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Traceable thermometry for high value
manufacturing: some case studies
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Introduction NPLE

National Physical Laboratory

= Better efficiency implies better temperature control
= Better stability, lower uncertainty
= Traceability to the SI

= EMPRESS 2
* Phosphor thermometry
 Thermocouples
« Combustion/flame thermometry
* Fibre-optic thermometry

» Practical Johnson noise thermometry



7%

Don't know

3%

No, there is no crisis

IS THERE A

REPRODUCIBILITY
CRISIS?

A Nature survey lifts the lid on
how researchers view the ‘crisis’

rocking science and what they
think will help.

BY MONYA BAKER

52%

Yes, a significant
crisis

1,576
RESEARCHERS SURVEYED

Nature Vol. 533 26 May 2016 p. 452

HAVE YOU FAILED TO REPRODUCE
AN EXPERIMENT?

Most scientists have experienced failure to reproduce results.

® Someone else’s @ My own

Chemistry .

Biology |

Physics and
engineering |

Medicine |

Earth and
environment |
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COMMENT

CLIMATE Al Gore’s second film ECONOMICS Das Kapital REPRODUCIBILITY Enforce CONSERVATION The many ways
joins distant dots in our reappraised for these deposition and sharing of to judge a species’ value toan
‘warming world p.400 tumultuous times p.401 research materials p.403 ecosystem pA03

Ground-based measurements of light bouncing off deserts can be used to calibrate satellits

ity and improve climate modelling.

Metrology is key to
reproducing results

Scientists of all stripes must work with measurement experts so that studies can be
compared, urge Martyn Sené, Ian Gilmore and Jan-Theodoor Janssen.

needs to know how much carbon is

stored in the South American forest.
On-the-ground data in this area are slim.
So when you come across two recently pub-
lished maps of surface biomass, both made
using the exact same satellite data, you think
it’s your lucky day. Unfortunately, these

Imagine you are a policymaker who

maps differ in their estimates of biomass by
about 20% across the continent, and by even
more on a local level. Which map, if either,
can you trust'?

Many column inches have been dedi-
cated to discussing this ‘reproducibility
crisis’ in scientific research. Researchers
are rarely incentivized to try to replicate

results, and when they do, those results
often don't match?,

Little attention has been paid in these
discussions to how metrology can help.
Metrology is the science of measurement:
practitioners develop internationally agreed

fe points so that ofany-
thing from length or mass to radiation »

27 JULY 2017 | VOL 547 | NATURE | 397

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Nature Vol. 547 27 July 2017 p. 397



Introduction

We can only answer
guestions like this if
we can trace the
measurement back to
universal reference
standards

In the case of
temperature, this
means traceability to
the Sl unit, the kelvin

Image: NASA



* EMPRESS 2
* Phosphor thermometry
 Thermocouples
* Combustion/flame thermometry
* Fibre-optic thermometry
* Practical Johnson noise thermometry



Enhancing process efficiency through improved
temperature measurement - EMPRESS2

EMPRESS 2 SR Lot BZ Bl

TEMPERATURE METROLOGY I
FOR PROCESS EFFICIENCY +Waste incineration

+ NOy processing
+ Are resistance testing

« Circulation of calibrated portable standard flame
«Practical IR thermal imaging system

= Solve a suite of specific, documented process control
problems in high value manufacturing Sundardinghigh ity

thermocouples (WP2) « Forging & forming
« Heat treatment
« Pt409Rh/Pt696Rh thermocouple reference function « Furnace manufacture

= By establishing in-process traceability to ITS-90 ot bttt e

insulated, metal sheathed thermocouples

Platinum/rhodium thermocouple

« Practical 2D intensity-ratio phosphor thermometer

= WP1: Surface temperature: phosphor thermometry PR

emissivity problem

(STRATH) Extend to 2D s
Extend to 1000 °C
Combine with thermal imaging J_ e P

«Hollow-core phosphor-tipped fibre-optic - « Plasma storms
thermometer suited to harsh envionments . 2

