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Study on Performance Enhancements of Temperature and
Concentration Fields Measurements based on CT-TDLAS

Choi Doo Won

Department of Electronics and Communication
Graduate School of Korea Maritime and Ocean University

Abstract

CT (Computed Tomography) - TDLAS (Tunable Diode Laser Absorption
Spectroscopy) is a non-intrusive diagnostic technique that allows for
spatially resolved measurements of temperature and  species
concentration combustion fields such as burners, engines, gas turbines
and furnaces and so on. Also, temperature and concentration distribution
on the cross-section of a combustion flame enable to analyze elaborately
on the combustion phenomena. The main purpose of this work is to
optimize a reconstruction of temperature and Hy,O number density
distribution based on CT-TDLAS. In this study, the optimized MART
(Multiplicative Algebraic Reconstruction Technique) method was proposed
for the data reconstruction of CT-TDLAS and the results were compared
with ART (Algebraic Reconstruction Technique) method. Also, MLOS

Collection @ kmou



(Multiple Line of Sight) method was suggested to decide optimal initial
values for iterative calculation of CT-TDLAS. Finally three new signal
fitting algorithms, Two-Ratios of Three-Wavelength Fitting algorithm,
Full-Profile  Cross-Correlation algorithm and 6-Line-Profiles Fitting
algorithm, were proposed for reconstruction of temperature and
concentration using TDLAS system and their reconstruction performances
were quantitatively compared. Three types of algorithms were
theoretically investigated by using virtual lasers and were demonstrated
experimentally by utilizing the data obtained in a burner and an engine
experiment in case of necessity. In conclusion, 6-Line-Profiles Fitting
Algorithm was a very stable calculation and showed good agreement
with the numerical and experimental data and Also, number density and
temperature were possible to reconstruct simultaneously. it is expected
that it enables to apply the real-time 2D temperature and species

concentration measurement in various combustion fields.

KEY WORDS: Tunable diode laser absorption spectroscopy 7FH & tio] = # o]
A F4 B339 Computed Tomography HFEER 1 3]; Exhaust gas ¥i7]7}

2~; Engine <1%1; Burner ¥4,

_Vi_
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A 2 & o]lEF WA
2.1 Beer-Lambert law

F 4 B33slo] ul= Beer-Lamberte] HE o=z 2 (2.1) ~ (2.3)3 7o)

e 4 ok 2ol F4 ulAE B3 o F4, SoE W A

w9l w3 oke] A AL FES Belo] glom, FFF (4)

T
T
o
| Y

1 ZeXp{—A/\} 2.1
Ao

= eXp{—ZniLozA} 2.2)
= eXD{_ E("%L;S”(T) va‘)} 2.3

AZIA, ok HA i, j, A= A Z1AY F, dolA WE, e U
B, a,= F5A5 (Absorption coefficient)ol™, S (e 223
A

hud

A5, Gy e AZgFoth pE i F 1A ALEUE Number

density), L& &4Z4ololH, Fig. 2.1°|4 Beer-Lamberte] ¥z]& t}ho]o]
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Fig. 2.1 Schematic diagram of Beer-Lambert law
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2.2 A 7}= (Line-strength)
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A7 A, he %3 A< (Planck’ s Constant, 6.6256 + 10 ¥ [erg - s]), k
E Bx7 44 (138062 - 10 lerg/K]), c= Heo] &% (Light speed,
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sh ol 3349 G52 vehd 5 ok
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Fig. 2.2 Boltzmann distribution at different temperature condition

Table 2.1 Coefficients of the polynomial expression for the partition of

HZOHO]
Coefficients 70 < T <500K 500< T <1500K  1500< T <3005K
a -0.44405x10* -0.94327x10? -0.11727x10*
b 0.27678x10° 0.81903x10° 0.29261x10"
c 0.12536x1072 0.74005x10™ -0.13299x107
d -0.48938x10°° 0.42437x10° 0.74356x10°
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&3 uHkE (Doppler half-width)e] #e 4 2.12)ZFH A4S

e
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Fig. 2.3 FWHM of Gaussian lineshape function.
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Ao} |7t e ezt obd, & F&E FHddAE AR AR
o= Q& FA (Photon) oUAE AZeHA Hebd 4 gloh. 218y F
o] (Absorption transition)®] U A] ezt A&l o] oJafA 2+
2", Ad3 gForAM AFe] HIE 5T U v AdH g
72 Lorentzian A2 A 2] (2.14)¢F Zo] YERATH
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AV, =P} (X2, 2.16)
J

