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What is IR emission spectroscopy?
Detector:
(IR) source™ combustion gases 1D: (handheld) pyrometer or FTIR Spectrometer
Detector
Ion - s In > 2D: Imaging Camera (array) or Hyperspectral Imaging System

Radiative Transfer in 1D uniform T case:

L,(v) = L) &) or
Iy () = L) (1 —exp (—k@)L)
L(v) is Planck’s function

k(v) is an (molecular) absorption coefficient

L dimention

OO0 DO

e(v) emissivity, if e(v) = 1 then BB

“Gas” «» “Detector” distance: close or far-away

Two “magic” wavelengths: 4.3 ym (2326 cm™) and
3.9 um (2564 cm)

If 1 K k()L then I,(v) = L(v) and
» CO, band at 4.3 um can be used for T,,; measurements

No “if” then (inverse) RHT equation should be solved with use
spectra modeling tools (HITEM/HITRAN databases)

3.9 um can be used for particles and/or surface temperature
measurements (assuming some known &(v))

Requires a calibration with a reference (calibrated) BB source
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Why IR emission spectroscopy: Where:
v' non-intrusive Globally (broad spectral range):
v fast » Gas and particle temperatures
v/ can be used for in situ process control Locally (narrow spectral range):
v’ can be realized in a mid-price range Q Band-shapes P/T dependent

» Gas temperature

(Very) high price-range

(Very) low price-range
Interferometer Data Cube

N —p
.,

__>
Fourier Transform
B Spectrum
. I;terferogram
for each pixel
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Various optlcal emission o L Spdates
Validation of Emission Spectroscopy Gas Temperature
SpeCtFOSCO PY methods need a Measurements Using a Standard Flame Traceable
validation with a known to the International Temperature Scale of 1990 (ITS-90)
temperature and composition Gavin Sutton' ® - Alexander Fateev? - Miguel A. Rodriguez-Conejo® -

Juan Meléndez? - Guillermo Guarnizo?®

source traceable to ITS-90
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The aims:

v' to develop a portable flame temperature standard, calibrated via
the Rayleigh scattering thermometry technique, traceable to
ITS-90, with an uncertainty of 0.5 % of temperature (k = 1).

v to use standard flame for validation of

s hyperspectral imaging FTIR spectrometer (2D species and
oo, temperature maps)

EMPRESS «* high-precision single line-of-sight FTIR spectrometer

TEMPERATURE METROLOGY
FOR PROCESS EFFICIENCY
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EMPRESS -—
The NPL portable standard flame "FOR PROCESS ECENCT -

“Region of hot gas of known temperature and species”

The NPL standard flame:
* Hencken Burner — diffusion flamelets
« Propane / air flame — {0.8 < ¢ < 1.4}
* Low uncertainty flowmeters - U,.(flow) < 0.5%
* Known post flame composition
* Traceable to ITS-90
* Portable!
« Reproducible temperature - U,.(¢p) = 0.5%

Qb _ (Vfuel/vair)
(Vfuel/var'r)

Stoichiometric

Stoichiometric = fuel/air ratio for a
balanced reaction (i.e. no excess oxygen)

- NPLE]

National Physical Laboratory
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Burner performance

Temperature profile example, ¢ = 1.0
(Rayleigh scattering: point measurements)

spot on burner showing
laser entry orientation

- NPLE

National Physical Laboratory

Green — HAB =10 mm
Blue —HAB =20 mm
Red -HAB =30mm

EMPRESS

TEMPERATURE METROLOGY
FOR PROCESS EFFICIENCY

Dotted Lines/symbols - x-profile
Symbols only - y-profile

¢= 1.0, with N, co-flow.
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* Flame is flat over +/- 10 mm region

HAB = Height Above Burner

* Knowledge of the profile useful for line of sight techniques
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Temperature uncertainty

Table A1 Uncertainty budget for the temperature 20 mm above the centre of the NPL STD flame.