. . - - ags | - «Distributed fibre-optic temperature sensor basedon & : ;ﬂ:"p:mr:
= WP2: Standardising high stability thermocouples (PTB) AR metse | St e
«New traceable calibration techniques for fibre-optic 1 i
temperature sensors

Towards standardising Pt-40%Rh vs. Pt-6%Rh AP,

IMPACT Consortium and Supporters
«In-process trials of new sensors and techniques f 4

= WP3: Combustion thermometry (DTU) e,

«Strong linkage to standardisation
H H H +Presentations at trade fairs and conferences
Demonstrating its use in-process 15w 0 ool
«Updated Euramet guide on surface temperature
measurement
«Two industrial-focused workshops
+67 letters of suppor tfrom industry
+118 members of the EMPRESS stakeholder

= WP4: Harsh environments: fibre-optics (NPL) o S
Completely new — introducing traceability

DTU < v
NPLE CZM Gici. ©CSIC B o By sustervesonct= [PTB
comoeme. LW_.V,.E INSTITUTE @ - E U"E -

= \WP5b: Impact (AFRC) manorss DElkem (T ozt Q & \pp MUT. e (D) Benmn

ARG ) BW @iconcuope im ted  JM JohnsonMatthey g £\ S |
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Activity & specialism groupings

(decay-time)

ISTITUTO
NAZIONALE
DI RICERCA
METROLOGICA
F—mppm

a - L 1 |
iMRMOTER
It ulo per le Mocehne Agricole & Movmerra Terrs.
Consiglo Nezionale dele Ricerche

\ENGINEERED FOR LIFE

development

Tribology

Manufacture of
brake pads

/Phosphor thermometry \

Phosphor thermometry

J

NPLE] Suppl, calibrate

naions s onory OTtADIE Standard

flame
Develop IR, UV
oo spectroscopy
>4
Provide access to
B_:w waste incineration
velund facilities for trials

» Development of IR
~ imaging devices

Development of optic

ﬂombustion thermometry\

S
and IR instrumentatiorj

/Fibre—optic thermometry
(hybrid BB/FBG)

Justervesenet =

MUTAU\’-\N( ED HEATING .

Provide access to silicon
\Elkem processing for trials /

Phosphor thermometry
(intensity ratio)

-

NPLE

National Physical Laboratory

g?:;mfclyde

Development of phosphor
thermometer

K DANISH
TECHNOLOGICAL
INSTITUTE

BAE SYSTEMS

Provide access to marine
manufacturing for trials

Phosphor thermometry development,
traceable calibration techniques

Development of phosphor thermometer
for online/offline monitoring; AFRC
provide access to industrial processes

~

v

TOBITAK [

National Physical Laboratory

PIB C=

METROLOGY
INSTITUTE

F DANISH
TECHNOLOGICAL
INSTITUTE

~

Development of laser and
fibre-optic technologies

Development of sapphire
~ based sensors; traceable
calibration techniques

Development of FBG
fibre-optic sensors

EPB

Provide access to
industrial furnace
manufacturing for trials

/ Thermocouple thermometry \
c: GEEOn ) JM Johnson Matthey

Univerza v Ljubljani

e ndanst - CENTRO ESPANOL
. DE METROLOGIA

Inspiring sc

@i CCPI Europe Limited

® W UNIVERSITY OF
Treceaple &% CAMBRIDGE

— calibration )
facilities !

M

Supply of
thermocouple
wire

i /

Fibre-optic thermometry
(hollow-core/bundles)

UNIVERSITY OF Opt|Ca| fl bre

Southampton development,
instrumentation

Development of

N PL [B] raceable
National Physical Laboulry Cal i b rat| on
techniques

\_ J

/Fibre-optic thermometry\
(distributed)

Development,
manufacture and testing
of DTS fibre-optic
thermometers

C=—M

Manufacture of
stainless steel

Development of

traceable calibration
CENTRO ESPANOL )
kﬂermmeu techniques /
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* Phosphor thermometry



Temperature Differences - as per legend (° C)

A
(=)

“Impossible” reliable surface temperatures NPLE

National Physical Laboratory

= Contact sensors, slow, extract heat from surface, time
consuming, also have large unquantified errors >> 10 °C

