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Abstract
Of all the sources of errors and uncertaintiehi@rmal calibration by far the largest source of
error and least understood effect is that of imearsf unit under test, and the reference
standard.
Little is written about this parameter as it is notisidered part of the specification provided
by a producer of calibration equipment, it is tlesponsibility of the user to evaluate the
immersion properties of the sensors being calidrate

In this paper immersion depths are considered imedt liquid baths and in block baths,
where there is an air gap.

Three levels of uncertainties are considered and tiee accuracy required affects the
immersion.

Graphs are presented that easily permit a useaugegthe depth of immersion required.
Practical examples are given.

1. Introduction

It is a fundamental of temperature measurementtémaperature sensors measure their own
temperature, and only when sufficiently immersethis object whose temperature is desired

will the sensor reach that temperature.

The purpose of this article is to develop some Empractical rules to help when immersion
depths are being considered.

2. Reviewing Exigting Literature

The first place to look for guidance is a book eall‘Supplementary Information to the
International Temperature Scale of 1990". It says:-

“A thermometer is sufficiently immersed when thsr@o change in indicated temperature
with additional immersion in a constant temperatarerironment”.

It then goes on to say:

“Although at temperatures above room temperatueeréguired immersion depth initially
increases with temperature, a maximum is reachéehgieratures in the region of 400°C to
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500°C, after which the rapidly rising radial he@nsfer by radiation causes it to fall slightly;
this is on the assumption of the presence of adeduoagitudinal radiation baffles and the
inhibition of radiation piping”.

Next place to look for practical information is tlkecellent book by Nicholas and White
titled “Traceable Temperatures”. Fortunately thesaldwith immersion depths in a very
practical way and are brave enough to put numberhdir descriptions. They say about
immersion depth:

“The general problem occurs because there is antmnts flow of heat along the stem of a
thermometer between the medium of interest anadtitgide world. Since heat can only flow
where there is a temperature difference, the fldwheat is evidence that the tip of the
thermometer is at a slightly different temperatin@n the medium of interest”. This is shown
graphically in figure 1.0.

Heat absorbed by thermometer E _» Heat loss by thermometer

C > [

Temperature profile along
-~ thermometer stem.

Figure 1.0. The flow of heat down the stem of arti@meter causes the thermometer to
indicate temperatures slightly lower than thathaf medium of interest.

A simple model of this effect relates the errorttie thermometer reading to the length of
immersion by:

AT, = (T, - T,. )k €X0 [ DL ]

WhereTsysand Tamp are the system and ambient temperatures respgctives the length of
the immersion,Dess is the effective diameter of the thermometer, &nik a constant
approximately equal to, but less than 1. This dqoatvhich is plotted in figure 1.1 far= 1,

is very useful for determining the minimum immersighich will ensure that the error is due
to stem conduction is acceptable.
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Figure 1.1. The relative temperature er®df} / (Tsys- Tamy)] plotted against thermometer
immersion length in diameters. This graph works Yeglsensors immersed in stirred liquid.

We recognise three useful rules of thumb from itperé:
(i)  for ’industrial’ thermometry we recommend 5 whiater immersion suitable for 1%

accuracy.

(i) for good laboratory thermometry we recommer@ diameter immersion for 0.01%
accuracy.

(i) for best laboratory practice we recommend dBmeter immersion suitable for
0.0001% accuracy.

The length of the sensing element which would ndigmiae a thermocouple junction, a
themistor or a Pt100 element must be added tonimersion since none of the sensing
element should be in the stem conduction gradient.

So there we have it; a formula that gives correstits in a “good stirred oil bath”.
In the above formula we need to increase the imoensith temperature. However if we
take the advice of ITS-90 Supplementary Informatod calculate the depth at 500°C then

this should be adequate for temperatures aboveC500°

Having identified 3 immersion depths for Industrishboratory and Best practice the next
section will deal with each of these in more detail
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3. Industrial Thermometry
Here we can site examples such as a thermowetang block calibrator.

The thermowell is common and often has an outsiaieter to length ratio of about 1:5 i.e.
most industrial installations are designed for ~aé6uracy. They usually perform a little
better than this because the thermowell does notryste into the ambient space as a
thermometer usually would (this gives a k valus Exsn 1.0). The main point of the example
is that we need to think about the outside diameténe 'installation’ and not in terms of the
diameter of the probe within the thermowell.

The dry block calibrator is also a good exampleaidgne has to think about the diameter of
the installation - in this case the diameter of im&erts (that have the thermometer wells
drilled into them) mounted in the controlled spatke diameter is usually about 50mm, and
if you're very lucky you might have an insert with length of 250mm. Typically the
temperature at the bottom of the insert is comblto about 5% so there are large
temperature gradients through the bottom of therinsAnd no matter how thin your
thermometer the immersion errors will normally enihated by the poor immersion of the
insert.

