed in the
section on measurement uncertainty.

Application

When an instrument is calibrated, errors in the measurement standard are transferred to the
UUT. This reduces the measurement accuracy of an instrument in real terms. For example,
with a 4:1 TAR, measurement errors can actually approach 125% of the UUTs specification
(100% from the UUT to the measurement standard and 25% from the measurement standard
to reality). Errors would approach 120% and 110% for TARs of 5:1 and 10:1 respectively. Our
actual accuracy is not what it seems. Since 4:1 is the accepted ratio, any technique that models
the 125% absolute accuracy should be acceptable. Additionally, the real accuracy is reduced
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with each transfer. Table 13 below shows the propagation for several TAR values using simple
summation (worst case) results.

In some cases, even a 4:1 ratio cannot be achieved. Must we accept the reduced confidence in-
terval, or can we apply the concept above to improve the situation? We can reduce the calibra-
tion tolerance for the UUT to compensate for the <4:1 condition. Consider the following
expression:

U U U U
t x s x

= − − ⋅( . )025 (1)

or

U U U
t x s

= ⋅ −125.

Where: Ut = new test tolerance
Ux = UUT specified accuracy
Us = calibration uncertainty

For example, if the UUT was rated at 0.055°C and the calibration uncertainty was 0.020°C,
the TAR would be 2.75:1. We could accept the reduced confidence interval or recalculate the
test tolerances as follows:

U
t

= ⋅ ° − °125 0055 0020. . .C C

U
t

= °048. C

Reducing the calibration tolerance from 0.055°C to 0.048°C would model the confidence in-
terval of a straight 4:1 TAR. Three precautions to consider: First, if the UUT belongs to a cus-
tomer outside of your organization, or if you do not have authority to modify calibration
tolerances, receive proper approval before using this technique. This technique is approved by
the NCSL but is considered a variation and a waiver from the customer may be necessary.
Second, if the UUT is marginal in performance, reducing the calibration tolerances may lead
to an increase in out of tolerance conditions which are not due to the UUT itself. Consider the
above example, if the UUT is at +0.050°C. It would be in tolerance with a 4:1 TAR but out of
tolerance with the reduced calibration tolerance. Best results are obtained when this method is
only used with instruments which are expected to pass with the reduced tolerances. Finally,
use this technique only when it is very difficult, very expensive, or simply impossible to
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TRANSFERS ACCURACY RATIOS

1:1 2:1 3:1 4:1 5:1 10:1

1 2.0 1.5 1.33 1.25 1.2 0.1

2 3.0 1.75 1.44 1.31 1.24 1.11

3 4.0 1.88 1.48 1.33 1.25 1.111

5 5.0 1.97 1.5 1.33 1.25 1.11111

Terminal 8 2.0 1.5 1.33 1.25 1.1118

Table 13.Propagation for several TAR values.



achieve a straight 4:1 TAR. Do not use this technique if it is merely inconvenient to achieve a
4:1 TAR. For example, there is no reason why a 4:1 TAR cannot be achieved in the example
given above. The measurement uncertainty would have to be 0.0135°C or less. This may be
challenging, but is certainly achievable without difficulty.

Error Budgeting

Description

An error budget is an analysis tool used to help determine how the uncertainties of a measure-
ment fulfill the TAR before the measurement is even undertaken. The name is somewhat of a
misnomer, it should be called an uncertainty budget, but the name has been around for years,
so that is how we refer to it. As the name implies, this tool is a budget like any other budget.
In a conventional budget, we start out with a sum of money and have portions allocated to in-
dividual expenses. The total of the allocated expenses must not exceed the sum of money
available. If it does, we go over budget and either have to reduce costs elsewhere or get more
money. We are constantly hearing of cost overruns pertaining to government projects. Usually,
the contractor who has the project has some form of built in protection in the contract and can
rely on receiving more money from the government if he exceeds the budget. In industry, our
budgets are more concrete. The money runs out when the money runs out. An error budget
should be viewed in this manner.

For example, consider a laboratory improvement project. We made a good case to manage-
ment and were allocated 75K to improve the facilities and purchase some additional capital
equipment. We already have a tentative budget (or we would not have known the level of
funding required), so spending the money will not be a problem. However, very seldom do we
get exactly what we ask for and we must trim back our plans to spend what we have and get
the most benefit. Our original budget looked like this:

ITEM COST

New Environmental Controls 25,000

New Furniture and Workbenches 5,000

Pentium MMX Computer with Laser Printer 3,800

1 High Precision DMM 8,000

1 Precision Digital Oscilloscope 6,000

1 Universal Calibrator 9,500

1 Precision Frequency Counter 4,000

2 SPRTs with Fixed Point Calibration 9,500

2 Triple Point of Water Cells 1,990

1 TPW Cell Maintenance Bath 9,100

TOTAL 81,890

We are $6,190 over budget, not bad. We have three options to pull in the project. (1) Remove
some of the items, (2) Try to negotiate lower prices for some of the items, and (3) Go back to
management and get more money. We have the potential to solve our problem with any one,
or a combination of these three approaches. How we eventually reduce the total to acceptable
limits depends upon our priorities and the degree of difficulty to apply each option. Error
budgeting is the same exercise only with instrument accuracy requirements and measurement
uncertainty instead of money.
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Application

When we evaluate our calibration requirements, a straightforward budget approach is very ef-
fective. We look at the instrument specifications, the desired TAR, the resulting maximum al-
lowable measurement uncertainty, and each individual component of that uncertainty and
create our budget. Consider the following example.