» Radiance based methods, emissivity, reflected radiation
can lead to large unquantified errors >> 10 °C

5 *  Phosphor - Block
* TME Probe - Block

Temperature difference - as per legend (°C)
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Non-contact non-radiance traceable surface NPLE
thermometry

=  Apply specific phosphor to surface and activate
= Either — decay time of emitted light

= Or -2 line ratio method

18 - 100 -
D ] Exitation (LED)
16 - =
S
P
S ©
£ 14+ 5 Emission (Phosphor)
= @ 10
5121 .
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2
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Loughborough
University

NPL

National Physical Laboratory

WP1 Phosphor thermometry

GPL, STRAT \

Testing of phosphor applied to
billets during heat treatment
NPL NPL NPL, STRAT

Develop traceable 2D NPL, BAE

. . Determine /
Combine with issivity of . .
intensity ratio phosphor thermal imaging emissivity of test => Testing of phosphor applied to

welding applications

thermometer samples with
spot pyrometer,
INPUT compare with NPL, DTI, AGH
FROM WP4 phosphor Test in glass manufacturing
thermometer \ j
process

NPL, INRIM
STRAT, NPL, DTI Validate at NPL, or locally,
Develop phosphor using either STRAT
thermometry for temperature | > * ITS-90 fixed points | > Test STRAT phosphor thermometer
mapping of forging tool * Comparison calibration (online and offline devices) in AFRC

* Phosphor thermometer- forging environment
based surface calibrator

INRIM, ITT, CNR

Develop phosphor thermometer
to 1000 °C in conjunction with on-
site fibre optic probing and
sensing

INRIM, ITT, CNR

Test in brake pad
characterisation application;
metallurgical analysis

Sensors available for exploitation

* 2D intensity ratio phosphor thermometer to 1000 °C

* Combined intensity ratio phosphor thermometer/thermography
system to 1000 °C

DTI
Revise EURAMET best practice guide on surface temperature measurement
(developed in EMPRESS) to include phosphor thermometry techniques




NPL

National Physical Laboratory

(A)  Silicon PV backside (B) e
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= EMPRESS 2
* Phosphor thermometry
 Thermocouples
* Combustion/flame thermometry
* Fibre-optic thermometry
* Practical Johnson noise thermometry



WP2 Standardising high stability thermocouples INPLE

National Physical Laboratory

Standardisation of Pt-40%Rh/Pt-6%Rh thermocouple

PTB, CCPI, NPL, CEM, CMI, DTI,

TUBITAK. UL. JM — 'PTB’ NPL, CEM, CM"‘DTI and TUBITAK ﬁPL, DTI (& collaborator e.g. Ardagh Glass Holmegaard) \
Construct thermocouples Provide draft reference function to IEC committee Trial in e.g. glass manufacturing to 1700 °C as a demonstration of
according to agreed achieved stability, and of the reference function

procedure, and perform PTB. MUT

:::iﬁ;?et;on with all available 1 > Trial the Pt-Rh thermocouples in industrial furnace manufacturing

UL (& collaborator e.g. Kambic)
Trial the Pt-Rh thermocouples in industrial furnace manufacturing

CMI (& collaborator e.g. Trinecke Zelezarny)

\Trial the Pt-Rh thermocouples in steel manufacturing facility j

Optimisation of double-walled MI thermocouple stability up to 1250 ° C

UCAM, CCPI [ \
Optimise inner to outer wall thickness ratio with respect to drift rate NPL, PTB, CCPI, CEM, CMI,
TUBITAK, UCAM, UL

CCPI, UCAM UCAM, CCPI Prepare joint peer-reviewed
Manufacture Metallurgical analysis of selected DW Ml cables publication on the performance
and supply PTB, CEM, CMI, NPL, TUBITAK, UL of DW Ml thermocouples.
double-walled e .
and single- VAvsitsEscsoitjsrl]ltlithoafldC:E:oele walled Ml cable of selected types (K,N) and cable diameters and compare Provide evidence to IEC61515
walled Ml committee that stability,
thermocouples uL insulation resistance, and time
Assess influence of electrical and magnetic fields on operation of the DW Ml cables response of DW Ml
thermocouples are comparable
NPL, UCAM, CEM, CCPI NPL, CEM, UCAM, CCPI to, or better than, conventional
Develop technique for quantifying insulation Develop mitigation for insulation resistance \wthermocouples )

resistance of MI thermocouples as a function of breakdown of MI thermocouples
temperature