A7, Xe % 7tz=e E EE& (Mole fraction)S YeERAH,
yj[cm’latm’l]v‘:— 2% AZ g4 A< (Collisional broadening coefficient)

o BEs AAHIAY, x5 YepE

7,(T) EA (T @17

Aq71M, Ty 71 Z5E°|H, nﬁ:— 25 9of& A4 (Coefficient of

temperature dependence)o]ltt. FA FHoA el Lorentzian A& 3+
21 (2.18)% .
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2.33 Voigt ¥4
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a8 AR HE y=
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AV, & AV, & 47t Gaussian® Lorentzian®<+¢] HWHM (Half-With
at Half Maximum)AZ-o]t}. & AF g s 25 ol o3 FA4=
T a#g Voigt APTFE Olg—f&ﬂr.
Fig. 2.4= A 7}11-4
Zgge wZg A

to

i V01gt St

Collection @ kmou



-0.1. . 7005 /1 0.05 0.1 Av (em™)
1 | 1

= % e Doppler and collision
broadenings (Voigt)
% Doppler broadening

,,,,, Collisiom broadening

Absorption (a.u.)

T
"
i
i
L)
T

1,565.30 ~ 1,565.35 1,565.40
Wavelength (nm)

Fig. 2.4 Comparison of three line broadenings’
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2.4 do]A FE3H (Diode Laser Absorption Spectroscopy)

Fig. 2.5 (@« 71A A9 oA WA dgE BT ot A
A7F ol A ol o] o|UAE FetA HWH, dA= vbedE (Lower
state)oll 4 o 7]2¢el (Upper state)Z Ho]Ht} =, 7] ABEAL] A=A &
FE AR oA Fo] (Energy leveDe] W3lE do7A Ho. FA7}
Zt= JUA= g9 =73 2 (Planck’ s equation oz A4 =7}
AT

AE=hv (2.28)

i

71, AEe oUA F9, heE EF3 44 (Planck’s constant), v
[cycles/sl= X &gE UERATE 2] Q2)ZFE FA7t zte ouA e
T4 w7 29 A5ds & F Ut

Fig. 25 (b= AFAHA TDLAS Alx=He AHAAFAHAEE RHAFT.
TDLASA] 2~#l-& LIBS (Laser-Induced Breakdown Spectroscopy)®t CARS
(Coherent Anti-Stokes Raman spectroscopy)®t TOFMS (Time-of-Flight
Mass Spectrometry)2} 22 #o|# e (Laser diagnostics) “&=|ol H]3}
st A Al2"lES FAS ¢ de Aol ok ®=3I ppmell Al ppb &

Zt=ol™, kHz ©9l9 mE SHAES HolH, nFFA 9 7txsk
Aol 7hsslth. o] TDLASS w2 $EA4Le 0, CO, CO; H0,
NHz, NO 59 7F2=59 AN EUEHoE §8o] 7l53stth

AN o
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Fig. 2.5 Energy transfer process and typical TDLAS system™
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2.5 Fodloly Az e Faafz HEAA
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Fig. 2.6 Typical absorption signals"’
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(b) Experimental equipment

Fig. 3.2 Experimental equipment of the flat plate burner
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Table 4.1 Information of parameters used for two Gaussian functions

Fig 41 | Xo (m) | Yo (mm) | DeValion o Sigma (o)
Vortex 1 0 0 280 8.0
Fig 410) | Xo (am) | Yo (mm) | DeVIatOR OF Sigma. (o)
Vortex 1 -8 0 250 8.0
Vortex 2 8 0 280 8.0
_ 50 -
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Fig. 4.7 Absorption spectrums of H,O with 10 path lasers
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Table 4.2 Information of parameters used for Gaussian function

. Deviation of .
Fig. 4.14 Xo (mm) | Yo (mm) temperature (D) Sigma (o)
Vortex 1 0 0 300 8.0

250-300
300-350
- 000 350-400
2 550
g 500 ® 400-450
B 450 v,
E‘_ . -_Zy B 450-500
E 350 @ E 500-550
= 300
250 4 B 550-600
20 ) )
12 4N
4 ‘l'b N
% 20 @6‘
X axis 20
(mm)

