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Improvements of Tomographic Quantification Technique for
Temperature and Concentration Fields using a Multiplicative

Algebric Reconstruction Technique

by Min Gyu Jeon

Department of Refrigeration and Air—Conditioning Engineering

Graduate School of Korea Maritime University

Abstract

Each gas has its own unique spectrum lines. The intensity of the light
passing through gases decreases following the Beer—Lambert law. This enables
us to predict the density of the gases as well as its temperature. Recent
advent of the tunable lasers enabled us to measure simultaneous temperature
and concentration fields of the gases. In this study, a numerical prediction
method in which the temperature and concentration fields of the H20 vapor
gas are calculated is proposed. ART (Algebraic Reconstruction Technique)
method and MART (Multiplicative Algebraic Reconstruction Technique) method
were tested for the prediction. The data of the Harvard HITRAN table in
which the thermo—dynamical properties and the light spectrum of the H20 are
listed were used for the numerical simulation. The reconstructed temperature
and concentration fields were compared with the original HITRAN data,
through which the constructed method is validated. It was verified that the

results obtained by MART method showed relatively better agreements with

those of original data.



A1F A =

1.1 A7 W3 # =4

SEA| 8 ok 9 93 W% & oF(MARPOL, marine pollution)o] &7 st 2013 1€ 1Y
P AEA Az BE At duAaSde] A g A (SEEWP,  ship
efficiency management plan)®} A7 A 323k Ao | X & &5 (IEE,
international energy efficiency)& H|A|&jofrt A3E & + Uk, 7]EY
Auk ek g7] HAR Alo] WF=A] SEEMPE W] X[ Sf|oknt et 7hsEkAl E 9
o}, o] Aduto =K E wjEH & 7] ool AsAtdA wlEy = ForEt A
Zbgk FEUS wWoty, o & AokRdo] wETe AS AARET. mebA -
g = Aub w772 e] e dxE AESH SAE 7 de Fdo] Hesa =
Y ejol Al el st= 1 AlE uwpefol shrg,

AA =2 A E Hojur] flal A= felivt=E E0l7] 9%

9o Agoma, NoxES Zole AY Ful ARAA, wy|Zks d¥E F

18

712 HEHoRM NOxE At Hl7] 7k AesdA], w77k Doy A
g A7UA R [AAA AdEets HESFHA 55 S5 MEsta vt
FA AT A2 H. J. Cha(2004)7F o1},
o ol ibsletae] FEE FA T Abgolth. v A
D. H. Kim(2006)7} SAth. o] A= A 14elA o] F&5

FER 1499 (digital speckle tomography)< ©]&38}o] o|4k3lel A 549
Lot WEE FA AT AHHEA Addd Ad5-159 He S, Ko(2005)7F
Artt. o5 ATE oAFErA AR A HiEHE FE5AS A3 AbgQ

BAR, vA ] 7tAaFo]l MiEEdE Wl HEdEol g dAE 7RI

H
rot
e
r2
-
to
Jo
>
>
(o
o
H
lo,
>
>
&,
0,
=
g
=
=
=
(@)
<
=N
—
O
©
N
<
N
=
o
=
N}
(@]
(]
N
N
N



W) 7] 7k 2ol &

it}
4>
o|\
N
oX,
M
fllo
M
X, X
ol
N
o
0of
£
N
s
e
K=
o3
o
o,
to
[
o)
o,
2
il

ARESte], FE71e FFAFEY SAS o8 vk ¥ 2k NS sS
AR, 22 ols 2w A 94 1de] REFEl A% Aolnw

B Aol RER iz slauER As1%s AU g
B AT g A AahEA R ETARHY e Deguching AT 1F
& 7pushy telomdelAe 249 % WAL o] kel Aol 7hne] ews

s Al S48k 71ESs 38k (Y. Deguchi(2012)) g}k 9l

1=}
a

He
il
offl

t}. o]&59] 714 ART(Algebraic Reconstruction Technique)¥ & ©|-&3F dhi
AAS FPstF oy By 7| 5 ART(Algebraic Reconstruction

Technique) ol Hl&] A& ALAIZF S50 g&0] 52 MART

_1

(Multiplicative Algebraic Reconstruction Technique)®H<= A -83FA Utt.