REQUIREMENTS RESULTS

UUT is a digital thermometer rated at 0.05°C

Desired TAR = 4:1

Maximum allowable measurement uncertainty = (0.05°C)/4 = 0.0125°C

INDIVIDUAL UNCERTAINTY COMPONENTS

SPRT calibration accuracy = 0.005°C

Reference readout accuracy = 0.005°C

Bath Stability = 0.003°C

Bath Uniformity = 0.003°C

TOTAL UNCERTAINTY (LINEAR ADDITION) = 0.016°C

We are over budget. We need to apply one of the three approaches outlined above to bring us
within budget. (1) Can we eliminate any of the components from the total measurement uncer-
tainty? Since this a straightforward comparison calibration, all listed components are present
and must be considered. There is no method that we can substitute that will totally remove the
effects of any of these components. Unfortunately, this is not an option. (2) Can we reduce the
effects from any of the individual components to bring our total down? Yes, at a cost. We
could have our SPRT calibrated more precisely (by fixed point rather than comparison) at a
higher cost. We could purchase a better readout or bath with improved specifications to reduce
the contribution from these sources. Perhaps we could use an equilibration block to improve
the stability and uniformity at a cost of reduced flexibility in our process. Since we are so
close to meeting our requirements, one or two of the above would bring us in. We would have
to look at the relative costs to make our decision as to how to proceed. (3) Can we increase
our allowable total measurement uncertainty? Possibly, depending upon laboratory policy and
customer requirements. The first option is to recalculate the TAR based upon the situation and
determine if this is acceptable. With our numbers, this would calculate as follows, 0.05°C /
0.016°C = 3.125. TAR of 3.125. The second option is to reduce the calibration tolerance to
model 4:1 TAR as shown in the application section above. With our numbers, this would cal-
culate as follows.

U
t

= ⋅ ° − °125 0050 0016. . .C C

U
t

= °0046. C

If the UUT is likely to pass with this reduced calibration tolerance, and this approach is within
our company policy and acceptable to our customer, this could also be an option.
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Our example was straightforward. This exercise becomes more complicated as the measure-
ment process becomes more complex, and some calibration methods are not represented by
linear addition as shown in our example. However, this method will work in these situations
as well and it is a very effective tool for approaching a calibration to ensure good results.

Uncertainty Analysis

Measurement Error

All measurements have error. In the context of measurement, error is the difference between
the measured value and the true value. Shown algebraically below:

measurement error measured value truevalue= −

Since all measurements have error, the true value is unknown and unknowable. Therefore, the
measurement error can only be estimated. Traditionally, measurement professionals have di-
vided error into two types: random and systematic. Random errors are errors that arise from
variations in the process from one measurement to another. The causes are continuously fluc-
tuating. These errors are present as a “scatter” around the mean value of the measurement.
This scatter may reflect changes in the process or changes in the quantity being measured.
Systematic errors are generally considered as those resulting from instrumentation calibrations
or other physical phenomena which remain constant during the measurement process. These
errors are present as a bias in the measurement, and, if known, can be corrected for.

Uncertainty

Since a measured quantity can never be known without error, to be of any value, the reported
quantity must include an estimate of the measurement error present. This estimate is called the
uncertainty of the measurement. The uncertainty is the band around the measured value within
which the true value is expected to lie. The objective of a measurement is to determine a value
for the quantity being measured. The uncertainties are an expression of the quality of this de-
termination. The degree to which that quantity has been determined is reflected in the state-
ment of uncertainty. The smaller the uncertainty, the better the measurement. The magnitude
of the uncertainty and the precision of its estimate play a vital role in the overall quality of a
measurement. The importance to a laboratory of proper uncertainty analysis cannot be over-
emphasized.

International standardization bodies have recently modified the method by which we analyze
and state measurement uncertainties. Previously, uncertainties were classified into random and
systematic. These categories suggest that weknow where the uncertainties originate.In actu-
ality, we do not know where they originate, we only know how they appear to manifest them-
selves. The current technique does not attempt to classify the uncertainties based on where
they originate, only onhow they are evaluated.Thus, the issue of where the uncertainty is
thought to have originated may suggest a course of analysis, the method of analysis itself is
what will determine its classification. The two classifications are: Type A, those evaluated by
statistical methods, and Type B, those evaluated by all other means. An uncertainty arising
from a measurement instrument can be evaluated statistically as a type-A, or its accuracy after
calibration can be propagated and evaluated as a type-B, whichever seems more appropriate
under the circumstances. Either method, if done properly, is correct. After the uncertainties are
evaluated, they are combined, expanded (by a coverage factor, similar to the “sigma”
number), and reported. The remainder of this section will address these issues.
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Statistical Uncertainties - Type A Evaluation

In resistance thermometry, the uncertainties generally evaluated statistically are: 1) repeated
measurements of the check standard(s), 2) switch or multiplexer noise, and, 3) the precision of
the mathematical expression used to relate resistance to temperature. Other uncertainty
sources can be evaluated statistically, such as readout linearity, self-heating effects, and effects
due to the calibration medium.

Check Standards

A check standard provides a means of characterizing the behavior of a measurement process
by way of repeated measurements of the same artifact, combination of artifacts, or instrument
over a substantial period of time and over fluctuating environmental conditions. The instru-
ment chosen as a check standard should be similar in type, design, and quality to the instru-
ments that are normally calibrated in the process being analyzed. For example, in the
comparison processes, SPRTs, PRTs, and thermistors are used as check standards in each of
the respective processes. In the fixed point process, high quality SPRTs are used as check stan-
dards. For the results to accurately represent the UUTs, the check standard should be meas-
ured as if it were a UUT. It should not be treated differently. Also, the check standard should
be included in each calibration run.