Fig. 4.14 Phantom for 2D temperature distribution
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Table 4.3 Information of spectrum lines of H,O at

reference temperature

Wavenumber Wavelength Linestrength E”
[cm™] [nm] [cm™ - atm™] [cm™]
7202.037 1388.496 9.18x107Y 3224.546
7202.060 1388.492 2.74x1071° 2495.166
7202.087 1388.486 3.56x10™ 136.1639
7202.256 1388.454 2.74x1072 446.5107
7202.327 1388.440 3.76x107 488.1077
7202.448 1388.417 4.08x107% 3135.764
7202.494 1388.408 9.78x107Y 2670.79
7202.583 1388.391 3.04x10° 1201.921
7202.700 1388.368 1.64x10°7 1411.642
7202.722 1388.364 5.75x10°8 1817.451
7202.805 1388.348 1.07x10°° 3870.224
7202.909 1388.328 1.15x10°! 70.0908
7202.911 1388.328 sl 3216.193
7202.999 1388.311 1.68x10° 1819.335
7203.037 1388.303 2.25x107 2586.529
7203.239 1388.264 8.58x108 2630.192
7203.265 1388.259 3.78x10°8 2053.969
7203.376 1388.238 1.74x107° 3736.171
7203.450 1388.224 5.40x10° 2552.857
7203.479 1388.218 5.30x107 2490.354
7203.635 1388.188 3.26x10°8 446.6966
7203.658 1388.184 1.58x10™ 1742.306
7203.763 1388.163 1.18x1077 1131.776
7203.784 1388.159 8.38x10° 2000.863
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7203.822
7203.824
7203.890
7203.894
7203.935
7203.950
7203.968
7204.030
7204.053
7204.069
7204.135
7204.166
7204.232
7204.353
7204.426
7204.546

1388.152
1388.152
1388.139
1388.138
1388.130
1388.127
1388.124
1388.112
1388.107
1388.104
1388.092
1388.086
1388.073
1388.050
1388.036
1388.013

3.48x107
3.91x1071°
5.65x107
1.88x107
4.53x10™
1.77x10°8
9.65x1077
1.20x10™*
1.65x107°
4.83x107°
1.70x107
7.89x107°
2.86x10™
4.63x1077
1.21x10°
3.36x10°°

446.5107
4016.115
742.0762
742.073
285.4186
1050.158
2042.31
1640.506
3299.991
1474.98
1772.414
931.237
3058.398
2439.954
2248.063
1525.135
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Fig. 4.15 Phantom absorption graphs of horizontal lasers
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Table 4.4 Information of 6 spectrum lines of H,O at

reference temperature

Wavenumber Wavelength Linestrength E”
[cm™] [nm] [cm™ - atm™] [cm™]
7202.255 1388.453 2.73%10° 446.51
7202.909 1388.326 1.15%107! 70.09
7203.658 1388.183 1.59x 10" 1742.30
7203.903 1388.136 1.88 %107 742.08
7203.906 1388.135 5.65x107? 742.07
7204.166 1388.085 7.88x107° 931.24
3.00E-03
— 900K
2.50E-03 e 1100K
- - -1300K
S 2.00E-03
T
c
S 1.50E-03
[=3
5
é 1.00E-03
#5 46
5.00E-04
0.00E+00 A k
1388 1388.2 1388.4 1388.6

Wavelength(nm)

Fig. 4.18 The selected 6-line profiles
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Table 4.5 Information of parameters used for Gaussian function

Fig 4.20 Xo (mm) | Yo (mm) Deviation (D) Sigma (o)
Temperature 0 0 300 8.0
ﬁ‘elrf?s?f; 0 0 0.14 8.0
Fig 4.21 Xo (mm) | Yo (mm) Deviation (D) Sigma (o)
Temperature 0 0 700 8.0
ﬁ‘elgs?f; 0 0 0.22 8.0
- 90 -
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Fig. 4.20 Phantoms distributions at low temperature region

_91_

Collection @ kmou



B 1050-1100

® 950-1050
® 850-950
= 13553 u 750-850
Q 850 m 650-750
.E 750 ¥ 550-650
5 650 450-550
a 550 350-450
£ 450 12
@ 350 - &
250 4 &£
N A o
20 2 o0\ AN 20 F
AWM, A
X axis (mm)
(a) 2D temperature distributions
m0.2-0.24
H0.16-0.2
Z 024 m0.12-0.16
'E 0.2 ®0.08-0.12
® 016 ¥ 0.04-0.08
a - 0-0.04
= 0.12 :
-g 0.08 16
3 0.04 4 g‘
’ 20 N §
- -12 4 4 .20 é’"
12 5 A
X axis (mm)

() 2D H,O number density distributions
Fig. 4.21 Phantoms distributions at high temperature region