agor HooAgE JPASAZEY ek ART(Algebraic  Reconstruction

Technique) ¥ 3 MART(Multiplicative Algebraic

Reconstruction Technique)®H 9| A H7}E staxf shof. T3, wjE&x < 7}

s At SAE + de 7= oA HufE AHjoltt. AAS wiEH

FEFZol oA o
=

AR W7o B8 1ol ohE Al 2
N, Fhe BEREI BEAS FUD wjEHE dute] Agoe o] e

ol F gAst7] flste] 7tadA FREE e FHEAHERS e e
A HolABE A FF2FERS SBFOEN Tt FEFA0]
VsdtESE dtar, E4A4 Z%(line intensity)7F &%k wel dElxE= 54
S o] g3 7P tho] e =e|o] A (tunable diode laser)7]¥te] &L-=FA7]|&
= 7ot} g

HlEs s 7t wEsd SAS st F 7HA Jless WA R st



EERT H4o| 15 &S HY



1.2 479 74

=S 223w R2d SA5A VleEs TEoL, Hddag 5 ART
(Algebraic Reconstruction Technique)®, MART(Multiplicative Algebraic
Reconstruction Technique)®< ©]&3F ATH/INIE Ao EHo=x A 9]
ot ol& H% =29 FAS o 2o

Aol = A9 w83 B4 thste] Aavfstar, A27ol A

T A5 gk o4 wjAd S Awgstrl. ®3k CT(Computerized

i
rfo

h
=

Tomography), ART(Algebraic Reconstruction Technique)®™ 2 MART

(Multiplicative Algebraic Reconstruction Technique)®ol that S L3+
gt A3FANAE B0 FF7IY 2%, s JMSAWUE 75 9%
ART(Algebraic Reconstruction Technique)®, MART(Multiplicative Algebraic
Reconstruction Technique)®ol gk s 7tE thErh. PHAHo 2 A47

A Tbgastel di A% 2 13 gel @,

ok



At s wel

o] 83+ Beer-Lambert

s

O
il

A

=

Al

o
o

T

1

s

ol
#l ©]

=

o

=
=

A

1

s

s
9]

i

(absorption),
[e}

A
AR WA A

|
PN
- T

S E R R

o | A]
71

i
=

<

=0
2=

°©

L
=i
=

s

=

Tz

1=}
e A7

uho} kol
g whgrh el A7

ol Al 7]

E

=

1

s

o
th. Fig. 2.100 o= 7HA4 @olA &

=50
= =2
=
=
224

A}

A7)

=]
0
<
}

0
pal

Uebdch. Fig. 2.1004 H

=i}
=

A

17

A7)

At
=]
FU

L

z o]

&tod

Aol T MsAd 9l

Ef=
3

e
SH =

°o]-&

A YHE
1=

R

T
=

=

=
=

=
=

=
=

1

s

]

[e)

SIEREERE

g

v‘;_

=

ol o
gato], o]
50’—%

o134 ]
A

#
b
»(ﬂ_

=]
s
[

o EolA

=

pu

A

o

&3 (fluorescence), 183l o3} o] YA =9

Stoll

299
g o

=

o
of
o

o=

Z o
=

PN
T

1
s

OPO(Optical Parametric Oscillator), Alexandrite #¢]#, T}o]o = do]A



quantum cascade laser &°] UT}. 1
nRel zro] o Alsol do| A& AR AA

UAIE el webd S4ste] Alse ouA £95 S4stal olE F3te

A FxREe] B4 2 ARE
PMT(photomultiplier tube) =& 33 t}o] 2 =(photodiode)s S A}&3Hc}.

N

Photoionization M

Ionization .
potential = //*v\"
fiat .
N absorption \ \\7
! predissociation
Stepwise phatoionization
Excitation
fluorescence =
.
NN Fluorescence
. N‘\\~\
Absorption NN
g RN N
(Excitation) ~a

(b)

(a)

Figure. 2.1. Spectroscopic various steps of atoms(a) and molecules(b)

Sample

Frequency

Tunalbe laser |

PMT

PMT (€ o
D i V
etection - PMT

ElectrSW‘

A 4
Data analysis

Figure. 2.2. Experimental setup of absorption spectroscopy



54 af B 44 M Qoed T, ag 55 g e
=]

7ol vl Fd % (Absorbance) &
sto] 7k sk ASo] Jheslixith. F9 @8] 7]E o] &2 Beer-Lambert
Hzlo g Hdw 7}F3ttl. Beer-Lambert W22 Fig. 2.33 o] #d3k 7t~
e oA W& e w T3 H@ Aot oA WE Aso] AEH]
UEbATE. Beer-Lambert WA 4] 2,13 oW, o & 7l29 FES &%
o] g2 Jell= S5A5(Absorption coefficient)o]th, T3 2] 2 29} 7+
o Fwsh £wo] G e,