The insert immersion errors can be largely overcaimée standard to which industrial
sensors are being compared is also placed in #etiand if the standard is of similar
construction as the sensors being calibrated.

Sensors in thermowells or dry block calibratorsl wdt absorb and loose heat in the same
way in which they do in a stirred liquid bath andchbdlas and White's figure does not
directly apply.

This is because they assume that they ass@me= 1, which it is for stirred liquid baths.
D

However Pen will be greater than 1 if there is an air gap saslin a metal block calibration
D

bath.

Let me therefore do a second example where we wosltalibrate a 6mm diameter
thermocouple at 500°C above ambient in a metakidi@th to an accuracy of 0.5°C.

m (o B2 e
Tos = Toms 500

Then referring to figure 1.1 | found that foref = D = 1 the minimum immersion is 7
diameters or 42.00mm. However, ifeld = 2D then this would increase to 84.00mm.

What Nicholas & White do not do is to give is figgrof °en for metal block calibrators.
D
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Fortunately at the Northern Temperature Primaryotatory we have evaluated fully many
metal block baths of our own design at various terajures over a number of years. Using
the figure of 0.5°C as a criterion | find in gerleedmost irrespective of the temperature (tests
were conducted at 250°C, 450°C and 650°C) that 8@mmersion was required for a 6mm
type N thermocouple in a 6.50mm hole for stem catida / vertical thermal profile of the

metal block insert to be less than 0.5°C, thusiomitig a figure of Pen = 2.
D

For industrial platinum thermometers we must adouad 40mm for the sensor making
120mm. However we need greater accuracy than Wwéhrtocouples (say 0.05°C) thus we
need to immerse a further 25mm, making a totak&imm of immersion.

Thanks to the combined efforts of the above authasspossible to generate some rules that
are truly practical. We can use figure 1.1 forretir liquid baths and figure 1.2 for metal
block baths with small air gaps.
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Figure 1.2. The relative temperature er®df} / (Tsys- Tamy)] plotted against thermometer

immersion length in diameters, whePen = 2, such as a dry block calibrator.
D

Most good quality portable metal block baths hawenersions of around 150mm. However
as can be seen from the above as the diametee sétisor to be calibrated increases we need
greater immersions or we must reduce the accuriatyeaalibration.
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4, Laboratory Thermometry

Here we can take the example of a stirred liquith bad use the figure 1.1

Example

Determine the minimum immersion for a 4mm diamedeeathed thermometer with the
detecting element occupying the last 40mm of theah The measurement should have
immersion errors of less than 0.01°C for tempeestup to 100°C.

First we determine the relative accuracy in thesueament as:

AT _ 0.01 < S
| T T |~ 70020~ O01%
Then, referring to figure 1.1, we find that the mom immersion is a little more than|9
diameters. To be conservative we will immerse tierhometer to 10 diameters beyond the
detector element, i.e. 80mm total immersion. Teamditers is a useful rule-of-thumb for
accurate thermometry (~+0.01%). Five diametersnawee typical of industrial thermometry
(~+1%).

5. Best Laboratory Practice

The most exacting measurements made are the StaRtdimum Resistance Thermometers
in Fixed Point Cells.

The immersion of the thermometer in the metal &f tixed point cell is only 160mm to
200mm and an SPRT may require 300mm immersion.d@woi$ it that the most exacting
measurements in the World are made in the cells b#tantly lack of immersion depth?
The answer is simply that the temperature, abowec#i and for a further 200mm is within,
typically, 0.5°C of the cell itself thus the temature _gradienis only 0.5°C. This reduces the
immersion depth required.

For example take a Zinc cell, with 200mm immersion.

Tamb‘ T2 = 400°C

If ATm required is 0.0001°C

Then we look at%0991 or about 32 diameters + sensing length. (Fromréigui2 since the
400

thermometer is in an air gap)
Now consider Tnp- T2 =0.5°C

Now the measurement becon&®291 = 0.0002 or only 16 diameters + sensing length.
05

A saving of 128mm of immersion for an 8mm diam&eRT.
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So in this example the depth of immersion requidaccurate measurement is decreased
because the temperature difference between thentimeeter in the cell and in the apparatus
just above it is small, typically 0.5°C.

6. Discussion

The above review shows ways of predicting the insmer depth required for various
temperature sensors at various temperatures aratyhg diameters.

The practical figures should enable the readereiteb design an industrial installation or
select calibration equipment.

One word of caution however the above is a guidg. drhere are always exceptions, so
follow Nicholas & White’s advice:

"In all cases where immersion errors are suspedtes a very simple matter to vary the
immersion depth by one or two diameters to seehéf reading changes. As a crude
approximation about 60% of the total error is elrated each time the immersion is
increased by 1 effective diameter”.
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