_92_

Collection @ kmou



433 7H3Elcl8 ] AF4E 28X A

Fig. 422014 ALiold 63 HHg LuelEg ol g3kl Ad A
T4 %, H0 ¥EET A3E HolZTh Fg 4209 ALRoAe
bgdelelske] Ao eEwA Weleh FheAtE 54K ~ 45Kt 0.06%
etk HA1e=9 AR Lrxlols Koz s A ARES
B3, vt AARNA 7 & 2435 Yt =9 AuHAt
o} A eat= -0.015 ~ 0.029 WSSk 0.044 3, FAFAA ] FrHAE=
0.029 ztol= 71 Zom, AAFANAN & A} 7HF 22 AHE H
AT

Fig. 4.23& n2RoA /e duglEe o838ty Axtd A+A 2
=, O w8329 Axlo|t} Fig. 4219 2702 7}Ad o] 2o
A2 HAzs 69K ~ 52K M9 E YERALL, A ext= 0.048
EFth o= 1. Song et al’®e] 1214 (11x1DoA Ath et #k 0.088
s wmaE ), o 28] o L A%ol ARE YA ®3 o] A
b RMAR FHRNA K L= o2 /M FAR AsE Blo
o, ko] FA R A 71 & eAE RAY. w9 HAoiHxs -0.014
- 0018 WARL, FHAE 0.0327¢ HERIAT FARAA FENZ
7 0018 o1z sbg Fow), AARAN FEAIL Y Fe AnE
Bolth sbdel LA FEAAM RE LuEo ATdE
= FEFY AFE % 5 Avnc kA A

& = °]&
e Blon, Aot s RFAA e AT Ase EA

Ll

Collection @ kmou



m 550-600

® 500-550
- 600 ® 450-500
T >0 # 400-450
2 s00
- P 350-400
E 400 300-350
S 350 . , 250-300
2 300 | >
'3
250 4 £
S
20 .12 ) 7,0 ¥
WA,
X axis (mm)
(a) 2D temperature distributions
m0.12-0.16
z 0.6 0.08-0.12
‘» 0. .
E 0.12 0.04-0.08
(=] 0-0.04
E 0.08
16
0.04
: .« §
U 20 -8 u§
B -12 4 4 .20 é‘"
X axis (mm)

() 2D H,O number density distributions

Fig. 4.22 Reconstructed distributions at low temperature region

_94_

Collection @ kmou



B 1050-1100

¥ 950-1050
# 850-950
= lggg u 750-850
@ 25 ¥ 650-750
.E 750 " 550-650
5 650 450-550
o 550 350-450
£ 450 12
@ 350 &
250 4 &£
S
-20 &_‘.'.’
g
A,
X axis (mm)
(a) 2D temperature distributions
m0.2-0.24
m0.16-0.2
Z 0.24 m0.12-0.16
‘W 0.2 = 0.08-0.12
® 016 % 0.04-0.08
Q 0-0.04
= 0.12 :
-g 0.08 16
s 0.04 a g
2
0 -8 §
Wl o 20 N
12 4, A
X axis (mm)

() 2D H,O number density distributions

Fig. 4.23 Reconstructed distributions at high temperature region

_95_

Collection @ kmou



434 A 4F A=A

Fig. 4.24 (a), (D= 16709 #olA W& o] &3t A w7729 2%
£ 343 4F AA =9 AHEH 16path #HolA7F Avrte AES YERA
=2

Fig. 4.25= Az A@Ax9 A4 FA ==

2olA H08 1388nm FF2=HERS SAsH7] ffsiA
°] DFB ¥t=A #olAE A&} T

Aatdth. dlolAFe ’ =&l oA 16 pathe] Weoz Fe5o
A, Y8 golA As= A
tlelelgl oA 500kHz =, 1
A7 AWts 5499 4 70mme]x, FUJI HEAVY
INDUSTRIESAFe] OHC (Over Head Camshaft) 7}F&® XS Abg3le] &
3d RER FEAZCH 7|72~ wlE&F (Exhaust pipe)d FHAS
22mm, Zol= 160mmeo.z FAsFom, golAAddz Ao A 100
pmé ARAZS AHEAA FHFHY FAFANA 2ESAHS, AE

=74 (TachometenE AFg3te] A~ E A7 2 ZA 514

ro
i
o
)
Y,
o

_96_

Collection @ kmou



Laser

Thermocouple

D_

16 path measurement cell

Fiber splitter

Analyzer

Exhaust pipe Bngine

O

Tachometer

(a) Experimental apparatus

Collimator

Analyzer

Detector

Tunable laser Fiber splitter (1 16)