After the measurement, the data is converted to the unit to best represent the process and plot-
ted on a control chart. The unit to plot depends on the process. For example, in the PRT com-
parison process, the resistance of the check standard is plotted. In the fixed point process, the
resistance ratio (W) and the resistance at the triple point of water (RTPW) of the check stan-
dard are plotted. The measurement data are plotted against the vertical axis and the measure-
ment sequence along the horizontal axis. After a sufficient number of data are collected, the
sample standard deviation can be calculated. The check standard standard deviation is one
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component of uncertainty evaluated statistically. This is denoted asUa1. It is important to un-
derstand that for the standard deviation calculated from the check standard data to represent
the uncertainties of typical UUTs, the check standard has to model the behavior of the UUTs.
If our check standard was more stable than the UUTs normally calibrated in the process, the
standard deviation calculated from our data wouldunderestimatethe variability in the process
as it relates to the UUTs. In this context, the UUTs are an integral part of the process.

The control chart is used primarily as a graphical representation of the process. The process
parameters calculated from the data describe the process. The control chart, on the other hand,
will illustrate drift, random behavior (a positive attribute), structure (a negative attribute), and
outliers. Each of these features has significance in the process. Examples of control charts for
both the comparison and fixed point process are shown in Figure 35.

At first, the process parameters are considered preliminary. Each successive data point will
cause a change in the calculated process parameters. Unless a major change occurs, do not re-
calculate the uncertainty based on the more recentUa1. Allow a sufficient period of time to
pass for the process to mature. During this period of time, pay very close attention to the con-
trol chart. (This will be discussed in more detail later.) After a year or so, sufficient data
should have accumulated to allow the process parameters to be updated.

Multiplexer Noise

Every switching system has noise associated with it. This noise is easily evaluated statistically
in one of two ways. First, the data can be captured as an inherent component of the check
standard data. If the check standard is moved from one switch position to another in a some-
what random manner from calibration run to calibration run, differences in the switch posi-
tions will be included with the check standard data. The second method is required if the
check standard cannot be moved from position to position or if the switch is “hardwired” to
standard resistors or specific calibration bath positions (thus being associated with specific
temperatures). In either of these cases, the switch must be tested by itself. The switch manu-
facturer can suggest a technique which is appropriate for the switch in question. In some
cases, the switch might have characteristics that suggest that it should be tested individually.
Again, the manufacturer can offer guidance in this matter. If the switch is tested individually,
the result would be denoted asUa2. Since the noise is related to components that age and dete-
riorate, the test should be repeated at regular intervals.

Function Analysis

The mathematical relation that is used to describe the behavior of the UUT does not model the
behavior perfectly. There will be some error. Usually, the scientific body or individual re-
searcher who provided (or suggested) the model will also provide an analysis of the fit. The
description of the analysis as well as the result is generally available. Under almost all circum-
stances, this evaluation was carried out using statistical techniques. If the analysis is consistent
with our use of the model, the results will represent the errors in our fitting as well. If our use
of the model differs in some way, we may have to perform the evaluation ourselves, using our
process. For example, the ITS-90 functions were established to fit SPRTs. Many researchers
have studied the performance of these equations as they relate to real SPRT behavior. We
would be fairly safe in assuming that the results represent the behavior of our SPRT as well.
If, however, we use these functions to model the behavior of secondary-PRTs, the analysis
would not represent our use. Under these circumstances, we would have to perform an evalua-
tion ourselves. An example of such an analysis is provided in reference 3. We would denote
this component asUa3.
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Other Type A Analyses

Statistical techniques are generally the preferred method by which to analyze uncertainties.
This is true because the techniques are straightforward and very little guesswork is required.
For this reason, any uncertainty component that can be evaluated statistically usually is. The
following are some examples. If used, these would be denoted asUan.

Readout Linearity

Most of us have our readout calibrated and use the manufacturer’s specification for accuracy
or linearity as the component of uncertainty arising from this source. This would be a type B
evaluation. However, readout linearity can be evaluated statistically if a process is established
for it. NIST uses this method for the bridge in the NIST SPRT laboratory. This is a satisfactory
method of analysis for instrument uncertainty if performed correctly. Most commercial labora-
tories do not choose to analyze instrument uncertainty in this manner.

Errors From Self-Heating

PRTs self-heat as a result of the current passing through them. If a measurement process in-
duces a self-heating situation different than that experienced in actual use, an error will result.
It may be possible to evaluate this error statistically. For example, in our laboratory we use the
direct comparison technique with a readout and multiplexer. The current is always flowing
thorough the standard SPRT, but it is only flowing through the UUT during the time when the
UUT is switched in the circuit. We can consider this a “duty cycle” with a period of 1/n, where
n represents the number of UUTs. In a four UUT situation, the duty cycle would be 0.25 or
25%. The current is passing through each UUT 25% of the time. To analyze this statistically,
we might perform a series of experiments where we increase the number of UUTs in steps
from 1 (duty cycle of 100%) to the maximum for our multiplexer (10, duty cycle of 10%). We
would then determine the differences statistically and include this in our uncertainty analysis.
This should be repeated at various temperatures and in the various baths, cryostats, and fur-
naces we use. Included in this evaluation are any components resulting from spurious EMFs
and bath fluctuations.

Errors From The Calibration Medium

If the calibration medium has gradients, it can be evaluated statistically with the check stan-
dard or by itself. For example, in a cryostat with an equilibration block the check standard can
be placed in different reentrant wells for each run. Any gradients would be included in the
check standard data. In a calibration bath, it might be more appropriate and convenient to test
the calibration zone with an SPRT or PRT and determine the gradients explicitly. This data
would be evaluated statistically and included with the other type A results.