(\)
()
(\)
5y Zexp{— Z(m e P LZ}SM(T)GWJ)} (2.9)

7

h

I~

=exp{—a,} 2.1

N~

&~

I (\) : Incident light intensity

0
It()\) : Transmitted light intensity
«, : Absorbance

; ¢+ Number of density of species ‘i’
P : Pressure

L : Length of light path

R

SM . Temperature dependent absorption line strength of the absorption line °j

Gm‘,j . Lighe line broadening function or line shape function



Absorption medium

Figure. 2.3. Relationship of the transmitted light and incident light

s)Collection



2.2 A Z%=(Line-strengths)

9 Hole] M7|(strength)7} #3384 A7 %=(Spectra line-strength)2 3
337 Y 22 T/ EAEL I 4 oyA] A (lower quantum
state)ol] A Hl o JYx]9] Sof 93] =& oA AEl(high quantum state)=
HHAM E259 ol o 34 Fol(spectral transition)7} doiHE-S
QFofof Jht}, HEFE o]Elgh w2 FAANUA FHolA Y EAEY] A AEeE T
2t
o] R¥} P HallX|(branch)ell thgh =7] 3714 3ol ok Hol& d= B

AT Boltzmann #Eo) ola) 49E 5 itk Fig. 2.4 o] 3shaa

f

AgstsE 72 BExpd g gk HITRAN(High resolution Transmission)©l

*[cmfl/mol . cmiQ]f’u e

lo
%
>
il
i)
rr
4>
1,
ki
L
fo
lo
n

s" [cmfl/mol . cme] X n|[mol/cc]

—2 -1]_
S[cm atm ]— Platm]

2 2304 ne & PDE(Number density) [molecules/cc]o)aL, P

l[atm] & vHeR9IT)

rF
°
_IXE

10



A ~ =3
x vy ]'=2 V'=1
n =1
‘=0
J"'=3
-
V'=0
Jll:]-
=0

\_Y_J \_Y_J

R Branch P Branch

Figure. 2.4. Energy diagram of the first three rotational transitions in

the R and P branch for a typical molecule

2 230014 o4 Fla AewgAe A8, el @9ls [dynes/cm’]

NN [atm] o2 At g3t g BANE Ag 5 Ak,

S*[cmfl/mol . cme]><1013250[dynes/(cm2 . atm): (2.4)
kT

S [atmf Zatm ! ] =

3714, k (=1.38054 %10 "®[erg/K])= E=ut 42=(Boltzmann constant)Z

Uelal, TIK]E dld7k2=e] &% goltt.

2] 2,400 E=RE A5 g

filo
fu)
iR
=
s
o
vk
ol
=)
v
lo
B
Y
o,
o)
b~
ot
it
v

11



_ 5"x(7.34x10%) [

T cmfgatmfl] (2.5)

S

2l 2504 22 (room-temperature : 296K)& 1¢3hd (T = 296K) t}=

3o A 269 AL 5 9

S=5"x(2.488 % 10") [em 2atm™"] (2.6)

Q(T,) T, heE” (1 1
S(T)=8,(T)) o(T) 7%]9[ k (?_?o”
—heVy; —heV, 171 =
X |1—exp( kTO’Z)} [l—exp( kTOOJ)]

12



2.3 A3 (Lineshape function)

A

o] # (homogeneous broadening)

A 2Z yo] A (inhomogeneous broadening) O &

Els

woll Eadd

21 1

3} Tl

F<=(multiple lineshape function)® 735 o]

e

A

834

o

[AA(Integrated Absorbance

1
s

dFo] Wsh aglal wE ASel AR

1 X

Area)#te] WS}

7]

o7 ALu7] 7t~

=
[e)

13



2.3.1 Gaussian lineshape function
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2.3.2 Lorentzian lineshape function
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2.4 Tomographical Reconstrucion Method(ART & MART method)
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Figure. 2.7. Tomographical reconstruction method
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Error = Z; { (Aﬂ j )theo,y . (AVLJ' )exper.fmem} 2
=
< L
Viinimum Error for
Both T and n
< L