Pt-Rh thermocouples

= Systematic evaluation of stability of a large number of S
different Pt-Rh thermocouples using multi-wire
thermocouple and HTFPs (NPL, PTB)

= Optimum Pt-40%Rh/Pt-6%Rh

= Preliminary reference function (NPL, PTB, CEM, KRISS) _ | =
» |EC TC 65/SC 65B/WG5 R
= EMPRESS 2: 7 European NMI participants R e o e o
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New Design Mineral Insulated Cable
Construction

Double-walled MI thermocouples
= Stability
= Optimal ratio of wall thicknesses

Mineral Conductor -ve

Insulator
2.5 UNIVERSITY OF N o)
4% CAMBRIDGE

‘(Pi CCPI Europe Limited

Conductor +ve
Additional Inner Sheath
Outer Sheath

= |nsulation resistance breakdown

= Lay framework for standards e.g. relax dimensional
requirements of IEC 61515:2016, AMS2750E

= Presented to SAE (Nadcap), IEC TC
65/SC/65B/WG5

typeN-DuaWall- 150°C-sa
typeN-Dualial-NCE00-P1742-3mmO0-1150°C-sample A2
typeN-Conventional-INCG00-N1 042-3mmOD-1150°C-sample B1
— typeN-Conventional-ING600-N1042-3mmOD-1150°C-samgle A2 I "

)
T T
Drift (°C)
o A o
-_

| |
it TN [
{
L I i ‘l ‘ - ‘ &
\
L I | I ] ‘ ‘ ‘ (] I i
peN-DualWallStandard-INC 600-cableP1742-3mmOD-cydic300t01150°C 4h-sample 5 | | | |
typeN-Duall IWallStandard-INCH 600-cableP1742-3mmOD-cydic300101150°C dh-sample 6 ‘ N
pel wentional-INC600-cableN1042-3mmOD-cyclicd0001150°C dh-sample 5 ‘ 11 i ‘ | | |
pel CE00-cableN1042-3mmOD-cyclic300to1150°C 4h -sample 6 | ‘ | ‘
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Self-validating thermocouples NPLE

National Physical Laboratory
1520 H. Brixy, R. Hecker, J. Oehmen, High Temperature High Pressure, 23, 625-631, 1991
T T T T T T T T T T T T T

b m  Johnson noise thermometer |

o Thermocouple
1510 -
gl

1490 7 g %

= Even noble metal thermocouples can drift by
as much as tens of degrees

= No visible sign in-process of this happening

= Self-validation for in-process
calibration/traceability

= Develop miniature fixed points

Indicated temperature / °C
2
o

= Same format as conventional sensors T B T S T T S
0 10 20 30 40 50 60
= Robust Time elapsed / hours
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10428
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/ \\JN \ 1.0 5% 4
10392 708 (3] 0 ® CuB N
../ ] o o o CuC
-94.4 o Cub H
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In-situ thermocouple trials NPL

National Physical Laboratory
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* Combustion/flame thermometry



WP3 Combustion thermometry

Supply and coordinate circulation (and calibration) of portable standard flame

\/

UC3M, SENSIA, CEM 3.2

Develop low-
cost thermal
imaging system

FTIR on-
sight/sweeping

UC3M, DTU

Use high res measured emission
spectra to simulate low res
spectra; explore relation
between spectral resolution and
T accuracy; design filters for
optimal centre wavelengths and
spectral bandwidths

DTU, UC3M

Selection of optimal T
retrieval algorithm from
previous task

CEM

Calibrate IR cameras to
provide traceability of
UC3M measurements

=

DTU

Develop FTIR on-
sight/sweeping emission
measurement system or 2D
profiles using portable
standard flame as a reference