Non-Statistical Uncertainties - Type B Evaluation

In resistance thermometry, the uncertainties generally evaluated by methods other than statisti-
cal methods are: 1) standard thermometer (SPRT) accuracy, 2) readout accuracy, 3) calibration
medium uniformity and stability (if not evaluated statistically), and fixed point realization (if a
fixed point process is used). Some of the uncertainty sources evaluated statistically can be
evaluated non statistically as well, if the situation warrants it. The uncertainties evaluated in
this manner are converted to a “‘standard deviation’-like quantity” to make combination of all
uncertainties easier. Reference 1 discusses the foundation for the conversion in detail. Under
most circumstances, this quantity is assumed to be represented by a rectangular distribution.
That is to say, the probability that the value will be at any position between the limits is 100%.
The value is calculated by the expression below, whereUb is the result anda is the limit given
by the instrument specification or the uncertainty from the Report of Calibration.
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a

b
=

3

SPRT Accuracy

The Report of Calibration for the SPRT should state the uncertainty of the calibration at each
defining fixed point or each approximation point. The propagation of errors of the ITS-90
functions have been published in a number of sources and copies are easily obtained. (Propa-
gation will be discussed later.) From this data, the uncertainty resulting from the SPRT at any
temperature within its calibrated range can be easily determined. Most calibration laboratories
use a coverage factor of 2 when stating the total “Expanded Uncertainty.” The value deter-
mined above must be reduced before inclusion in our total uncertainty (we will expand our to-
tal later).

Readout Accuracy

The readout accuracy is specified by the manufacturer. If we subject our readout to periodic
calibration (as we should), it is appropriate to use the manufacturer’s specifications in our
evaluation. It is important that we understand the specification and do not leave any compo-
nent out of our calculations. Many national laboratories and some independent or commercial
laboratories choose to determine the “real” accuracy of the instrument under process condi-
tions. This is an excellent method and should be considered. However, most commercial labo-
ratories, due to quality control requirements, are required to use the manufacturer’s
specifications. Although this is not the purest method, it is widely used and accepted.

Calibration Medium Uniformity

Oftentimes, the calibration bath, furnace, or cryostat is specified by the manufacturer for sta-
bility and uniformity. These specifications can be included in the same manner as the readout.
However, in many cases, it is advantageous to analyze the calibration medium statistically and
include it in the type A evaluation.

Total Uncertainty

Each component of the Type A and Type B uncertainties are combined through either uncer-
tainty propagation techniques or statistical techniques.

In propagation of uncertainty techniques, the effect that an uncertainty in one variable has on
the result is determined while holding the other variable(s) constant. Each variable in the
mathematical model is thus evaluated. For example, the value of a resistor can be calculated
by measuring both the voltage drop across the resistor and the current through the resistor. The
uncertainty in the voltage measurement willpropagateto the result. Similarly, theuncertainty
in the current measurement willpropagateto the result. The propagation relation is deter-
mined by the relationship each variable has with the result. Partial derivatives can be used to
perform this calculation. This method is described in detail in reference 5.

The statistical techniques are much more straightforward. The most common method of com-
bination is the “root-sum-of squares” (square root of the sum of the squares) or RSS method.
In this method, each component which has been estimated as a standard deviation is squared
and summed with the others. This method assumes independence between variables. Covari-
ances (lack of independence between variables) must be considered and accounted for when
using this method. For example, consider the resistance measurement mentioned above. If the
same DMM was used to measure both the voltage drop and the current flow, there would
clearly be a linkage between the measurements. A covariance would exist. Similarly, if two
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DMMs were used, but both were calibrated by the same standard calibrator, a covariance
would exist. The former would result in a stronger covariance than the latter. In situations
where covariances exist, they must be determined and included. If this is not possible, the
non-independentcomponents should be summedlinearly.

TheUa andUb, once summed, are referred to as the “Standard Uncertainty.” These compo-
nents must be combined into a final “total” uncertainty. This is designated as the “Combined
Standard Uncertainty.” This quantity is taken to represent the estimated standard deviation of
the result. It is obtained by combining the individual standard uncertainties (Ua andUb) using
the usual method for combining standard deviations, the RSS method. The combined standard
uncertainty is usuallyexpandedby the multiplication of a coverage factor (k) to increase the
level of confidence. In most national and commercial laboratories, the value of 2 has been
chosen fork. Once this has been done, the result is the “Expanded Uncertainty,” and is the un-
certainty reported for our measurement. Two examples of uncertainty evaluation are included
in Appendix A.

SPC

Statistical process control when applied to metrology, is a technique used to determine if the
calibration process is behaving predictably. That is, that the process is behaving as our statisti-
cal parameters say it is. Each check standard measurement is subjected to a statistical test for
control. The outcome of that test is used as a mechanism for accepting or rejecting the results
of the measurement process. During the initial stages of the process, when it is being charac-
terized and is not yet “in control” the statistical process parameters are being established . The
control chart can be used as a visual aid in assessing the progress. It will provide a visual indi-
cation that all is well or that something is wrong long before the numbers themselves appear
to reflect a pattern. Once the process is mature, the control chart is used as a visual indication
of the “health” of the process. Some process phenomena are very difficult to detect without
the aid of the control chart. Structure (sine-wave-like curve) and frequent outliers are some ex-
amples. There are several good computer applications which can be of use in maintaining the
control chart and calculating the check statistic mentioned earlier in this paragraph. It is im-
portant to be disciplined in the taking of data and in maintaining the control chart. More detail
about this topic can be obtained from reference 2.
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Calibration Techniques

Mathematics

Introduction

The main equations used for fitting PRTs and thermistors were introduced in the section on
common calibration techniques. Here we will show the steps necessary to actually fit the data
to these equations. As mentioned previously, data fitting is an exercise in simultaneously solv-
ing equations which contain the calibration data. There are several approaches to this exercise.
The two most common methods are the least squares method and iteration. The least squares
technique is a statistical curve fitting technique which is used to find the best curve for a set of
data. It is very effective and quite accurate. Iteration is a technique used in software applica-
tions and computer programs where guess values (or seed values) are substituted for the un-
knowns and the software computes solutions while adjusting the unknowns until convergence
occurs. Since complete convergence seldom occurs, the computer program must be told when
the answer is good enough by being given tolerances. It will stop computing when coefficients
are found which satisfy the tolerances. Both of these techniques are effective and will provide
approximate, and usually very accurate, solutions. The third technique uses matrix methods to
simultaneously solve the equations. This technique is especially effective and alwaysprovides
the best solution possible with the given set of data. Iterative and least squares methods are de-
scribed in detail in many publications so we will not illustrate them here. The following exam-
ples detail the step by step procedures using matrix methods. Examples are provided for all of
the equations described thus far.

