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A Study on TDLAS Performances Influenced by
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A Study on TDLAS Performances Influenced by

Reconstruction Algorithms for Absorption Spectra

by Chang Ho Hong

Department of Refrigeration and Air-Conditioning Engineering

Graduate School of Korea Maritime and Ocean University
Abstract

In this thesis paper, the influences and performances of the curve
fitting algorithms of the CT-TDLAS have been evaluated by the use of
phantom data. 11 x 11 absorption lines have been installed using the
phantom data, which implies 121 grids have been installed on a virtual
measurement area. The phantom data distribution have been generated
based upon the Gaussian distribution for temperature and concentration
distribution on the virtual measurement area. The light spectra of H20
have been used for the evaluations. The phantom temperature data

have been set to two temperature ranges, 300K~700K and 300K~1000K.
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The phantom concentration data have been set to two temperature
ranges, 0.02~0.14 and 0.02~0.18. The performances of four curve fitting
algorithms, One-Ratio-two-Peaks (IR2P) curve fitting,
two-Ratios-three-Peaks (2R3P) curve fitting, Cross-Correlation based
curve fitting, six-peaks curve fitting, have been quantitatively compared
each other using the phantom data. At lower temperature range, 2R3P
algorithm has shown the lowest calculation errors between the phantom
data and reconstructed ones. At higher temperature range, six-peaks
curve fitting algorithm has shown he lowest calculation errors. From
this, it can be said that the most optimized algorithm should be adopted

for the temperature ranges.
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(spontaneous Raman spectroscopy, CARS: coherent anti-Stokes Raman
spectroscopy)(Ax et —al.,; 2010, Braeuer and Leipertz; 2009,
Jehlickan et al.; 2009), @olAo7]83FH(LIF: laser-induced
fluorescence) (Engel et al.; 2009) LIBS(laser—induced breakdown
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Deguchi 5(2012)& o5 W& MAG 2x9e] 2x¢ v¥ix =
Aol 7}53ek CT-TDLASH (computed  tomography-tuneable diode laser
absorption spectroscopy)< 7l¥st v} Qlt}. o] AFAA 71 Fash

Ao oteHoR wdd FAMAREE dold TR olats

Ade & el 22 b FAgEd S A7As] HsiM =
APdAM Do FFAFAEY Mo g o8 2FEH 7MA A=

A71E FAT, 22k dHAd o R A" S
st 2719 HA L AXJoF dth. CT-TDLASHOIA &= o] F 7}x]7}F A4ta
Aol A F Aol 435 +=d], Deguchi 5(2012)2 22+ wHAo] A+A1 &

93 G50 2 A ART(algebraic reconstruction technique)®-S %
gotd =, ole2 2ERste] wel Wkt o 3ol e F
A W3S o] g3te] ARTHORZ 2% % Fo5 Axsid. o] W
A= I 3olA e FFAG7E A2FoA auA Z ZolE B
oA A H WARE, ALLFoM SHATE F Hol dolt}.
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Choi 5& o]E 7fA37] ¥ske] MARTH 7]14¥Fe] 1R2PW (Choi et al,;
2016a) 2 2R3PH (Choi et al,; 2016b), A& (Choi et al,;
2016¢), 64 <185 (Choi et al,; 2016d)& A A3+ v} ¢lt}.

2 A= CT-TDLASOIA] o]&5 ®WHEo] 72 LR ¥} T X

=74 gl o gA WAL e A AR S FAsE A
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A 27 CT-TDLAS ©]&

2.1 &5 (Absorption Methods) €&

£ % (absorption method) = 71 R4 1815 Tl We 57 el
HAHE Fohe AT 1 Y 2 BE JEHS o]8F &

=3

=]

olth. Fig. 2.1c Aol F=dole) #d3 FomAlE 4 74

\]Cﬂﬁ. Area Lpper energy leveh

Lower energy level j

Fig. 2.1 Principle of Lambert-Beer(Deguchi, 2011)
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ZhadRzpe] el mEl FaEE W Agdedon FAaTS ol
gk Beer-Lambert™ 2 ol A o] JAMg 3 F2gate] st oo Ao
2 YEhd = .

