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Evaluations on Performances of a Measurement Technique
for Temperature and Concentration Fields based on a

TDLAS (tunable diode laser absorption spectroscopy)

Kim, Kwang Nam

Department of Energy Plant Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

The purpose of this paper is to evaluate the performance of the
calculation algorithm of the TDLAS (tunable diode laser absorption
spectroscopy). Previous calculation algorithms used for reconstructing the
temperature and concentration fields in the TDLAS utilize the peak
intensity information of the representative waves at 1388.135nm and
1388.326nm for the case of H,O vapor. In this paper, a new method in
which correlation coefficients between the wave patterns obtained by
experiments and those obtained by theoretically calculated values are

used for reconstructing the temperature and concentration fields is



proposed. That is, the light intensities obtained from experiments and
were compared with those obtained from the theory were matched to
get final matched patterns. For reconstructing the temperature and
concentration fields, the MART (Multiplicative Algebraic Reconstruction
Technique) which is widely used for CT-based reconstruction algorithms
was used. Calculation errors are relatively larger at higher at higher
temperature zone than lower temperature zones. It was verified that
larger errors at high temperatures was due to a very weak intensity

change.

KEY WORDS: Tunable diode laser absorption spectroscopy 7}¥ Tho] 2= o] A
&< E3H; Normalized cross correlation A7ste 343 %=; Computed
tomography #AFE ©=#<9; MART method ¥4 4+& A AX: Exhaust gas Hj
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2.1 Lambert-Beer’ s law

T B3ste] 718 o2& Lambert-Beere] WHoz A9 ylesit
& o] A F4-H(TDLAS)> %(Species)E9] 2 =52 Z2H5 1 & o,
o] 71& WAL A& Fig. 213 o] Ho] F wAE ~wWE d,

Lambert-Beere] W2 ol wet F5 - F3d HY Arje= w2y w=¢
wHo] Jdom, o 7F29 FE9 259 FFE Uee FAT
(Absorption coefficient)e]t}, &A=

IN)9F A= glow, I AL A Q21D 2o} =g 2

o] B3 # Az} golA WE 4lso F=HE JEH, 5

—

I\

I EA; =exp{~ay) 2.1
A

T ool Xl - 7+ 155,06, 22)



I (\) is Incident light intensity;
L(\) is Transmitted light intensity;
a, 1s Absorbance;

n; 1S Number of density of species ‘i’ ;

P is Pressure;

L is Length of light path;

S;,; 1s Temperature dependent absorption line strength of the absorption
line i’ , ‘5’ ;
Gy, ; 1s Voigt lineshape function of the absorption line “i” , *j’



Fig. 2.1 Schematic diagram of Lambert-Beer’ s law
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(2.3), S*[cm_l/mol . cm_2]§ el o}

S lem Y mol « em™ 2] xn[mol/cc] (2.3)
Platm] .

S[cm_ 2atm” 1] =

J8

2 (2.394 ne 4 W=(Number density) [molecules/cc] )3, P &
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kT
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J 7], k(=1.38054 %107 % [erg/K])= EB=1+ A<=(Boltzmann constant)=
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S= 8" (2.488 x10") [em ™ 2atm ™ !] (2.6)
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—hcV, —heV, —1
X |1—exp( Ov)]

0,v
-7 1_ -7
KT )H pl—p
h is Planck’ s Constant, h=6.6256 + 10~ *"[erg - s);
k is Boltzmann’ s constant, k=1.38054 + 10™ '®[erg/K];
¢ is the light speed, ¢=3.0 - 10" [em/s]:
v, is the line strength [em™'];

E’ is the lower-state energy level lem™

Q(T) is the molecular roto-vibrational partition function at a particular

temperature 7.

The value of S,(7) is obtained by HITRAN Database(from Harvard

University, website)
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Table 2.1 Coefficients of the polynomial expression for the partition of

H,0.

Coefficients 70 < T <405K 400< T <1500K 1500< T <3005K
a -0.44405x10" -0.94327x10° -0.11727x10"
b 0.27678x10° 0.81903x10° 0.29261x10"
C 0.12536x107 0.74005x10™ -0.13299x10°

d -0.48938x10° 0.42437x10°° 0.74356x10°°
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2.3 g 3gt<(Lineshape function)

AP Aol tigk d7A%E otdet Zol AT (AR,
2014 cited in Z%9, 2007) o)A Wel 7 EApo] o3 FFo o3|
TAE = Agday AZF S7te 259
S a7 dAE F o o|ERY AT AF ol A F

83 AR Ao

Al
8

Age Wgow BE

AEF oL Ee BASC 9 4AF  H o F(homogeneous
broadening)® t4&9] A IFd B3 AZE 4 o] X (inhomogeneous
broadening) 0.2 ®FHTE Hol= B2 A3 st4(multiple lineshape
function)2 %€k o A ofgk g Zlojth