ITS-90

The ITS-90 series of functions was created for SPRTs, not for “regular” PRTs. However, it
works very well for these instruments if a couple of precautions are taken. First, fit the data
using more data points then the equation requires. This provides an overdetermined solution
and a means for verification of a good fit through residual analysis. Second, pay close atten-
tion to the magnitude of the residuals, they will differ from probe to probe and from calibra-
tion to calibration. Unlike fitting an SPRT to the ITS-90, fitting a PRT to the ITS-90 is an
inexact procedure and good results are not guaranteed.

The key to a good fit with secondary-PRTs is a sufficient number of data points. In this case
the data points provide necessary information to provide an acceptable fit. It turns out that, de-
pending on the PRT design, one or two extra data points between the ITS-90 fixed-point val-
ues is sufficient. More data will not improve the fit of a “bad” PRT to the point of being
acceptable. Nor will it provide necessary information to significantly improve the fit of a
“good” PRT. Whether one point or two is necessary depends basically on how closely the PRT
“behaves” like an SPRT. Residual analysis will reveal this characteristic. Once we have deter-
mined what is necessary for a given PRT design, we can stick with it as long as the design is
not changed. If the design has been changed without our knowledge, the residuals will in-
crease, telling us that investigation may be prudent.
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Solving for ITS-90 coefficients is straightforward and not difficult once understood. The high
order polynomial reference functions are easily handled by modern computers with double
precision math applications. The deviation functions are simply second or third order polyno-
mials which are solved as a series of simultaneous solutions to sets of equations. Follow the
example below.

1) The following data was obtained for the UUT.

Temperature UUT Resistance

0.010°C 99.96653

156.599°C 160.89476

231.928°C 189.16982

300.000°C 214.15407

419.527°C 256.72668

2) Calculate the UUT resistance ratio (W) and deviation (∆W) at the temperatures.

Temperature
(K)

Measured
Resistance UUT RTPW UUT WT90 WrefT90 UUT WT90

429.749 160.89476 1.6094863 1.6098037 –3.174 E-04

595.078 189.16982 ÷ 99.96653 = 1.8923317 –  1.8927977 = –4.660 E-04

573.150 214.15407 2.1422579 2.1428403 –5.824 E-04

692.677 256.72668 2.5681264 2.5689173 –7.909 E-04

3) Simultaneously solve the set of equations for the coefficientsa andb using matrix
methods.
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For a square matrix (i.e., two unknowns in two equations) the solution would be arrived at
with the following operation:

C Solution Matrix Matrix= ⋅−
2

1

1

Since our matrix is overdetermined (two unknowns in four equations), the following expres-
sion is used:
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C

Solution Matrix Matrix Matrix Matrix

Solut

T T= ⋅ ⋅−( )
2 2

1

2 1

ion = − − −( . . )5358167 1 2030704 9E 04 E 5

The coefficients are: a = –5.3581671 E–04, and b = 2.0307049 E–05

4) Finally, calculate the residuals:

a) Calculate the temperature at each W value with the ITS-90inverse functionsusing the
newly determined coefficients.

b) Subtract the reference temperatures from the calculated temperatures. The result is the
residuals. This is an indication of the precision of the fit and the quality of the data
points. The results from our example are shown below.

Calculated Temperature
(K)

Actual Temperature
(K)

Residuals
(K)

429.7494 429.7490 0.0004

595.0770 595.0780 -0.0010

573.1509 573.1500 0.0009

692.6768 692.6770 -0.0002

Callendar-Van Dusen

The Callendar-Van Dusen equation remains one of the most commonly used equations for
PRT calibrations. It does not provide as precise a fit as the ITS-90 but is considered acceptable
for medium to low accuracy applications. If overdetermined solutions are computed, as de-
scribed in the preceding section on the ITS-90, insight into the precision of the fit can be ob-
tained. The steps are as follows.

1) The following data was obtained for the UUT.

Temperature UUT Resistance

0.000°C 99.96261

156.599°C 160.89476

231.928°C 189.16982

300.000°C 214.15407

419.527°C 256.72668

2) Calculate the UUT resistance ratio (W) at the temperatures.
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Temperature
(°C)

Measured
Resistance UUT R 0 UUT W

156.599°C 160.89476 1.6094771

231.928°C 189.16982 ÷ 99.96261 = = 1.8924258

419.527°C 256.72668 2.5682011

300.000°C 214.15407 2.1424007

3) Simultaneously solve the set of equations for the coefficientsA andB using matrix
methods.