=

=

=

Develop multispectral
imaging device and
calibrate

UC3M, NPL

Calibrate against NPL
standard flame and other
flame sources

DTU, NPL

Testing and calibration of
developed FTIR against NPL
standard flame; target
uncertainty 0.5%

\/

DTU, CEM, NPL, SENSIA, UC3M, VOLUND

Write papers and trade journal articles to outline findings
and demonstrate linkage between portable standard
flame & improved process efficiency

UC3M, SENSIA
Trials on various flame
sources

=

~

(DTU, B&W Volund

Perform in-situ 2D

temperature profile
measurements for

optimisation of NO, SNCR
processes, and validation of
CFD modelling of a waste

NPLE

National Physical Laboratory

éensors available for

exploitation

* Low resolution, economical
multispectral imaging flame
thermometer

* FTIR sweeping emission flame
thermometer system

incinerator

U

\

J

. Svendborg CHP plant, Derimark
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Influence on Temperature Window

100 co e
NOx SNCR - e
-
I 80 — —» | 50
L o — = |
= NOx SNCR process: NH3/urea injection optimisation € o0l — e C
_ 5 NH; <— = —» NO
= Very narrow band of temperatures for optimal NOXx 3 ’ — * o E’
. 40 - —— o
reduction ¢ = 3
o — 4
At - > — z
= NOx, CFD and radiative heat transfer modelling = — 10
0(500 760 860 960 15‘ 1 00 1200 1 3‘00
. Temperature (°C)
" Goals' E= Range for NOx/NHg-optimised operation
] . . . ] "A"- Optimal temperature for SNCR alone (low ammonia slip)
= Process optimisation through in-situ temperature control T D A N ¢ O R
= |mproved boiler design, more efficient process Images: Alex Fateev, DTU
gpalo?ue Evaluation Unit e
230V/ 430mA  Profiendicator. /.|
50Hz
Signal/Switch-
board Cable —
Piezo-
microphone

Transmitter/
Receiver

Combustion
Chamber

Solenoid Valve




* Fibre-optic thermometry



WP4 Harsh environments: fibre-optics

NPL, DTI NPL, DTI
Phosphor-based | Select and traceably Develop phosphor-based
. . calibrate phosphor to
fibre optics

1000 °C

fibre-optic thermometer to
660 °C %
[ N

BS EN 61757-2-2:2017

ALSO AS INPUT TO WP1

SOTON, NPL

Develop hollow core fibre
phosphor tipped

SOTON, NPL

Develop mid-IR ther

Hollow-core fibre R
imaging fibre bundld

=

thermometer (includin S
thermometer instrumentaticfn) immugne remote inspection o BSI Standards Publication
to gamma radiation reach/hostile enviro
g using fibre bundles
Fibre optic sensors
Part 2-2: Temperature measurement - Distributed sensing (IEC 61757-2-2:2016)
CSIC, CEM, FOCUS
Brlllow-n Design and optically
scattering DTS characterise the Brillouin
thermometer Scattering distributed sensor

JV, PTB, IPHT

Develop instrumentation on
system-wide level )
(optoelectronics, signal tip
processing) for traceable

FBG thermometer based on

JV, PTB, IPHT
:> Develop metallic or ce
Fibre-optic and cavity to create BB for
BB-based

thermometer

bsi.

sapphire fibre to 1500 °C systems=amnyoria

Sensors available for exploitation

* Two phosphor-based fibre-optic thermometers with separately developed instrumentation, cross-validated, to 650 °C

* Hollow-core phosphor-tipped fibre-optic thermometer suited to harsh environments e.g. ionising radiation, magnetic fields to 1000 °C
e Thermal imaging fibre bundle system for remote inspection to 1000 °C

* Distributed fibre-optic temperature sensor based on Brillouin scattering to 650 °C

* Hybrid blackbody/FBG fibre-optic thermometer to 1500 °C

lity

Trial in plasma storm of
charged particles and
large magnetic fields at
collaborator e.g. Danfysik

[ SOTON, NPL )
Trial in gamma ray
environment at NPL or
e.g. Sellafield
£ y
[ SOTON, STRAT h
Trial in forging/forming
process at AFRC
\, J
( )
CEM, CSIC, ACERINOX
Perform in-situ trials of the
TDS in the facilities of
ACERINOX — stainless steel
kmanufacturing y
(JV, PTB, NPL, IPHT, MUT, )
ELKEM
Trial in-process at ELKEM,
MUT, and NPL’s gamma-ray
Uacility )




Fibre-optic phosphor thermometer

= Regular & hollow-core phosphor tipped Coupling TP 1,

: : optics i [ phosphor | !