*E, 250 o3 dFRA, dEHH 2xo BE FFAEY

7] 9@ AZeo W Tda 5 AlFel AEEH+= [AAlntegrated
Absorbance Area)#te] W3} SO = HdubE 7t = ASA L EHo
oF & Algtoltt

AYFeE

b
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2.3.1 Gaussian lineshape function

Gaussian A3 e ofgfel o] A= ATk (AW, 2014 cited in
%3, 2007 Doppler broadening #<& EFdUd HE Yol
(inhomogeneous broadening)®] T+ZERE UelfojRAt 71~ & 18
of wel I AZF Wslyl gEA yEhdS 23t ol2d AE Yo
A8 9olo] d&F(random thermal motion)ol ol&] WA=, HExpo] £
T BXE A 9%eE xdEA Atk =, A9 d&-s(thermal
motion)ell 2oJs] WAE = EA HZo wE =F2 A¥ F4(Doppler
lineshape function)+= Fig. 2.2¢F #o] Az F o FHgE 71

Gaussian =X o 2] 18 Rt}
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—| AV(FWHM) |—
S R L? N
)
B Absorbance
= / Area
G(Vo)/2|==============-- 1!
Ii_.
/
/ ¢ \
Y 4
T : T T T
Vo Frequency

Fig. 2.2 FWHM(Full Width at Half Maximum) of Gaussian

lineshape function.
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2l (2.8 AVye =22 AZ(Doppler width)olg} 3tH, Aq <=9
FWHMe 2 Yepdth =27 AZ(Doppler width)& 2 (2.9)9} #o] A4k
o] 2t}

(2.8)

—exp 4ln2( AV

,/ —71623><10 v, ]\Z (2.9)
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2.3.2 Lorentzian lineshape function

Lorentzian A% <= offel Zo] A=At (MRl+f, 2014 cited
in 259, 2007 7t~ BEAERE T A
28] FHol o] FoAAA & A5 Aol Adel wet I F5 F

o] ZolAA Hi HAFo] FrteA " o9t Ze AAARJ] FF FH
of & HAE Qo £A52 &5 o HAH= 2 45X

Eol| 93 HZ ylojF(collisional broadening)> #U3d AZ Hojyy} A
o] S7HE HAG. ol#gt AdFe| Wsl= Lorentzian H¥ =24 &

& 5o} 2|1, Heigenberg B3+2l o] 2o ol& Ad 7}538)).

AV > — (2.10)

FxHPhoton) ANUA &= &9 FHioAY AgA AIZF oo A&
& ¢ QY 18y &5 #Hol(Absorption transition)®] oA FE}7F A
AAQN FHo) osiA FaHrtH, AAA AZ o] F(Natural brodening)
°og2X AFo ®WEHE YHEd F At AARFRJ] AF ol

Lonentzian A& =24 E£d 715 it

J
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G, (V)=— (2.11)

2 21D AV, [em™']&  “natural” AZ FEWHMoOIH, V,[em '] &
4 Fu<(linecenter frequency)E WERADE. T FE9 7oA ol
3 A9 A AEZ Qo] ®(Natural broadening)S Hlwz 71 o= &9
THOE 3] FA| 7ssith

ZEd 93 ME yo]A(Collisional broadening)e 23 7Y ME w
HAYZolt}. Collisional AZE Yol BE2E 31 F& FEo o) &
AEH, T2 o]dA ExtoA dAET FF] &4 At did HZ 9
Hals FAED ol# AdgrE 4 (2122 #o] Lorentzian profile

o olaf LheRa % 9l

AV,
1 2
G V) =— 2.12
V)=~ A (2.12)
(V=Vy) + 5
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o] 7
5

of Bl#siA =

—

1M, AV.[em ']= collisional AZ EWHM) 183 V[em '|E &4

(linecenter frequency)e]tt.
TFEC] BB F FF o149 JkaE AtololA A3

4»

A} 3
“Process foreign gas broadening” o]2} slal, 3Lt 7}
o] M 7-$, “Self-broadening” o]&}3tct. =3k
So] % HE Yolde exrt 43T A4 4

Z (collision

-

BAE ) FE

width)-> 2] (2.13)¢} 2t}

AWZFZX%%Q (2.13)

(mole fraction)& YEMH,

2 213944 XE jE 29 B EE
’yj[cm_latm_l]*‘i FE AF  gol3  A<(collisional  broadening
coefficientolot. &=o WE ~+= tha 4 C14H)=E FHHT

(2.14)

2 2144 Ty= 71+ ==(reference temperature) ZLE il n= &%
FHIA

of temperature dependence)= A

o]&  AS(coefficient
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Lorentzian A& 349 H 1 #=o](peak heigh)= & 2] (2.15)¢} 2t}