Notes: (1) C = 0 for temperature above 0°C.
(2) The 1 was moved to the left side of the equation for the matrix solution.
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For a square matrix (i.e., two unknowns in two equations) the solution would be arrived at
with the following operation:

C Solution Matrix Matrix= ⋅−
2

1

1

Since our matrix is overdetermined (two unknowns in four equations), the following expres-
sion is used:

C Solution Matrix Matrix Matrix Matrix

Solu

T T= ⋅ ⋅ ⋅−( )
2 2

1

2 1

tion = − − −( )3.9836461 E 03 5.8547918 E 07

The coefficients are: A = 3.9836461 E–03, B = -5.8547918 E–07, and C = 0

4) Finally, calculate the residuals:

a) Calculate the resistance at each W value with the Callendar-Van Dusen equation using
the newly determined coefficients.

b) Subtract the measured resistance values from the calculated resistance values and di-
vide the results by the nominal slope of the curve (0.3925Ω/°C). The result is the re-
siduals. This is an indication of the precision of the fit and the quality of the data
points. The results from our example are shown below.
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Calculated
Resistance ( )

Actual
Resistance ( ) Residuals ( ) Residuals (°C)

160.88752 160.89476 –0.00724 –0.0184

189.17181 189.16982 0.00199 0.0051

214.15996 214.15407 0.00589 0.0150

256.72407 256.72668 –0.00261 –0.0067

Polynomials

Two examples of polynomial solutions are shown below. The first is for a PRT and the second
is for a thermistor. Note how the natural log function is incorporated in the thermistor exam-
ple. The procedure is the same for both solutions.

Example 1: PRT

1) The following data was obtained for the UUT. Note that a 0°C point is not necessary
for polynomial fitting, any desired range can be fitted.

Temperature UUT Resistance

25.0072 110.324

36.9963 115.068

50.0057 120.198

89.9991 135.846

124.9950 149.378

2) Simultaneously solve the set of equations for the coefficientsA, B, andC using matrix
methods.

Note:The temperatures are expressed in Kelvin
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For a square matrix (i.e., two unknowns in two equations) the solution would be arrived at
with the following operation:
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C Solution Matrix Matrix= ⋅−
2

1

1

Since our matrix is overdetermined (four unknowns in five equations), the following expres-
sion is used:

C Solution Matrix Matrix Matrix Matrix

Solu

T T= ⋅ ⋅ ⋅−( )
2 2

1

2 1

tion = ( . . . )32221308 23000810 000100119

The coefficients are:A = 32.221308, B = 2.3000810, C = 0.00100119

3) Finally, calculate the residuals:

a) Calculate temperature values at the measured resistance values using the newly deter-
mined coefficients.

b) Subtract the measured temperature values from the calculated temperature. The result
is the residuals. This is an indication of the precision of the fit and the quality of the
data points. The results from our example are shown below.

Calculated Temperature
(°C)

Actual Temperature
(°C)

Residuals
(°C)

25.0113 25.0072 0.0041

36.9934 36.9963 –0.0029

50.0012 50.0057 –0.0045

90.0042 89.9991 0.0051

124.9931 124.9950 –0.0019

Example 2: Thermistor

1) The following data was obtained for the UUT.

Temperature UUT Resistance

0.0068 29678.58

24.9849 10047.65

50.0243 3904.599

74.9874 1708.684

99.9929 822.5296

2) Simultaneously solve the set of equations for the coefficientsA, B, C, andD using ma-
trix methods.

Note:The temperatures are expressed in Kelvin
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For a square matrix (i.e., two unknowns in two equations) the solution would be arrived at
with the following operation:

C Solution Matrix Matrix= ⋅−
2

1

1

Since our matrix is overdetermined (four unknowns in five equations), the following expres-
sion is used:

C
Solution Matrix Matrix Matrix Matrix

Solu

T T= ⋅ ⋅ ⋅−( )
2 2

1

2 1

tion =
− −
−

1.0218088213E 3 2.3920666017E 4

2.4399776706E 7 1.3718081204E 7−








The coefficients are:A = 1.0218088 E–03, B = 2.3920666 E–04, C = 2.4399777 E–07,
D = 1.3718081 E–07

3) Finally, calculate the residuals:

a) Calculate temperature values at the measured resistance values using the newly deter-
mined coefficients.

b) Subtract the measured temperature values from the calculated temperature. The result
is the residuals. This is an indication of the precision of the fit and the quality of the
data points. The results from our example are shown below.
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Calculated Temperature
(°C)

Actual Temperature (°C) Residuals (°C)

0.0068 0.0068 0.0000

24.9847 24.9849 –0.0002

50.0246 50.0243 0.0003

74.9871 74.9874 –0.0003

99.9930 99.9929 0.0001

Steinhart-Hart

The Steinhart-Hart equation is a variation of the polynomial previously presented. The exam-
ple shown below is defined by three unknowns in three equations.

1) The following data was obtained for the UUT.

Temperature UUT Resistance

0.0101 29400.46

15.0008 14884.61

29.9989 7965.180

2) Simultaneously solve the set of equations for the coefficientsA, B, andC using matrix
methods.

Note:The temperatures are expressed in Kelvin
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Since our matrix is a square matrix (i.e., three unknowns in three equations) the solution is ar-
rived at using the following operation:

C Solution Matrix Matrix= ⋅−
2

1

1

The coefficients are:A = 1.0528049 E–03, B = 2.3891663 E–04, C = 1.3762461 E–07

3) Since the solution was exact, there is no data with which to calculate the residuals.