=  Traceable calibration 420 1\ iotp

Source L 74 1 | i E

= Hollow core fibre exposed to gamma i ! ]

radiation 650nm i. I i i
Electronics — Detector

Response curve of phosphor ratio thermometer
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N
~

000 I I 0 100 200 300 400 500 600 700

Temperature /°C

o 0y
’ w)g% o mﬁ*’”"wN Standard deviation of phosphor ratio measurements
P " o 0.8

0.7 .
0.6
0.5 L4
0.4

. 0.3
otor / I 0.2 o

3600 Gy 4 01 ° |
7200 Gy “M ..J"J : °
Image: Dave Lowe (NPL) 02 i , ‘ . 0

450 500 550 600 650 700 0 100 200 300 400 500 600 700
Wavelength / nm

Fractional change
I

01F "\, -ﬂ“‘*ﬂ‘ A J,’ i

p
3
¢
N
Standard deviation / °C

Temperature /°C



measurements and simulation

Hybrid fibre-optic based sensor to 1500 °C 1

= Sapphire fibre Bragg grating é

= Temperature dependence of spectral reflectivity ; |

= Project objective: Characterisation and ITS-90 traceable §
calibration up to 1500 °C Justervesenet% £ 1

= Long-term objective: very precise T measurement between R B W B o O e
1600 °C and 1900 °C TEC)

= Stephan Krenek (PTB)

adapter to fix and protect the conr&ction AlO, protection tube

to the conventional Gl-fibre et

/

sapphire fibre

grating in a distance of
1 cm to the fiber end
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Workshop (x2)

~60 delegates
~40 organisations

EMPRESS Workshop

A one-day conference on enhanced temperature measurement techniques for improved

process control held on 22 March 2017

T — T
Jonathan Pearce

Recent
&7
# 4

Wednesday 18 April 2017

m Arrival and registration
[EEI Welcome and introduction

Overview of the EMPRESS project

The re-definition of the kelvin

Update on the development of a practical
Johnson noise thermometer

Graham Machin, NPL
Jonathan Pearce, NPL

Coffee break
Overview of WP1: Low-drift contact temperature
sensors to above 2000 °C

Overview of WP2: Zero-drift contact temperature
sensors to 1350 °C

12.10 Graeme Young: Sensing challenges in the oil & gas
1l | 4 industry

Frank Edler, PTB

Claire Elliott, NPL

Michael de Podesta, NPL
Paul Bramley, Metrosol

Graeme Young, Marmon
Engineered Wire & Cable

All-New Pipetting Robot - Fill a 96-well plate in under 20 seconds with the OT-2 liquid handler. Ad ---
151 members

About this group

See all

e

The Thermocouples in Industry group, has been
formed to provide an open-access place for

st eiiidiaa

re &

sehalf of

ty of

stems

Advanced Forming Research Centre,

www.npl.co.uk/events

[EXTT Arrival and registration
[EEI Welcome to the AFRC
m Welcome and introduction
Overview of the EMPRESS pr
10.00 Keynote: Temperature meast
- processes to create better pi
Overview of WP1: Low-drift
sensors to above 2000 °C
Overview of WP2: Zero-drift
sensors to 1350 °C

Introduction to a new low dr
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Uni ity & Trevor Ford, CCPI
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quartz tubes and sapphire fibre
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14.00
combustor cooling concepts

temperature measurement
thermometry

using Raman spectroscopy

& S
8 8
>

Surface thermometry in low TRL testing of

Industrial uses of thermographic phosphors

Laser techniques for flame and combustion

Optical based contact thermometer using SiC,

Temperature measurements in turbulent flames

Europe Ltd
Sigurd Simonsen, Elkem

Answowus)