. Size / . Sensitivity Size (1o)
Source Type Distr. + 9 Multiplier Coefficient / qfo
Molar refractivity data B Rect 0.20 0.58 1.00 0.12
Flow-meter uncertainty B Rect 1.00 0.58 0.40 0.23
Chenucal equilibrium assumption B Rect 0.30 0.58 1.00 0.17
Auir calibration PRT A Norm 0.05 1.00 1.00 0.05
Background scattered signal A Norm 0.10 1.00 0.50 0.05
Laser stability A Norm 0.20 1.00 1.00 0.20
Inlet air temperature (15-25 °C) B Rect 3.00 0.58 0.10 0.17
Ammospheric pressure B Rect 5.00 0.58 0.05 0.15
Gas punty B Rect 2.50 0.58 0.05 0.07
Flame temperature reproducibility A Norm 0.20 1.00 1.00 0.20
Total uncertainty 05 %

(combined in quadrature)

 Long term stability = 0.2 % of T

. NPLE]

National Physical Laboratory
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EMPRESS European project to enhance process efficiency

TEMPERATURE METROLOGY

through improved temperature measurement:
FOR PROCESS EFFICIENCY

STD flame calibrated at NPL

STD flame — circulated to partners
Partner organisations — developing novel » Comparison of techniques — publication
optical combustion thermometers

* NPL facility available for others
U | U Technical University of Denmark
=
>

IR spectroscopy \

Universidad

“arlos I de Madrid

C — CENTRO ESPANOL
- DE METROLOGIA
Rayleigh scattering IR hyperspectral imaging
UNIVERSITY OF

OXFORD

DFWM / LIGS

EMPRESS - Enhancing Process Efficiency through Improved Temperature Measurement:
http://journals.sagepub.com/doi/pdf/10.1177/0020294016656892

s
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Hyper-spectral IR imaging at UC3M EN}APRESS

FOR PROCESS EFFICIENCY
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FTIR Hyperspectral Imaging System
v' Operates in the MIR (2 um to 5.5 um)

v' Michelson interferometer, coupled to an
INSb focal plane array (320 x 256 pixels)

Hyper-spectral imager measuring the NPL STD flame

v" Similar to FTIR spectrometer but

provides 2D maps of species and L STD flame
temperature _ Imagery
v’ Measures the emitted power from the -
CO,, CO and H,0O bands (post flame '
region)

v’ Comparison with HITEMP-2010
synthesised spectra - determine the
flame temperature

iversidad

los I de Madrid
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TEMPERATURE METROLOGY “

Hyper-spectral IR imaging: data analysis and modelling >

Interferogram Acquisition ! START | sy | v (cm™) y T (K) + HITEMP

—
Sssmmannmnnwr Ll
1, |

Low frequencies fluctuation correction Absorptivity: a (v, T)
' ’
( * DC correction

= Make symmetrical

v

Polynomic adjust ofa as a
functionof T, ¥ v

v

Radiative transfer model
using Beer-Lambert law

Spectral = Apodization
Process < . Paddlng

S

= Phase correction

K » Off-axis correction

y

Convolution using ILS
+ Splitting " Lexperimental (V) Lsynthetic(V) =7  Instrument effects on measurements
Noise « Clustering
reduction .
« Principal [} e e e eaans
components T — Flame temperature
Jus gg?rl .m !  Species concentration
y (SSE optimization) : (CO, CO,, H,0)
Radiometric calibration Resnssisintennnenssnessenssntiosaeininiansas -
Universidad (W/m2.sr. cm-')
arlos IIT de Madrid
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Example measurement and spectral fit
 Model accounts for absorption in the ambient air
« Temperature profile assumed to be ‘top-hat’ (out of the page)
« Good agreement between measured and synthesised spectra
Radiance image of STD flame Measured and best fit simulated spectra at x Close-up of spectral region around 2250 cm™?
20
18| Eapermeniaimessurement | [ e smon —
16 18T ) A A
Al [ i
14 175 i'lll ” :\
/I'Ill / A If I

—_
ha
T

Radiance (W/m 2.sr)
=)

Radiance (W/m?.sr)
3
—
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D=

1950 2000 2050 2100 2150 2200 2250 2300 2350 2400 2204 22506 2258 2260 2262 2264 2266 2268

Wavenumber (cm '1)

Wavenumber (cm'1)

5.1 pm 4.2 ym

Universidad
11 arlos III de Madrid
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EMPRESSB
Measurements on the NPL STD flame oo it

e ¢= 1.0, propane/air flame
 Temperature, CO, and CO are measured

I

Visible image Temperature (K) CO, (ppm.m) CO (ppm.m)

A

2500

4000 1200

3500

1000
2000

3000

a0 UC3M vs NPL
- 2500
1500
- 2000 1 600 ¢: 1.0, HAB = 20 mm
2300
1000
- 1500
2250
p =
1000 E‘
500 = 2200
s
. & 2150
i1
E
[ —
’ ’ @ 2100 —UCIM =10
® NPL& = 1.0 Rx
2050
© NPL¢ =1.0Ry
2000
Universidad 200 -150 -10,0 50 0,0 5.0 10,0 150 20,0

arlos Il de Madrid

12

Rx (mm])
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Precision IR emission spectroscopy