End

Figure. 3.5. Process of iterative computation of tomography
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Table. 3.1 Select three spectrum lines to calculate CT
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F 3.2004 VIE=E=(To) 296K Fholl A vi, v2ubdol i Ad7=(S)9k k¢
AU #MA(E")E AHESH, Agdl 9 FEH(R)S AHESt] 2] 3.990 4
gote]l AR 2E(DE T, B, PHFE QDE X 3.3& o]&did]
4 31008 T /FLE(T)Y ARe 2E(D] et Jug o] gan,

31



dlol A sHel digt A% (s)E 24 3.1190 &3] F+gtr). i dol A Aol A

jHA = WAoo A S (A ¢ absorption)2 A3 F% ngk w|A

0.01FE= 7 Fwe] groz Aol 4 3.129 o] 13
4G WA= 19 Fhe AP

?(Elll_EQII)
T r’ r’
Pl S(TO,'UQ) E El _E2 (3.9
VS(Tov) |k T,
QD =a+bT+cT*+dT? (3.10)
QC%)(JL)
Sz(T) _Si(TO) W ?
(—hcvoﬁi)
] oheB (1 1] 1 =expl—7— (3.11)
eXp k ISNT, ) (—hcvoﬁi)
— exp ,l{jTO
ay (@) =ni,j) « S, {T(,j) 01}« G, + P (3.12)

F XS o] A2 RE 4 3133 o] F%(4,, )5 ek, A 3.4
£ o]&ste] ARTHel A3 A2e F5AlFE 73t o7IA, AddA 3
FEHIR)#E dAe] dol= ALkE o2 #h(vl, v2ubgel A=H(R))+&

Hlaste] Fk(n) 3 =95 WA,

I
1,j Eam,j(i)'lﬁj (3.13)
i=1

vl,j(i)(kJrl) — %1,j(i)(k)
21‘1:1%;1]( )L Z‘I,lavlj( )k) "Ly (3.14)

21 L

1=

Q

i

32



o
7(:)]‘T‘ Q1,5

—

}o

XO

3 vyt

a7 <l

<

A%

il

weha, ol

o] #l°]A path'd =

fkoll et

-
It

296K |

TZQ T
ﬁILJA

3.20]| A 2]
©] HITRAN Databaseol A A|&3Ft}.

o 37
- it

3.901 4 AZF=(S)e} ol |yx#d Ei"gk

Al
&

.

th et

33



Table. 3.2 Synthetic spectrum for isotopologue HsO[296K]
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Table. 3.3 Coefficients of the polynomial expression for the partition function

of HxO
Coefficients | 70 < T < 405K 400 < T < 1500K | 1500 < T < 3005K
a -0.44405 < 10 -0.94327 < 10° -0.11727 x 10"
b 0.27678 x 10° 0.81903 x 10° 0.29261 x 10!
c 0.12536 x 107° 0.74005 x 107 -0.13299 x 107°
d -0.48938 x 107° 0.42437 x 107° 0.74356 x 107°
Sl
..__.._

Initial value T, n (using the database)

|

Set both theoretical and experimental
study of A, ;

4'

Calculate the concentration value(n) and
the new value of A,

ﬁ

Using the ration of A:;and A, ,
calculate new temperature

|

End

Figure. 3.9. Process of iterative virtual computation of

t omogr aphy
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Table. 3.5 Calculation of am’j(i)(kﬂ) using v1

W1:1388.136nm

Laser 1

Calculating a,, ;i)™ from each of the grid (1,5) (1,6), (1,7) and (18)

Get the absorption coefficient

a8, 0% (1,5) s L=0.004173545
5 ()% H(1,6) + L=0.004288252
(0% (1,7) « L=0.004399924

&, (0% (1,8) = L=0.004399924

Laser 2

Calculating e, ;™" from each of the grid (2,5), 2,6), 2,7) and (28)

Get the absorption coefficient
;0% (2,5) = L=0.004286838
() %74(2,6) « L= 0.004309851
@, (0%*(2,7) = L=0.00439851

&, (0% (2,8) s L=0.004507303

Laser 3

Calculating e, ;)™ from each of the grid (3,5), 3,6), 3.7) and (38)

Get the absorption coefficient
a,,;(0%*(3,5) « L=0.004351611
a5 (0)%74(3,6) « L=0.004460404
(0 %°*(3,7) = L=0.00999938

&y @0%*(3,8) = L=0.015075473

Laser 4

Calculating a,,;()™** from each of the grid (4,5) (.6), @7) and (48)