Jurgen Blim, MUT

Lucia Rosso, INRIM

Mark Thomas, BAE Systems
Clare Bonham, Loughborough
University

Andy Heyes, Strathclyde
University

Anawowayy

Gavin Sutton, NPL o
o
Paul Ewart, Oxford University §
[}
Wolfgang Meier, DLR 2

| Joh noise ther David Cruickshank, Metrosol
16.45 Tour of AFRC
Co-sponsored by
N P I A F R C Institute of Measurement and Control
I0P | Institute of Physics
National Physical Laboratory Instrument Science

and Technology Group

eI

Overview of WP3: Traceable surface temperature
measurement with contact sensors

Joydsoyqd

Tea break and networking

Overview of WP4: Traceable combustion

uonsnquio)
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Speakers from:
 Land Instruments,

« Otto-von-Guericke-Universitat Magdeburg

 Tata Steel

« Heraeus Conamic UK

 CCPI Europe

 Metrosol

« (Oxsensis

* University of Southampton

* University of Strathclyde
 Danmarks Tekniske Universitet

* Physikalisch-Technische Bundesanstalt

1st “EMPRESS 2” Workshop

Enhanced temperature measurement techniques for
improved process control 2

Tuesday 5 May 2020

Advanced Forming Research Centre (AF v
Organised by AFRC and NPL

: N
EMPRESS 2 is a European project with i E f” REERLLI I:

the goal of enhancing process efficiency
through improved temperature
measurement. This workshop is an
excellent opportunity to bring

together scientists and engineers

from academia, research institutes

and industrial establishments to

present and discuss both:

The latest developments in traceable temperature measurement for process control
» End-users’ requirements and challenges

WORKSHOP THEMES WORKSHOP HIGHLIGHTS
* Invited speakers will present reviews of the
latest developments and state of the art

« Opportunities to contribute with oral
presentations on process control
challenges as well as technical solutions

Technologies

« Thermocouples

= Phosphor thermometry

= Surface temperature probes

= Combustion and flame thermometry

« Fibre-optic thermometry » Networking opportunities
Application areas LOCATION AND VENUE
» Heat treatment ;
The workshop will be held at
= Casting P . E » E
- Forming Advanced Forming Research Centre (AFRC)
» Welding 85 Inchinnan Dr
- Forging Inchinnan E
SREST Renfrew PA4 9L
= Internal combustion engines
®e = /-1“1
S ey
Eﬂ EMPRESS/ |2 NPLE
e et Cineel FOR FROCESS EFRINCY National Physical Laboratory

Details at: www.npl.co.uk/events  + Contact: jonathan.pearce@npl.co.uk
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National Physical Laboratory

* Practical Johnson noise thermometry



Johnson noise thermometry NPLE

National Physical Laboratory

VA
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°© & e N Same over all frequencies — white noise

V. Johnson noise voltage

2 k: Boltzmann constant
V p— 4kTR Af T: temperature
T R: resistance of sensor
Af: frequency bandwidth



History

= Small signal, wide frequency band effect

= Some excellent INTs out there — but sub-mK
accuracy, not practical

= Brixy (Forschungszentrum Jilich) — successful, but
slow and not commercialised

= (QOak Ridge National Laboratory — didn’t really work
(but some really good ideas, and extremely well
documented)

= Two main problems:
Very small signals
Difficult in determining the bandwidth

None have been commercialised

There are currently no other industrial
thermometers based on Johnson noise




Bac kg round [ Mﬁfﬁ?ﬁ?!—,] NPLE

Metrology Solutions National Physical Laboratory

Metrosol & NPL

Proof of concept Prior art: high cost, room size~ seriments operating

Measure net voltage due to thermal In a screened roo ent \S
movement of electrons — PRIMARY

ure measy’ N
Linked to T through fundament='-" ,tempe\’a_t

e
Accuracy * 1 °C. poﬂa““\]’ w chaﬂges.
ooer m cted bY
oesn’t need c: u“aﬁe L

exceP ous
All things that ¢ sens‘“ (e uy\tane "
environments ai measu\'e mpens?