AN
]t : =exp{—AA} (2.1)

Aoy :exp{— E(nl o« Pe L%]SZ.J(T)GM)} (2.9)

2

I ()\) : Incident light intensity

(o]

]t()\) : Transmitted light intensity
o, - Absorbance

n; : Number of density of species ‘i’

P : Pressure
L : Length of light path
S

i Temperature dependent absorption line strength of the

absorption line ‘j’

Gm‘,j . Lighe line broadening function or line shape function
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E4A 4 Broadening F<eldl dWrH o= Voigt 5= FAEUG.
Sz]( )T‘:‘ 7]',/_:g %‘%’, 3_ ]J']‘;q'J’]’ 7]'/\ Oﬂ 4 o]—ll] 1’4— 4 };}gi
FA19 4 A+ (Deguchi; 2011).

) (*hcvo,)
(7,) heE/” 1 -~ OPYTRT
51 = 5.1, gteap| = (7— Toﬂ e rnd IENCED
1= exp( T =)
0

A7IA, hijsle ZHa A7, cleny/sl= Blol S5 k[J/K]= B=8F A5, o,
T AN, B E L Aeldl JolA AduAdEE et QDE
Zpe] eUA] ekl Alehs 2ol weh 4xFA] uigkaroltHGamache et
al.; 2000).

i
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2.2 AEZ&# 34(Line Broadening Function)

4 mzAz QoA ASTE FEAAERS L%, 9

of oJgh ~HAEYS] HEGA Pidol| oste], 11 AHAEGYP A o] Wt
T, oléki= Deguchi(201D)ell o3k A& dsdol] w3 U&S 7<d
o AE e T4 28FE v,

e BEA  FY% 0 9SS HHA= #Y F(homogeneous

broadening) ¥ ol® £z} TIFo UE FIEFS WA= EAC
(inhomogeneous broadening)©] AEt. w4 o= Natural broadening
I} Collisional broadening®] <¢lem, EBFU 2Ho|= Doppler

broadening©®] 1t}.

(V)

Amplitude

Absorbance
Area

e (Vp)/2

Frequency

Fig. 2.2 Line broadening function
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A A M 2o A= Natural broadeningol] ¢k ~FEHo 2] ke &
3L, Collisional broadening® Doppler broadening®] A 8jZ&o|t}. Fig.
2.2% AA T2 MG AELY 59 F4S YERdY.

(1) Lorentz A4+ &<

AFAA QD FTbzol ok AF yol A A= w5l o A
o 93 A Ylo]H(collisional broadening)-

O
AR AE Goldd A%e) S7bE By, o=k Ao W= t&

21(2.4)9] Lorentz A=A H&HS A, Heigenberg &84 o] &

(2.4)

FAF(Photon) olUAl= S&€ FejolA e Agke AZF ufol] 23]
& 4= qlvd. 28y &4 o] (Absorption transition)®] olUA] AE}7}
Aol o] o iAW, Az ME Wold(Natural

L

2]
broadening) .24 AZeo] W3l= Yeld 4= Q. AAHl AZE Hojg
— 10 —
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2 Lonenzian A3 St A4

=3}
[-4 (]
N
-~
olr
ol
o
ks

%Mz% (2.5)

21 (2.5)°] A Al/n[cm_l]% “natural” A= (FWHM) o], l/o[cm_l]l:—
A F39<=(line center frequency)= YEFATE. thF-Eo] HS-olM &=
AA HdZ yloJfd (Natural broadening)= HlwA 71 =] &

Aol o A FAl Iestt. F=dl gt A& (Collisional

broadening)< T 83k 4T MEF4 @Aboltt. Collisional MF2H4
& AE o] FEEe) o8 s, FE ol RN g
o =0 EF ARtel High AdFe] waks FAHET o]H 3 AP ek

= U 2 (2.6)3 Zo] Lorentzian profilec] 93] Yepd 4 Qltt.

qs,@):% (2.6)

_11_
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(2) Doppler broadening

Doppler broadening< &7k 22k EFA %< &
Aste AdowA, F97F2 B £ibe P A9t o m i
T2 & Maxwelld S w27 #vh. wp2bA Doppler broadening®] 37