104 Rev. 850401



Calibration Techniques

Maintaining Your Standards

Introduction

Calibration standards used at the highest echelons of measurement in most fields of metrology
require maintenance to ensure continuing proper performance and accuracy. This is not main-
tenance in a traditional sense akin to tuning up a car, but consists mostly of behavior obser-
vance, performance verification, and tracking. The reference instruments used in primary
temperature calibration are no different. However, unlike most metrological disciplines, in
temperature calibration, this necessity for maintenance reaches down to the secondary level as
well. There are genuine reasons for this: First, many of the instruments and techniques used in
secondary temperature calibration are derivatives of those used in primary temperature cali-
bration and the maintenance requirements are similar. Second, standards used in temperature
calibration drift with time and drift with normal use. This drift will impact the accuracy of the
instrument and should be observed. Third, most reference probes are fragile; any rough han-
dling, cold quenching, vibration, or other seemingly innocuous treatment can cause large
shifts in characterization and will result in calibration errors. Fourth, if any of these problems
exist, they will cause calibration errors which are often transparent to the operator. When the
result of a calibration is a set of coefficients, not a simple comparison of indications, errors
that occur during calibration likely will not be apparent until the calibration is complete, and
then only if specifically checked. Finally, many of the instruments calibrated in a secondary
laboratory are calibrated by characterization with accompanying uncertainties, not simple tol-
erance verification. This places responsibility on the laboratory to ensure that the stated uncer-
tainties are valid. In the case of temperature calibration, this requires that the standards used
are known to be performing properly and within requirements. These points will be covered in
the following section.

Reference Probes

Most platinum reference probes and some thermistors are specified for stability, rather than
accuracy. The level of stability is dependent upon both use and time. In order to ensure contin-
ued performance as required, these probes should be regularly monitored. Fortunately, this is
not difficult, time consuming, nor expensive. The best way to observe the behavior of a refer-
ence probe is to periodically measure the resistance at the triple point of water (Rtpw) and plot
the results on a control chart. The Rtpw will vary some naturally, but large changes will indi-
cate that problems exist. If and when problems do arise, we can resolve them before we pro-
ceed. In this way, calibration errors caused by the reference probe can be prevented. The
characterization of a platinum probe is affected mainly by three phenomena: stress and strain,
cold quenching, and oxidation. Thermistor probes, on the other hand, are both physically and
chemically stable and not affected by these phenomena. However they are not immune to
problems caused by shock, moisture ingress and outright damage. Additionally, both types of
probes, as resistors, exhibit natural aging effects which cause the resistance to drift with time.
We will discuss each of these phenomena individually.
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Stress and Strain

Stress and strain is caused by normal use. As the platinum element expands and contracts with
changes in temperature, or vibrates slightly in calibration baths, tiny deformations occur in
and on the platinum wire. These deformations tend to increase the resistance and the effects
are cumulative. Over a period of time, the resistance at the triple point of water (Rtpw) can in-
crease anywhere from a 0.001 °C to 0.050 °C or more, depending upon the probe and the
magnitude and frequency of the stresses and strains. Related to this is shock. This is a
one-time event which can cause a very large change in resistance. Dropping the probe and tap-
ping it hard are two common causes of shock. Most changes produced by stress and strain are
reversible by annealing (we will discuss annealing later).

Cold Quenching

Cold quenching is caused by rapidly cooling a hot probe. When hot, the crystal structure of
the platinum element is expanded. If the probe is cooled quickly, the structure contracts too
rapidly for the molecules to reorder themselves properly. This results in incorrect crystal ge-
ometry and in what is known as crystal lattice vacancies. Locations in the crystal structure
which should contain platinum molecules are vacant. This also tends to cause an increase in
resistance but the effects are generally reversible by annealing.

Oxidation

Oxidation is the chemical reaction of the platinum with the oxygen in the probe space. Some
oxidation is good and tends to protect the platinum. Too much oxidation will cause an increase
in resistance and measurement errors. There are two phases of oxidation with which we are
concerned: two dimensional and three dimensional. Two dimensional oxidation is surface oxi-
dation. It builds at temperatures between 200°C and 400 to 450°C. Continuous or frequent use
of a reference probe in this temperature range will almost certainly result in formation of a
two dimensional oxidation layer. Three dimensional oxidation on the other hand is in the plati-
num itself, below the surface. It generally forms at temperatures above 400°C and has similar
effects as two dimensional oxidation, but usually to a larger degree. Both types of oxidation
can be removed, or “burned off” by annealing. Therefore, oxidation effects are also reversible.

Shock, Moisture Ingress, and Damage

Thermistors are generally very stable and not affected by the phenomena described above.
However, thermistors are not indestructible. There are three common causes of thermistor
problems: physical shock, moisture ingress, and outright damage. Physical shock usually re-
sults in a broken thermistor element and an open circuit. Calibration errors generally do not
result because the thermistor cannot be used at all. Moisture ingress results when the hermetic
seal is compromised and moisture leaks into the probe. This usually results in a resistance er-
ror caused by shunting and a decrease in effective resistance. The effect can be subtle or pro-
nounced. Damage to a thermistor probe results when the temperature range is exceeded. Either
the thermistor element or the potting compound, or both are damaged. The result is unpredict-
able. None of these effects are reversible. Generally, when a thermistor probe appears unsta-
ble, it requires replacement.

Drift

Drift is a natural occurrence with resistors and can either increase or decrease the resistance of
the probe. Generally, it is a very slow process and does not adversely affect probe perform-
ance. Changes caused by drift are not reversible.
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Annealing

Annealing is a heat treating process which is very effective in removing the problems dis-
cussed above. Normally, SPRTs are annealed before calibration begins to place them in a sta-
ble, baseline condition in preparation for calibration. When changes occur during use,
annealing can usually return the SPRT to that condition, thus preserving the calibration. The
annealing procedure for SPRTs differs depending upon the range of the instrument and the
type of corrections being attempted. Low temperature annealing is done at 475°C to 480°C for
4 hours. High temperature annealing is done at 670 °C for about 1 hour with a slow ramp
down to 480 °C (about 3 hours). When the probe is at 480 °C , it can be removed to ambient.
Particularly stubborn problems can sometimes be removed by repeated annealing or long an-
nealing at the above temperatures. Caution should be exercised to ensure that the maximum
temperature is not exceeded. Refer to the graph below for an example.