Measurement configuration

STD flame installed at DTU

S

A2

EMPRESS

TEMPERATURE METROLOGY
FOR PROCESS EFFICIENCY

Al-coated 60deg off-axis mirror

-
—

I

FTIR spectrometer

| I N2 purged system

NPL STD flame

13

Au-coated flat mirror

Ad
L
l\
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Measurement principle

« The flame spectral intensity at wavenumber n measured at L is
given by:

2 ms

L /
I(n) = fOL KnIBn(T)e_fs knds ds

« Where: 4-—————‘— -

* Ipy(T) is the Planck function
* Ky Is the spectral absorption coefficient

Co-flow region- -

Determining the temperature profile
« Measure the emission spectra

« Estimate temperature profile T, (s) and calculate «, from
HITEMP2010

 Synthesise the emission spectra

* Minimise the differences between the two

 Determine the true temperature profile Ty, (s) Assumed to be a smooth

Symmetric or asymmetric function
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Validation of HITEMP spectral database

NPL STD flame measurement: 4 = 1.0, HAB = 20 mm
28

—— Measured H H
Co modelied (NPL T profile) Comparison with Hyper-Spectral measurements

Modelled (CO,+H,O+CO, NPL T profile)

N
5
Ll

NPL Burner: co-flow compare with UC3M at phi=1.4 HAB=22mm
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Emission/W m-2 sr-1 (cm-1)-1

I e e e e e e B LA B m e e e e e e e e e e e e o e B B e e |
1500 1600 1700 1800 1900 2000 2100 2200 2300 2400

cm-1

: too low H20 emission

Emission/W m-2 sr-1 (cm-1)-1
o4}
|

Known issues with HITEMP2010

Modelled spectra agree very well with measured

T l T T T T I T T T T I T T T T
2100 2200 2300 2400

Differences between measured/modelled:
Q H,0/CO (1500-2000cm-L) = 0.63% om-1
O CO,/CO (2160-2400cm™) = -0.17% » An overall excellent agreement
0 CO, band is most sensitive to T(x) profile > No CO, self-absorption (ambient air)

0 H,O band is less sensitive
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Verification of NPL temperature profiles
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TEMPERATURE METROLOGY
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» NPL temperature profile is input parameter for modelled HITEMP2010 spectra

» NPL profile has been improved
» Example 2: ¢ = 0.8, HAB = 20 mm

Spectra (¢ = 0.8)

24

1 ———— Measured

] Fitted
20 4 Residual
16 4
12 4 ‘x
8 |
4 4

16

|
1600 1700 1800

1900 2000
cm-1

2100

T
2200

2300

2400

2800
2700
2600
2500
2400
2300
2200
2100
2000

= 1900

o 1800

= 1700
1600
1500
1400
1300
1200
1100
1000

900 3

Temperature profile (¢ = 0.8)

—@— T(x, NPL)
T =2015.5K

—— T(x, fit DTU)
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Inspired by industry: NOXx reduction in SNCR systems
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Influence on Temperature Window

100

80

60 -

40

20

NH3; <+—

IIAII

CcO
0Oz

1

- 60
>
<

- 50

40

- 30

- 20

10

0
600

700 800

T T
900 1000
Temperature (°C)

E= Range for NOyx/NH3-optimised operation
"A"- Optimal temperature for SNCR alone (low ammonia slip)
"B"- Optimal temperature for SNCR + SCR (high ammonia slip)

1100

1200

From Bernd von der Heide (2008), Mehldau & Steinfath Umwelttechnik GmbH

17

EMPRES

TEMPERATURE METROLOGY
FOR PROCESS EFFICIENCY

12

1300

NH3-Slip (Mg/Nm?3) s

s

NOx Selective Non-Catalytic Reduction (SNCR)
on power plants and waste incinerators:

>

>

Narrow temperature range (nature of the
process): NH; + NO — N, + H,O

Ammonia/urea consumption optimization
(costs)

NOx high-efficiency removal (environment,

pollution)
Accurate in situ T ,; measurements is a must

2D temperature profiles with a sweeping
technique (several line-of-sights
measurements combined in 2D plot)

Fast T-profiles retrievals
Possibility for a “moderate” system cost

Only 1x access point
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combustion gases
Detector