B 2
AVqr

Go(V,) (2.15)
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2.3.3 Voigt lineshape function

A 2= 93 AZ yojH(collisional broadening)S =& FE 3o A

A

X
fr
i
o
ol
X
i
2
[
v
A
e
=
2
o
fr
g
)
1
1o
Elolr
By
-3
1o
o,
e
2
A
rlr

=
=

Eloll
EA

Az AEF golx @42 Ad dF yojF(natural broadening),

A

-

ZEo 93 AEZ yo]A(collision broadening), 181 =Z# AE

A

wolZ (Doppler broadening)e] Al 712 AZ dolx Aol FHo=E
SASHA Aok 2HBEE o]HE Al 7HA AF Holf dAde AT A
a7 " edtth. welA Gaussian A3 <49} Collisionaldd S-=
A5 AYgS =dS Voigt profileol2ltstm, oo tid #A AL 2
(2.16)7% 2o} wref AF ool mAYSFo] SPZHo|gd, AFgre

Voigt profile t=3 o] Fojxith

stAl 2 Aot
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a=—— (2.17)

w BFE FF B FHORVEY AYE B A0 tehyd, o

o (2.18)

JET AR We g 0 BA02 Yehyold.

y=20 (2.19)
D
4 F3k4 y ol A2 Gaussian=7]
Gy (V)= Gp(V,) f eXp —GD(VO)V(aaw) (2.20

Voigt 40 FElE §4 BRSolA CRE A% 2L 97 o]go

2 AREHA gtou AAl AS AlzHCA A" £4S #7 Voigt &
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FEE FESA gtk 2UM A4 Az"elAE e XA 2AEE

2 g3ste] =&3, B AF33 Voigt S #8310

A5

Voigtd & <t AFZ FWHM)S B=9] 4 (2.2D<= o]&ste] Axtgl

t}. [Oliverol977]

AV, =0.5346AV,+ 1/(0.2166A V3 + AVE (2.21)

019} HAEAl Whitingh¥H & o] &3k AZ FWHMLS theol 2 (2.22)

R

7 2t} (Zaatar et al., 2000)

AV, AVE
AV, = c+\/( Ve v (2.22)

VoigtAld 3¢ Ha Ho](Peak heighs 2] (2.23)ZA YelfolR

t}. [Mayinger2001]

Gy (V)= ()4 (TR 2.23
ED
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A (2234 g= Vep o1, V= Vb o]t} w3}
(A V0+ VED) ’ ED V In2

AV, & AV, & 27t Gaussian® Lorentzian$h<¢] HWHM(alf-with at
half maximum)Ad Zo|th. & AFoAs 2% &3t Yo, =l &3t

Wolde =% wd Voigt MF 48 ol &t
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2.4 Template Matching Method (Normalized Cross Correlation)

g =2 o)A (template matching)o]l@ = I AHreference image)oll A El
9’d(template image)d wWAHE= AXE @As= WHold. Al

e e 1¥ 7] FAolr, YwHom Iy HAYL olF

0>‘

(translation) EA|ol thalAE A 2 & d= 94, 3d @ 2AY

FeE =4 AL oAHT "HES AN e BVIE DUz A

sHnormalized) A o] oIt} 1 o]8E= W3 w=3 A0 wa} o]n|x
e

A3tE A5 A Normalized Cross-Correlation)& ofgj ] 2 (2.24)9F 2

(Flay)— f) - (tlay)—1) (2.24)
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n t(z,y)9} flzy)olMe] Fae folu, f& fo B, o= fo EF

gapolth, G| oA ol st B F wEe yHow A7 & 4

gk, Agdoez Azl wEHE A4 rY TEH T o,
Foy) =)= FolR Ty =tly)= P08 &< 15z
2ok (O WAL omat | | & 718 wE e Hulgtelth whef f

o t7} A4 34 olgta kW, A s H AT a9 HE Fo} TAo]
o)

£ =RolAE HITRAN §51dZ e 48 F5ad= ez
A2 MF e B FAPOEA LTS T
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2.5 Tomographical reconstruction (ART & MART method)

AHEE = WHEA daeFe RRoltk. dY Y Zo] X FACEHE o
nAE& ATFATT o] WHE d¥F8to| A= Kaczmarz method=
dH A Atk (Herman & Gabor T, 2009) ERIH I E o] &3 YA A+
He  ART(Algebraic Reconstruction Technique)H ¥ MARTMultiply
Algebraic Reconstruction Technique)¥ el fJo.™, F 7}A] 3|4 w5+
71 %3 Fx kel HArk HAE Hol HE wzkA] wrEzo g Akst
]t ARTH & 12+ A4 A|2"e] HbEZ sjdd o= 1135

yAHoz 7HE Bol AREEL Stk ARTH2 =71 &

o\

=)
b
=)

bx gkel %

I
_ NGO
Aj, experiment Zaj,theory (Z ) ng
i=1

I
2
DL
1=1

()" =a () x (2.25)
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k is iteration count;
¢, 7 is horizontal, vertical laser path;
[ is relaxation parameter;