cO
; . ap . .
So, no calibration and ca\-‘b‘-at\on
Tiny voltage any

LHe dewar 43

—ateries

- V5. Johnson noise voltage

2 k: Boltzmann constant
VT — 4-kTR Af T: temperature
R: resistance of sensor
Af: frequency bandwidth



The key problems [metroso] NPLE

Metrology Solutions National Physical Laboratory

= Correlation (amplifiers etc. introduce noise)
= In practice, can’'t measure bandwidth because @— pandpass

frequency response is not rectangular: use

Nyquist equation in ratio form (‘substitution’)

Integrator
= Need a reference g
= Need to switch between sense & ref resistor .
Pre- andpass _—
>_ e Vr® = 4kTRAf

= Measurement time — statistical effect
= Component non-linearity — frequency dependent

attenuation of ‘white’ Johnson noise: need to Sensor arm

match bandwidths
= Have to limit bandwidth so that measurement is T [] R(T) e

on flat part of the frequency response —
= Limits resistor to 100 Q :Fg _ Vi R(T,) T
= Limits the size of the Johnson noise signal % - V—02 R(T) 0
= Dependent on condition of cables —the very : [] ’(T) pre->

problem we want to avoid ’ ° o

Reference arm




The topology: JNT1 [metrosoL] NPLE

Metrology Solutions National Physical Laboratory

= Replace reference with pseudo-random noise source
with calibration tones % PSEUDO RANDOM NOISE CURRENT SOURCE
AMPLIFIER A
. . . SENSE RESISTOR
= Requires no switching ] . >_
. —>JN Signal
= No need to match time constant of the two arms Correlator 1 Sg’sst:m |
(there’s only one arm) — better accuracy >_ —>Cal Signal
= Tolerant of non-flat frequency response, since the AMPLIFIER B

two signals experience the same frequency response

= Can operate at much higher resistance (5000 Q c.f. * Caiibration Signal Tones
100 Q) :
= And much higher bandwidth (1MHz c.f. 100 kHz) 3 Jo/m%ci);nlglloise
= Factor of 1000 improvement in signal over g
previous attempts - -

FFT bin B(n) FFT Bin B(n+7)

The measurement time of Metrosol JNT1 is about a factor of 20 faster than In
previous attempts by others, at developing a practical Johnson noise thermometer



Early results

Linear Spectrum Metrology Solutions National Physical Laboratory

160 T

140

Amplitude

I

JNT1

testfile38.txt channel Aldata —— _ _ _
testfile38.0xt chamnel Blldata2 X 1 = Passed industrial EMC testing

1 = Radiated Field Immunity test to EN61000-4-3,
10 V m'1 80-1000 MHz

-

s

Logarithmic (

ds

254

JNT2

This problem has completely |, ensso11:2009

stopped previous efforts
« Cabling

« Grounding

« Shielding

 Op-amps

 Full tri-axial probe connections

F il
\
J = ;

This level of EMC immunity had not previously been achieved and indeed this was
one of the main reasons why previous attempts by others to produce a
commercial JNT have not materialised.



Early results

7 seconds

Standard deviation about 0.241 °C
Target uncertainty about 1 °C over about

Excellent EMC compatibility/immunity

Aim to start commercialising in 2020/21

Temperature (°C)

Metrology Solutions

National Physical Laboratory

Noise power / arbitrary units

-
-
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Intercept = -273.415 °C
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Towards commercialisation — JNT 2 [vetroso] NPLE

More com pa ct Metrology Solutions National Physical Laboratory

Superior EMI immunity
On-board DSP

FPGAs — available unlocked for specific
applications (with suitable IP protection)

On-board ADC identified

nson-noise-thermometer.c

The second, more comp.act prototype JNT 2 is currently in development
(programme runs to Q3 2020) to produce a JNT that is close to commercialisation.



= EMPRESS 2
* Phosphor thermometry
 Thermocouples
* Combustion/flame thermometry
* Fibre-optic thermometry
* Practical Johnson noise thermometry



Thank you!
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