5

3 I ,
() = Ioye” lo Kndls f‘ Kl bne™ I s’y
0

Multi-Layer Perceptron
spectrum temperature/

concentration

<

~

@ inputlayer () hidden layer @) output layer

EN\PRESS.BZ

TEMPERATURE METROLOGY
FOR PROCESS EFFICIENCY

(em™) 7]

5

o
E
=

20

1

1

5

0

5

blackbody — T

Predicted I: 1800—2500 cm-~1

2000 3000

[em™]

Applied Energy 252 (2019) 113448

Predicted I11: 3000—4200 cm~1

Contents lists available at ScienceDirect

Applied Energy

=

ELSEVIER journal homepage: www.elsevier.com/locate/apenergy

Machine learning applied to retrieval of temperature and concentration
distributions from infrared emission measurements

*b* Michael F. Modest®, Alexander Fateev, Gavin Sutton’, Weijie Zhao®, Florin Rusu

Tao Ren
* School of Engineering, University of California, Merced, CA. USA

b China-UK Low Carbon College, Shanghai Jiao Tong University, Shanghai, China

¢ Department of Chemical and Biochemical Engineering, Technical University of Denmark, 2800 Kgs. Lynghy, Denmark
4 National Physical Laboratory (NPL), Teddington, United Kingdom

a
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Machine learning approach for retrievals of temperature profiles

3000 ——e— measured 3000F —e—— measured 3000 ——e—— measured
L [ predicted | B ] predicted | L [ predicted |
C v predicted Il B v predicted I C v predicted Il
2500 2500 F 2500
<2000 <2000 — <2000 _"‘u.uuuu;uul‘i
- L - L - v
1500 - 15001z - 1500 - M
: $=1.0 L $=0.8 v b=1.4
1000 F Predicted I: 1800—2500 cm~1 1000 1000 F
Predicted 11: 3000—4200 cm-1! L
50055 g e S0 e e 0 500 e e
s [mm] s [mm] s [mm]
2500
poook Predicted mean temperatures within 10 mm from the center of
0 the burner differ by
b L
= 1500 > ¢=1: 0.23%
i _ . 0
so0o| » ¢=0.8: —0.21%
_ O ¢=1.4: 1.88%
800 "H0 "0 10 20
s [mm] from the measured temperatures.
Example of temperature profile used for ®

generating training data sets z ]
19 EN\PRESSBZ Target: an overall temperature uncertainty below 0.5 %

TEMPERATURE METROLOGY
FOR PROCESS EFFICIENCY
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Waste insinirator: FTIR 8cm™ fast scanning

15 - —— real spectrum In Situ measurements at a waste incinerator
——BB 1010C/1
—— GB 930C/0.81 Challenges:
. BB=1010°C — C02(20%) modelled ) )
—— H20(30C) modelled v' Keep optics clean (CO, self-absorption)
10 ﬁ*ﬂ'ﬂ' CO b —— BB 849.85C/1 _ _ o
X, — GB800C/0.81 v' HITEMP2010 “weak?” line intensities those become
LY LN “strong” at long L (10 m)
- (,-‘ ) 'ﬂ’u” . .
& v Reference CO,/H,0 high-T spectra can be in house
54 1D measured
BB=849.85"C/1 ¥ _ . .
: GB=800°C/0.81 v' There are (natural) temporal T . -variations due to
turbulence (from £ 20 °C to £ 60 °C)
| 2 — . .
04— —T— —T— T . » 1% from 1000°C is 10°C (AT = 50 °C window for SNCR)
1000 2000 3000 4000 5000 6000
cm’” . -
3500 exact 3500 exact 3500F exact
| predicted | (0.92%) L [ | predicted | (0.42%) L | predicted | (2.18%)
3000 v predicted Il (2.12%) 3000 v predicted Il (4.61%) 3000 ; v predicted Il (1.64%)
2500 2500@
gzooof— %oooé
1500 F 1500é',;r'ﬂ‘l1.»rr""'“l~.w
- 1000% Predicted I: 1800—2500 cm-1 10003 1000}
= Predicted I1: 3000—4200 cm-1 -
EMPRESS 2 500 | | | | =00 | | 1 | soop | | | |
20 TEMPERATURE METROLOGY 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800
s [em] s [cm] s [cm]
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Conclusions

EMPRESS[ |2

M ] OLOG
FOR PROCESS EFFICIENCY

Why IR emission spectroscopy: Where:

v' non-intrusive
v fast
v' can be used for in situ process control

v' can be realized in a mid-price range

Globally (broad spectral range):
» Gas and particle temperatures
Locally (narrow spectral range):

0 Band-shapes P/T dependent

» Gas temperature

s
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