L. is length of cell.

1

o714 plrelaxation parameten= THEZ Id&F= F= 7HaH°IH,

B2ke 0-1 Abole] gh& 7hRITh Slo) Ao stzgol Ao Az olA wu

A5 8 57 % ol

9} 2] MARTHE Alxx k3 A

3 A&stA A4 ARE dE F Ak A (22605 MARTHO A4kaS

LEbA T AT A= MARTH S o] &3l 2524 w545 Adso
A‘ ) /jLij

(Z )(k) % J,experiment

1
Z ai,theoryLij

i=1

(2.26)
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A3 +=7]/H,0)¢] A (Phantom) HloJg F+= &
45387t

o] AolAE 7hael(Phantom) LEAT FEg HolHE ol gsd 7=
11, A llpath F5d0lA4Y HOFFAIEL-F5F 1HZE wes
S

g At daugEs Hrbetes #Ao]l dAEE Hdn

il

oA U w772 HlEH= 729 FH ol %=(600K)
E 7ddy g oy, FLEB00K)E 7SI T 1 & Gaussian S
=

oFA =

IR

HH‘
rfo

gt FHOT BFE LT AHSAIRE REFE
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11

'} path

'i' path

250-300 300-350 m 350-400, ‘'m400-450 ‘W450-500 m500-550 m550-600

Fig. 3.1 Temperature distribution

11 X 11 (121709 gel= megdsidm, ztzte] 48 sh=sh A2 mm
o] 4Ae 71A™, HAZE meshol )
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32 A = A4t

wavenumber fcm—')

pLeni ] T A 1000
o= E
3 10 .
I
N
B
B oo
L
o L o
i ] ] T

Wavelenpth {am)

Fig. 3.2 Absorption intensity of H,O vapor for wave numbers
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Table 3.1 The information related to absorption data

Line- p
T e Streneh e
7202.037 1388.496 9.18x1071° 3224.546
7202.060 1388.492 2.74x1071° 2495.166
7202.087 1388.486 3.56x10™ 136.1639
7202.256 1388.454 2.74x107 446.5107
7202.327 1388.440 3.76x107 488.1077
7202.448 1388.417 4.08x1071° 3135.764
7202.494 1388.408 9.78x1071° 2670.79
7202.583 1388.391 3.04x107° 1201.921
7202.700 1388.368 1.64x107" 1411.642
7202.722 1388.364 5.75x107® 1817.451
7202.805 1388.348 1.07x10°° 3870.224

7202.909 1388.328 1.15x107" 70.0908
7202.911 1388.328 5.27x107° 3216.193
7202.999 1388.311 1.68x10°° 1819.335
7203.037 1388.303 2.25x107 2586.529
7203.239 1388.264 8.58x10° 2630.192
7203.265 1388.259 3.78x10° 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° 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
7203.822 1388.152 3.48x10°° 446.5107
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7203.824 1388.152 3.91x107 4016.115
7203.890 1388.139 5.65x107 742.0762
7203.894 1388.138 1.88x1072 742.073
7203.935 1388.130 4.53x10™ 285.4186
7203.950 1388.127 1.77x10° 1050.158
7203.968 1388.124 9.65x107" 2042.31
7204.030 1388.112 1.20x10™ 1640.506
7204.053 1388.107 1.65x107 3299.991
7204.069 1388.104 4.83x107° 1474.98
7204.135 1388.092 1.70x107 1772.414
7204.166 1388.086 7.89x107° 931.237
7204.232 1388.073 2.86x107? 3058.398
7204.353 1388.050 4.63x10°7 2439.954
7204.426 1388.036 1.21x10° 2248.063
7204.546 1388.013 3.36x10°® 1525.135
1338.0-1338.5nm 3¢ Fthel 40749 AANAES THAE A4 I3
Ao FeES AAsIF o, 7MY 2= 40719 HESHEY AR
E o] &3l 2] 2.7NE o) &3ty 121719 Zzre) Anitt A A= ke A
AbstR Tk TS 2 Q27D AwEE AR 2272 FETT
Q(T) heE' (11
S(T) = S(T,) o) 2 — (?_?o)l
2.7
—heV, —heV, -1
xll—exp T )l ll—exp T )l
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Fig. 3.4.1 The calculated absorption graphs of H.O spectrum at
1338.0~1338.5nm from phantom temperature at the horizontal 1~3 paths
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Fig. 3.5.1 The calculated absorption graphs of H,O spectrum at
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