Get the absorption coefficient
0,005 (4,5) = L=0.00432432
@y, (0% (4,6) « L=0.008988277
() %74(4,7) « L=0.00997200

(0% (4,8) « L=0.019010855

L=0.8cm

L=0.8cm

L=0.8cm

L=0.8cm
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Laser 5

Calculating o, ;0™ * from each of the grid (5,1), (5.2), 5.3) and (54)

Get the absorption coefficient
m“_j(i)“"‘:’(s,l) « L=0.004175121
&, (0%4(5,2) « L=0.004289528
oy, (0%4(5,3) « L=0.0044015

o ;D)% (5,4)  L=0.0044015

Laser 6

Calculating o, ;0™ * from each of the grid (6,1), (6.2, (63) and (6.4)

Get the absorption coefficient
w, (0% U(6,1) » L=0.004272334
0 (0%4(6,2) « L=0.004384006
oty (D)% *(6,3) « L=0.0044928

w51 %4(6,4) « L=0.009047062

Laser 7

Calculating o 500 =13 from each of the grid (7,1), 7.2). 7.3) and (7.4)

Get the absorption coefficient

w1 %°9(7,1) « L=0.004367751
o, ;(%4(7,2) « L=0.004367751
w5 ()*(7,3) s L=0.010015521

&0 (0)%(7,4) « L=0.010015521

Laser 8

Calculating o, ;(0™* from each of the grid (8,1), 8.2, 83) and (84)

Get the absorption coefficient

o0 (0)%(8,1) « L=0.004335541
;0% (5,2) = L=0.004444334
w5 ()*(8,3) = L=0.01505403

4 (0)%°4(8,4) « L=0.015053403

L=0.8cm

L=0.8cm

L=0.8cm

L=0.8cm



Table. 3.6 Calculation of am’j(i)(kﬂ) using v2

W2:1388.324nm

Laser 1

Calculating a,, ;()*** from each of the grid (1,5), (18), (1.7) and (18)
Get the absorption coefficient

;0% (1,5) = L=0.00387016

o, (0% (1,6) = L=0.003902083

0."']-(1}3‘""{1,’?)»: L=0.003674613

o, (%4 (1,8) « L=0.003674613 L=08cm

Laser 2

Calculating a,, ;(™** from each of the grid (2,5), 2,6, 27) and (28)
Get the absorption coefficient

DLHI]-(DUC'”{Z,S}x L=0.003902208

o5 (0% (2,6)= L= 0.003674733

o507 (2,7) = L=0.003674733

o, (0)%74(2,8) = L=0.003711784 L=08cm

Laser 3

Calculating e, ;)™ from each of the grid (3,5), 3,6), @7) and (3.8)
Get the absorption coefficient

o, ;)% (3,5) » L=0.003662035

o,y ((1%°4(3,6) = L=0.003609085

o, (0% (3,7) = L=0.006507167

oy 5(0%*(3,8) = L=0.005513402 L=08tm

Laser 4

Calculating o, ;()®** from each of the grid (4,5), (4.8, 47) and (48)
Get the absorption coefficient

o, (0% (4,5)= L=0.003650204

ntv,.j(ij"""’{-#,ﬁ)x L=0.007440386

a5 (% (4,7)  L=0.006585336

oy (%74 (4,8) « L=0.005190123 L=08cm

Laser 3

Calculating e, ;(iy®** from each of the grid (5,1), (5,2, (5.3) and (54)
Get the absorption coefficient

o, (0% *(5,1) « L=0.003870789

;0% (5,2) = L=0.003902716

oty ;(0)%°4(5,3) « L=0.003675241

oy ;(0)%71(5,4) - L=0.003675241 L=0.8cm

Laser 6

Calculating a,, ;(i)*** from each of the grid (6.1), (6,2), (63) and (6.4)
Get the absorption coefficient

oty ()% (6,1) « L=0.003890684

oy, (0% (6,2) « L=0.003663209

@, (0%"¥(6,3) « L=0.00370026

0y ;%44 (6,4) ¢ L=0.007453391 L=08am

Laser 7

Calculating e, ;i)™** from each of the grid (7,1), 7,2), 7.2) and (7.4)
Get the absorption coefficient