Readouts

Most readouts require periodic calibration. In some cases, this will prove sufficient. However,
it is wise to subject the readout to interim checks to ensure that it is performing within specifi-
cations. The Z540 standard suggests this course. Some of these instruments have self check or
self calibration routines while others have zero and unity checks. Many have no self check ca-
pability at all. A few of these instruments have internal standard resistors as well which drift
(although the drift rate is built into the specifications). There are a couple options available
pertaining to readout maintenance which we will describe.

First, for instruments which have legitimate self check capability, routinely perform self
checks and log the results. If malfunctions arise which affect measurement performance, they
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will surface with the self check. Some instruments have self check capability for the digital
portions only. These are of limited value; additional verification is usually required for the
analog portions. Some instruments that have legitimate self check routines do not provide a
written record. However, these instruments generally halt if an error is found or otherwise in-
dicate when a specific test fails. In these cases, logging the date and successful run status
should be sufficient. If an error is indicated, it can be corrected before proceeding. A few of
these instruments can download the self check results to a computer or dumb terminal. If this
is available, it is wise to keep the records in a file.

Second, for instrument with zero and unity features, it is wise to run these checks frequently,
perhaps once a day or before the instrument is used in a specific day. A record of the results
should be kept in a logbook or file. This may seem excessive, however, some of the malfunc-
tions with these types of instruments will result in measurement data which seems correct. The
zero or unity function will usually catch these types of malfunctions.

Finally, there are instruments which have no capability for self check, or which have internal
components subject to drift. These instruments should be checked periodically to ensure con-
tinued accuracy. For example, a readout instrument which has internal standard resistors
should be checked against external resistors periodically. Any failure discovered can be reme-
died before calibrations are impacted. If these steps are not taken, failures discovered during
routine calibration will have impacted an unknown set of calibrations that had been performed
with that instrument.

Temperature Sources

Proper performance of temperature sources is vital to the quality of our calibrations. Instabili-
ties and gradients directly affect calibration accuracy. It is wise to periodically verify that the
stability and uniformity remains within limits. This is particularly important if your laboratory
provides calibrations where uncertainties are quoted. If temperature source performance dete-
riorates, then the uncertainties may be incorrect. Fixed point cells have unique maintenance
requirements (except for the triple point of water). It is recommended that a set of complete
freezing or melting plateaus are recorded at least once a year, starting when the cells are first
put into operation. If the shape (slope) of the plateaus change, there may be a problem to be
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investigated. If available, it is advisable to include one measurement with an SPRT to verify
that the correct temperature is achieved. An example of a complete tin freeze is shown below.

Auxiliary Standards and Instruments

Standard resistors, current sources, decade boxes, and any other auxiliary instruments that are
used in critical measurements should be subjected to periodic verification checks. Records of
performance should be kept on file.

SPC

SPC was introduced in the section on measurement uncertainty. This tool can be used along
with the checks discussed in this section to monitor process performance. Between these two
techniques, any variations in the process will be visible as they arise and can be isolated. If
rigorous attention is paid to the instruments and the process, calibrations will not be compro-
mised.
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Calibration Techniques

Compliance Issues

Introduction

This section will deal with issues pertaining to QA program compliance. The ANSI/NCSL
Z540 is the current industry standard. Since this is the accepted program, and the most com-
prehensive program in use today, we will use this as our model. The purpose of programs such
as the Z540 is to provide procedural guidelines for a laboratory to follow which will ensure
acceptance within the community. Oftentimes, the purpose is forgotten and the programs be-
come complicated, bureaucratic, self serving entities. The goal of the Z540 committee was to
create a program which will satisfy the vague ISO requirements without placing undue restric-
tive stipulations upon the laboratory. They succeeded. The standard is concise, well written,
and thorough, without being overly restrictive or complicated. As a consequence of the varied
community this document is intended to serve, compromises were inevitable. There are some
features which will create difficulties and others which certain readers will feel are too liberal.

This section will discuss many of the aspects of the Z540, and hopefully dispel some of the
myths. Our main text is the document itself, which is contained in the appendix. We will also
go over requirements for calibration reports and tables, and examples will be presented of
each.

ANSI/NCSL Z540

Structure and Contents

The document covers requirements pertaining to the calibration laboratory operation and to
the measuring and test equipment (M&TE) used in the laboratory and calibrated by the labora-
tory. It is divided into three parts, each dealing with general requirements and specific require-
ments pertaining to these subjects. Like most documents of this nature, it has an
accompanying document to help guide in the interpretation of the main document.

The following list delineates the contents of the document, we will be referring to the actual
document for the following discussion.

Calibration Laboratories and Measuring and Test Equipment - General Requirements
1 Scope

2 References

3 Definitions

Part I General Requirements for the Competence of Calibration Laboratories
4 Organization and Quality

5 Quality system, audit and review
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6 Personnel

7 Accommodation and environment

8 Equipment and reference materials

9 Measurement Traceability and calibration

10 Calibration Methods

11 Handling of calibration items

12 Records

13 Certificates and reports

14 Sub-contraction of calibration

15 Outside support services and supplies

16 Complaints

Part II Quality Assurance Requirements for Measuring and Test Equipment (M&TE)
17 General requirements

18 Detailed requirements

Examples

Here we will go over three different Reports of Calibration. The first is for an instrument
which has accuracy specifications and is calibrated using a TAR. The second and third are for
instruments which do not have actual specifications and were calibrated with stated uncertain-
ties. There is a difference between the last two which requires that the difference be included
on the report. Finally, we will show a typical interpolation table to demonstrate table require-
ments.

Example 1: Hart Scientific Model 1575 “Super-Thermometer” Report of Calibration.

Example 2: Typical SPRT Report of Calibration

Example 3: Typical Reference Thermistor Report of Calibration

Example 4: Interpolation Table.
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