S 9] Gaussian ¥ 2](2.7) 2 AHeold 4= A},

¢ | m (v—1p)
GD(V) = 1/—0 ok T EeTP 4ln2 » TI/%} (27)
2y [2In2 e« kT
(O]KH, AVD* T T )

= o
Ao tE. Doppler®] WHEZEE FAIF Il T2 o] Hukte] vl
staL, S7F~e] BAFE dn ey, A Evr F95 Av,E A
Ho], MEZ3}(broadening)] G3Fo] A A FHr}. I Lorentz&o

Aoz g8 A9z JEd 4 i

P

2 2
Gole) =3~ 1“7 (2.8)

_12_

Collection @ kmou



(3) Collisional broadening

Collisional broadening= oW 33 =2 S47l~ Exe) & A
oFo] FFol 9ste] WA= AR, B8 dy
. 259 22 TH 52 U2 TFY taEAE7E TELRA 3

_/':
P oS oW olyA el SR8k AIRE2 FAl Ho] 1 Mol

H

15
HAck, 1 23 EA Collisional broadening A Lorentz&Fol 2l sf
of t}L-9 2(2.9)2 AHolHr),
Ay 1
Golv) =~ - (2.9)
2m il
(I/—I/O)2+ 5

3714, AvcE Collisional®l WEEZL, » &= TAAFIGIG, 2 3
g A= =0l dolA 2F ojufoldbd Collisional RWFEFEE
Aol oA sl Hlalstar, v Adgols wERES g

Avy, = 2P = PZSC,L-@EZ-) (2.10)

_13_
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2 wgho] wE Collisional broadeningl

e}
&
i 2EolE Aoltt, TS Lorentz¥59] FH )

G(v) = —— (2.11)

_14_
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2.3 A48 dadd+s
(1) CT-TDLASY 98t L8 ¥, FLEY A4 3A

Fig. 2.3 <lxuj7] el A% CT-TDLASE o] &8 =iy 2 §&%
By 4429 Aldl(Deguchi, 2012)E debdth, Zddold dAd)
(thermocouple) 7} AXE o} &= HFEE& QoA B wje] EFo] Fig.
2.40|t}. 1o A DFB laseroA Y= #lo]#A342 beam splittero] <
ste] ofy] 7hge] FYPoz Yol x Al Hrl. o]ojA Collimatorell 2|3}
o] Fx3& HopA wizi7ta7t Fehe SANTAE TS HW k)
He| HEH-(detector)ol| A of 2] 7Fete] A5 7F Aojx A Hrt.

Fig. 2.5% 92 7t59 ARS A&7t SARSE A8t 1 v
oA @dojx Fig. 2.6 2L FF2FEH] Yeht gl AL B,
LX) FERYE Fig. 2.5%0A #olAFEe] L
el FFakAl "k, oAl wetd, 57 x 5719 #loAFo] uApdt A
S, F 25709 ArPel M et wEvF FEAA H
>k 2670¢F 5% 2570E Fefokeled AN AA

HE

%)
I
o
of

Ao dol Wl &
= Aleas 10708l ik, wEkA o] 10709) S~ ER Aents vt
Ao U F-e) 2571 ARGl A 2ok SRS AAtelr] flstel R e

A AF(computed tomograph)S =3 sHAl ).

_15_
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Fig. 2.3 Line broadening function
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Fig. 2.4 Measurement apparatus
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Green line: Laser path  Unknown variables
Red line: Analyticalgrid * n(i,j)
)]

Fig. 2.5 Measurement apparatus
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Fig. 2.6 Spectra of absorption coefficients
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(2) CT-TDLASONA 9] ERH S A ATA Luds)

S22 et} olsle HE SRR I FREEIE AU|7-x Y HiEA A

darg] 5ol et 7=

Initial value T, n

Tomographic Reconstruction

(4D (k) Ajexperiment BLij <
a;lt — ;L e — 1 4

J( ) }( ) [2‘1!:1 fxi,theury"—'ij

Template Matching Method
n =

O'fO't

a (%D = a;()® x[(€p — o @@ x 0.1]