@, ()%H(7,1) « L=0.003658106

0,50 %*(7,2) « L=0.003658106

&y (0% (7,3) = L=0.006593238

(0% (7,4) « L=0.006502238 L=0.8cm

Lager &

Calculating a,,;()®** from each of the grid (8,1), 8.2), 8.3) and (84)
Get the absorption coefficient

o5 (%74(8,1) - L=0.003664193

oy, ;(0)%*(8,2) « L=0.003701244

@, %(8,3) « L=0.005515561

o, ;04 (8,4) « L=0.005515561 L=08am



Table. 3.7 Calculation of am’j(i)(kﬂ) using v3

V3 :1388.452nm

Laser 1

Calculating o, ;(0®** from each of the grid (1,5, (1,6), (L7) and (18)
Get the absorption coefficient

. %4 (1,5) « L=0.00118469

o, ;0% (1,6) = L=0.001188575

oy ;0% (1,7) = L=0.001191631

oty %7 (1,8) « L=0.001191631 L=08cm

Lazer 2

Calculating a, ;™" from each of the grid (2,5), (2,6), (2.7) and (28)
Get the absorption coefficient

;D% H(2,5) « L=0.001188137

(0% (2,6) = L=0.001191193

oy ;)% (2,7) » L=0.001191193

t,;(0%4(2,8) « L=0.001193655 L=08cm

Laser 3

Calculating e, ;(®** from each of the grid (3,5), 3.6), 3.7) and (38)
Get the absorption coefficient

o, (0%*(3,5) = L=0.001182838

0% (3,6) = L=0.001185301

(0% (3,7) « L=0.002397095

o0, ;0% 4(3,8) = L=0.002839158 L=0&cm

Lager 4

Calculating o, ;0™ from each of the grid (4,5), @.6), @.7) and (48)
Get the absorption coefficient

oty ;0% (4,5) = L=0.001177425

;%4 (4,6) « L=0.002387108

w0 (D% (4,7) = L=0.002391651

oy (%74 (4,8) « L=0.003142666 L=08cm

Laser 5

Caleulating a,, ;(®"* from each of the grid (5,1), (5,2, (5,3) and (54)
Get the absorption coefficient

ayy ;0% (5,1) » L=0.001184198

o, (% (5,2) = L=0.001188084

o, ;0% (5,3)= L=0.00119114

(0% (5,4) = L=0.00119114 L=08cm

Laser 6

Caleulating a,, ;(1)*** from each of the grid (6,1), (6.2), (6.3) and (6.4)
Get the absorption coefficient

oy (6,1) « L=0.00112438

o, 0% Y (6,2)» L=0.001187436

;0% (6,3 = L=0.001 159898

o574 (6,4) « L=0.002207119 L=0.8cm

Laser 7

Calculating o, ;(9®** from each of the grid (7,1), 7.2), 7.3) and (7.4)
Get the absorption coefficient

o, ;0% (7,1) = L=0.001183884

0, ;0% (7,2 = L=0.001183884

;0% (7,3) » L=0.00239814

oty 5% 2(7,4) = L=0.00239814 L=08cm

Laser 8

Calculating a,, ;™" from each of the grid (8,1), (8,2, (83) and (84)
Get the absorption coefficient

o, ;0% 4 (8,1) » L=0.001179902

oy ;0% (8,2) = L=0.001183348

(0% (8,3)= L=0.002836222

o, (0% (8,4) « L=0.003151143 L=08cm
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Table. 3.8 Calculation of concentration

ART
Coordinates 1,5 1,6 1,7 1,8
n(k) 0.01 0.01 0.01 0.01
Concentrations
nik+1) 0.0098899 0.0098929 0.00985955 0.00985955
Coordinates 2,5 2,6 2,7 2,8
n(k) 0.01 0.01 0.01 0.01
Concentrations
nik+1) 0.0098896 0.0098924 0.0098924 0.00985950
Coordinates 3,5 3,6 3,7 3,8
n(k) 0.01 0.01 0.0z 0.025
Concentrations
n(k+1) 0.0097869 0.0097920 0.0198123 0.0248440
Coordinates 4,5 4.6 4.7 4.3
n(k) 0.01 0.02 0.02 0.03
Concentrations
nik+1) 0.0097255 0.0197321 0.0197582 0.0298090
Coordinates 51 52 5,3 54
nik) 0.01 0.01 0.01 0.01
Concentrations
n(k+1) 0.0098937 0.0098965 0.0098591 0.0098591
Coordinates 6,1 5,2 5,3 6,4
nik) 0.01 0.01 0.01 0.02
Concentrations
nik+1) 0.0098561 0.0098597 0.0098631 0.0198630
Coordinates bk 7.2 7.3 7.4
n(k) 0.01 0.01 0.02 0.02
Concentrations
n(k+1) 0.0098232 0.0098232 0.0198440 0.0198440
Coordinates 81 8,2 8.3 3.4
n(k) 0.01 0.01 0.025 0.03
Concentrations
nik+1) 0.0097229 0.0097295 0.0024797 0.0292070
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Table. 3.9 Select three spectrum lines to calculate CT