(b) 16 path measurement cell measurement system

Fig. 4.24 The outline of an experimental apparatus and measurement cell

_97_

Collection @ kmou



Purge line ‘
& Protect flow linel

Fig. 4.25 Picture of engine experiment system

_98_

Collection @ kmou



435 49 43 3 A7 2=EX 23

Fig. 427 A7 7% F 10% 7t ARAZZ S48 4 AR A
2=slel dzlam o] ylFojth AIATET} A5t 2EE
st & Atk 8.~ 102 Atolo] ARAZE o]8dt FHHE 2%
= oF 500K A=A FAHYT, T § AWAmE= oF 2900rpme] ok
A7 wj7)7b20) 2EdlolH & YA Ee T4 Aol AsH7tE
3] vl

Fig. 4.28¢l

A AR 63 AH3 BaeSe Asse] AT ANE
 EEEEe AvE noerh Fg 4269 439 75 9244 =3
g
q

T rfo

oJHE AgIROE, AeHs nyUe Aeste 12

=

o
N
)
oy
=)
s
N

g F7MAA FHENTS A Fig 4.28@«= AT4
ALtE E=Foln, AARAANA = 353Kol, F4 ‘Proﬂ/ﬂ-‘ll HIEE
50L.6KS. 2 Fig. 4.279] ARAZ 24 exo 4gs 2 o= An= 1
%Ath Fig. 4.28M)= AFA4 A4rE HO s=#9 Ayo|t}h FAIR &
T 0.0358, AAANAN HA FEE 001110tk

_99_

Collection @ kmou



0.10
0.08 0.08
5 0086 5 0086
- -
[ [
S 0.04 S 0.04
-] -]
=< =<
0.02 0.02 N\
0.00 0.00
1388 1388.2  1388.4  1388.6 1388 1388.2  1388.4  1388.6
Wavelength(nm) Wavelength(nm)
(a) Laser path 1 (b) Laser path 2
0.10 0.10
0.08 0.08
So0s S o006
= =
S 0.04 0.04
2 3
=< =<
0.02 0.02
0.00 0.00
1388 1388.2  1388.4  1388.6 1388 1388.2  1388.4  1388.6
Wavelength(nm) Wavelength(nm)
(c) Laser path 3 (d) Laser path 4
0.10 0.10
0.08 0.08
5 0086 5 0086
- -
[ [
S 0.04 S 0.04
-] -]
=< =<
0.02 ‘/\A 0.02 A_,\
0.00 0.00
1388 1388.2  1388.4  1388.6 1388 1388.2  1388.4  1388.6

Wavelength(nm) Wavelength(nm)

(e) Laser path 5 (f) Laser path 6

- 100 -

Collection @ kmou



0.10
0.08 0.08
5 0086 5 0086
- -
[ [
S 0.04 S 0.04
-] -]
=< =<
0.02 /\A 0.02
0.00 0.00 =
1388 1388.2 13884  1388.6 1388 1388.2 13884  1388.6
Wavelength(nm) Wavelength(nm)
(g) Laser path 7 (h) Laser path 8
0.10 0.10
0.08 0.08
So0s S o006
= =
S 0.04 0.04
2 3
=< =<
0.02 0.02
0.00 0.00
1388 1388.2 13884  1388.6 1388 1388.2 13884  1388.6
Wavelength(nm) Wavelength(nm)
() Laser path 9 (j) Laser path 10
0.10 0.10
0.08 0.08
5 0086 5 0086
- -
[ [
S 0.04 S 0.04
-] -]
=< =<
0.02 0.02
0.00 0.00
1388 1388.2 13884  1388.6 1388 1388.2 13884  1388.6

Wavelength(nm) Wavelength(nm)

(k) Laser path 11 () Laser path 12

- 101 -

Collection @ kmou



0.10
0.08 0.08
5 0086 5 0086
- -
[ [
S 0.04 S 0.04
-] -]
=< =<
0.02 0.02
0.00 0.00
1388 1388.2  1388.4  1388.6 1388 1388.2  1388.4  1388.6
Wavelength(nm) Wavelength(nm)
(m) Laser path 13 (n) Laser path 14
0.10 0.10
0.08 0.08
So0s S o006
= =
S 0.04 0.04
2 3
=< =<
0.02 0.02 “ T
0.00 0.00
1388 1388.2  1388.4  1388.6 1388 1388.2  1388.4  1388.6

Wavelength(nm) Wavelength(nm)

(o) Laser path 15 (p) Laser path 16

Fig. 4.26 Absorption graphs of H,O spectrum with 16 beams
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