» END

Fig. 2.7 Flows of iterative calculations
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2 AToM s REEAN daggoRA AXE A FAHNEE sk
MART(multiplicative algebraic reconstruction technique)®<& %83}
Atk & AN E SRS FI7IH0)E e sl ks
AApoll F5¥= F48L Beer-LambertH F ol o)3le] ol 4] (2.12)9}

2ol Uehd 5 9

= exp{—a,} (2.12)

A7, o =9 wES 2EF9 4R Yehis
(absorption coefficient)olt}. o, T 2 (2.13)3 o] F=

o g Yepdo

'

ol
B
Xl
o

W =Spr T 0.
v J
AZNIN, i Thie] FRE, PE 4Y, L& RaEE W el

S, (7)== Table 2.5.29] HITRAN(high-resolution transmission molecular

i
absorption, StanfordthollA A|&3al AS) dlo]guo]| A2 HE &)+
T A% %(line strength)ol® %9 Folt}. ¢, & Fd9 I &

Fojth. . A (2.13)2 U 4 (2.14)¢F o] Hle] FE#o R UE
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7
=2 P X-S(D),, L (2.14)

i=1

oJo1A, The 2] (2.15)F ol83kel 4 (2.13)9] FFAFE Fig. 2.59)
Axpgel el 7@ & YA Ak,

pL;

IJ;

J>experiment

7 (2.15)
Z z theorysz

~

ZF(HITRAN d®lo]E] =€ 7

rob
i

Z 1theorJ 1]‘4 O]%Oﬂ ‘O/]

(A71 ,j/theory —

A8 Al ool dojn FrY

st HEAR s 2EEE, w6, 76G,5)5 7 5 I A
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Fig. 2.8 Spectra of H20 for 8 laser paths at temperature = 300K
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7Fddl o1 (phantom data) &% AMtE 52 HA7F H a7t wo
FHd w7px] giEAow AbstE WMo A (2.15)F A&kl
BEk 0~1 Afole] ks 7IA&d], ¥ =FolA & Choi et al.(2014)9]
AT AdEA HE HASE pRe® 0.1% o] &kt ThEE oA

sEaL, Eulgk QD o A (2.16)S o] &3ttt
AD=a+bT+cT°+dT° (2.16)

A AelA L=(D+ o 4 Q2.1DEFY 3 5 Q.
he

7(Eyl/l_-Eél/)
T: r’ r’
R S('TEJ’UQ)_FE El —E2 (217)
V() "k 7,

oluf, ouUAHH Ei"9} HF2% Teol AA9 Si(1)¢ e HA=3h
HITRAN Database(Stanford ™ <@}l #|3-)ZHE dojZt}.
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A3% Spectra Curve Fitting 41 EE ASHI}

3.1 7} olE A3

B Ao A 7FE 1lpaths, A& 1lpaths® 7F4F(Phantom) =X%=3E9}
SEEFEE ol&sto] 1388mm FAWEY H0 ST ER-F7% 125
WE 1 ZHZEo] Curve fitting HS A 83ty eI TEBEXIE A+
Astlvr. 1ejal o 54 A3E ol &ste] Zhzbe] Ag-ddol el gk
3%37re AASESET. 7F3(Phantom)®] 2EHCIHE 4] (3.1.1)9]
7F-§-A1QF -3 (gaussian distribution)& o]&3dke] AL, of7]A

B Hul 2%k, Too FALZECM o = 25 ARSI
= Beap|— (i* +5°)/0* 1+ T, (3.1.1)

7 =B EATE Figure 3.1.10] 71 A¥E HoFa 9o 43 <l
8 A wpr|FE wEEE TFae 2R Ao|AE AR 2
MZ Yol REgsllon o5 = 300Ke]gt 7HA A, A28 &

TREYO WYL= 300k ~ 700Ko]i, TLHF LmR o] Wol= 300K ~

_23_
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B 650-700

B 600-650
__ 700 = 550-600
¥ 650 = 500-550
2 500 = 450-500
% 550 ® 400-450
5 500 ® 350-400
E‘ :gg ® 300-350
@ 350 = &
300 -4 \§-
2 2o, , 20 ¥F
12 5 Fd
X axis (mm)

(a) Virtual temperature distribution

at low temperature

W 500-1000
= 800-900
m 700-800

1 600-700
m 500-600
m 400-500
W 300-400

Temperature(K)