V1

V2

V3

1388.136nm 1388.324nm 1388.452nm

MARTH o] <] 3

FrAaE Tebl fle 4 3,163 o] xd

R8s
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Table. 3.10 Calculation of

W1:1388.136nm

Laser 1

Caleulating e, ;)™ from each of the grid (1,5, (1.6), (1.7) and (18)
Get the absorption coefficient

&, ;0% (1,5) = L=0.004220007
a,, (% (1,6 L= 0.004334676
o ;0% (1,7) = L=0.004446389
oy, (0% (1,8) = L=0.004446280 L=0.8cm
Lager 2

Calculating o, ;)™ * from each of the grid (2,5), (2,6), 27) and (28)
et the absorption coefficient
g (0% (2,5) + L=0.004334697
o, ;0% (2,6) = L=0.004446353
oy 0% (2,7) « L=0.004446353
Oy (0% (2,8) » L=0.004555132 L=0.8cm
Laser 3

Caleulating e, ;i)™ from each of the grid (3,5) 2,6), 3.7) and (38)
Get the absorption coefficient
a,, (0% (3.5) = L=0.004446367
;%7 (3,6) » L=0.004555151
&, ;0% (3,7) = L=0.010094113
1, ;0% (3,8)  L=0.015170134 L=0.8cm

Laser 4

Calculating o, ;i)™ * from each of the grid (4.5), ©4.6), 4.7 and (48)
Get the absorption coefficient

o, (0% (4,5) = L=0.004446363

o, ;0% (4,6) = L=0.009110309

oy, (0% (4,7) = L=0.010094123

;0% (4,8) = L=0.019132666 L=0.8cm
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1)

aULj(i )(k+ using vl

Lazer 5

Calculating a,, ;)™ from each of the grid (5,1), (5,2, 5.2) and (5.4)
Get the absorption coefficient
o, (% (5,1) = L=0.004210988
w,, ;0% (5,2) = L=0.004334692
o, ;0% (5,3) = L=0.004446364
o,y ;%Y (5,4) = L=0.004446364 L=0.8cm
Laser 6

Caleulating a,, ;)™ from each of the grid (6,1), (6.2), (6.3) and (6.4)
Get the absorption coefficient
.0 (6,1) = L=0.004334697
o (0% (6,2) = L=0.004446380
(0% 9(6,3) = L=0.00455516
o, ;% (6,4) = L=0.009110368 L=08em

Laser 7

Calculating e, ;c™** from each of the grid (7,1), 7,2), 7.3) and (7.4)
Get the absorption coefficient
o, (0% (7,1) « L=0.004446372
o, ;0% (7,2 = L=0.004446362
o, ;% (7,3) = L=0.010094256
w0 (D% (7,4) « L=0.010094256 L=0.8cm
Laser 8

Caleulating o, ;()®"* from each of the grid (8,1), 8.2), 8.3) and (84)
Get the absorption coefficient

o, (0% (8,1) = L=0.004459107

o, ;0% (8,2) « L=0.00179224

o, ;% (8,3) = L=0.012630767

e (0% (8,4) « L=0.022766665 L=0.8cm



Table. 3.11 Calculation of am’j(i)(kﬂ) using v2

W2:1388324nm

Laser 1

Calculating o, ;)™ from each of the grid (1,5), (1,6), (1,7) and (18)
Get the absorption coefficient
&% (1,5) = L=0.003913245
o, ;0% (1,6)= L=0.003944332
o, 0%V (1,7) = L=0.003713418
clnlj(i)“‘")(l,sj « L=0.003713418 L=08cm

Laser 2

Calculating a, ;™" from each of the grid (2,5), (2,6), (27) and (2.8)
Get the absorption coefficient
a,,;0% Y (2,5) = L=0.003945773
o, ;0% (2,6)= L=0.003714703
c(n'j(i)""")(z,?) = 1=0.003714703
nt.,,'j(i:)“‘")(z,sjs L=0.003751171 L=0.8cm