X axis (mm)

(b) Virtual temperature distribution

at high temperature

Figure 3.1.1 Generated virtual temperature distribution
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E 008 lanlc
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L4 ] 0 s
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X axis (mm)

(b) Virtual concentration distribution

at low temperature

E0.18-0.2
m0.16-0.18
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m0.1-0.12
m0.08-0.1

Concentration
oPERPCs

|
e 4~Y

P00
QR&&:

(=1

X axis (mm)

(b) Virtual temperature distribution

at high temperature

Figure 3.1.2 Generated virtual concentration distribution
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7HEe] HolA a2 4 (3.1.2)% 2](3.1.3)S o|&3t ALbsislar
LR A= Figure 3.1.3 ¥ 721 12F 9 A3 Figure 3.1.49 2
o AR} 2R SeAAdER Ayoa] Hol= A o] 4
Ao] FAF-<l 6 Pathe} 179 Patholl 4 A peak point7} 7Fg=te] o] &
FHolHEY 2 S Hole AE A T4 7] 7H-AIQL
¥ ug} ¢ S5 adgzE A o A4S 4 = Ui
e
[()\)—eXp{—a)\}
I(\\)
JZ(A)ZeXp{—;(ni e P LXJ]SM(T)GWJ)} (3.1.2)
Q(T,) (To)
ST = 8(1)- S|
—hcvoﬂ;

ner” (1 1] | Tt (3.1.3)
&P k (7 ?0) ' . (—hcvo’i)

—exp

KT,
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3.2 One-ratio—-two—peaks curve fitting
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(a) Reconstructed 2D temperature distribution at low temperature
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(b) Reconstructed 2D temperature distribution at high temperature

Figure 3.3.2 Reconstructed 2D temperature distribution

using one-ratio-two—-peaks algorithm
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(b) Reconstructed 2D temperature distribution at high temperature

Figure 3.3.3 Reconstructed 2D concentration distribution

using one-ration-two-peaks
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3.3 Two-ratios—three-peaks curve fitting ™
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Figure 3.3.1 Graphs of theoretical H)O absorption spectra
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Figure 3.3.2 Intensity ratios from three absorption lines
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(a) Reconstructed 2D temperature distribution at low temperature
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(b)Reconstructed 2D temperature distribution at high temperature

Figure 3.3.3 Reconstructed 2D temperature distribution

using two-peaks—three-ratios algorithm
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Figure 3.3.4 Reconstructed 2D concentration distribution

using two-peaks—three-ratios algorithm
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Figure. 3.4.1 Reconstruction Temperature distribution
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Figure. 3.4.2 Reconstruction concentration distribution
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Figure 3.5.1 2D temperature distribution using 6peaks curve fitting
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Figure 3.5.2 2D concentration distribution using 6peaks curve fitting
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3.6 Z} fitting'He] vl H7}

2 FoAe 7Y 2R sEAEES ol &ote] wdd 7oA ZH7)
©] Curve fitting algorithmsE %83

o & Ao A= AT dHelHE vl E
e pdcia=

i
2
4
o,
:cé

Table 3.6.17} 3.6.2% Ztz} A &F} 89 &% 9 39 2% 0 xS
Aelet AozA Zt7te] daglse LARHLHAE €A &2 & 4 .
A A2FoNe A4 dugse] 2oL 7 Ze

<
6-peaks, 1P2R, 2P3R <
ZEe A7 TP S
7MY EoeeE AS 29 & 5 9.
ol o o A R L,
3 IRZPS} 2P3RE F
o 1P2R¥} = date] &

ol 9k,

Cruve fitting Algorithms

Cross-

1P2R 2P3R ) 6-peaks

correlation
Temperature -9.8 -29.8 -83.0 -64.3
Error Range [K] ~76.7 ~344 ~55.0 ~50.6
Concentration 0.013 0.012 -0.015 -0.013
Error Range ~0.051 ~0.04 ~0.036 ~0.024

Table 3.6.1 Evaluation for each curve fitting at low temperature
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Figure 3.6.1 The temperature error distribution at low temperature
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Figure 3.6.2 The temperature error distribution at low temperature
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