Laser 3

Calculating a,,;(D™* from each of the grid (3.,5), 2.6), 3.7) and (38)
Get the absorption coefficient
@, ;0% (3,5) = L=0.003741776
o, (%4 (3,6) = L=0.00377766
D.\.,Ij(i)""")(a,?)s« L=0.006659668
a5 (% (3,8) « L=0.005548022 L=08cm
Laser 4

Calculating o, (™ from each of the grid (4,5), 4,6), @.7) and (48)
Get the absorption coefficient

a,,;0% ¥ (4,5) = L=0.003753226

o, (0% (4,6) = L=0.007541403

@, (%2 (4,7) = 1=0.006665927

oy (*(4,8) « 1=0.005222378 L=08cm

50

Laser 5

Calculating o, ;0™ from each of the grid (5,1), (5.2), (5.3) and (54
Get the absorption coefficient
a,, ()% (5,1) = L=0.003912385
o, (%4 (5,2) = L=0.003943531
o, (%4 (5,3) = L=0.003712702
oty 0%74(5,4) » 1=0.003712702 L=08cm
Laser 6

Calculating o, (i)™ from each of the grid (6.1), (6,2), (8.3) and (64)
Get the absorption coefficient
o, (%Y (6,1) = L=0.003047475
o, ;%Y (6,2) = L=0.003715335
o, ;)% (6,3) = L=0.00375162
0, 0%V (6,4) = L=D.007504793 L=0.8cm
Laser 7

Calculating a,,;(*"* from each of the grid (7.1), (7.2, (7.3) and (7.4)
Get the absorption coefficient
o, (0% 4(7,1) = L=0.003723953
o, ;)% (7,2) = L=0.003723945
o, (%Y (7,3) = L=D.006645069
;0% (7,4) = L=0.006645069 L=0.8cm
Laser 8

Calculating e, ;™ from each of the grid (3,1), 8,2, (32) and (84)
Get the absorption coefficient

oy (0% (8,1) = L=0.003768625

oy (D*4(8,2) = L=0.001492623

o, ;0% (8,3) = L=0.004626064

o, ;0% (5,4) = L=0.008338374 L=08&cm



Table. 3.12 Calculation of am’j(i)(kﬂ) using v3

V3:1388.452nm

Laser 1

Calculating e, ;)™ from each of the grid (1,5), (16), (1,7) and (18)
Get the absorption coefficient

2,4, (0%79(1,5)= L=0.001107879

00,5057 (1,6) = L=0.001201442

o, ;%4 (1,7) « L=0.001204215

;%74 (1,8) = L=0.001 204215 L=08an

Lager 2

Calculating o, ()®"* from each of the grid (2,5), (2,8), 2.7) and (28)
Get the absorption coefficient

&, (0% (2,5) = L=0.001201402

&, (%*(2,6) = L=0.00120415

@0 (0%°*(2,7) = L=0.00120415

o557V (2,8) = L=0.001206321 L=08m

Laser 3

Calculating a,, ;™ from each of the grid (3,5), 3,6), B.7) and (38)
Get the absorption coefficient

w,q;()%°4(3,5) « L=0.001208504

Da‘.‘lj(ija‘"){S,E)* L=0.001210479

w,.;([H%(3,7) = L=0.002419805

&5 (%4 (3,8) « L=0.002856986 L=08cm

Laser 4

Calculating ;)™ from each of the grid (4.5), .6), 4.7) and (48)
Get the absorption coefficient

&5 %H(4,5) = L=0.001210656

w450V (4,6)= L=0.002419517

o, % (4,7) « L=0.00242095

0, (0% (4,8) = L=0.003168841 L=08cm

Lazer 5

Calculating o, ;()™** from each of the grid (5,1) (5,2), (5.3) and (54)
Get the abserption coefficient

o,(0)%*(5,1) « L=0.001196924

@,(0)%*(5,2) = L=0.001200509

o5 (0%74(5,3) - L=0.001203281

o0 5(0%71(5,4) - L=0.001203281 L=08cm

Laser 6

Calculating o, ;(i)*** from each of the grid (6,1), (6,2), (63) and (64)
Get the absorption coefficient

u,,“](i)"l")(s,lj « L=0.001201668

o, *(6,2) « L=0.001204333

2,5 ()%"4(6.3) « L=0.001 206414

0,5 0%4(5.4) # L=0.002413652 L=08cm

Lazer 7

Calculating e, ;™% from each of the grid (7.1), 7.2), 7.2) and (7.4)
Get the absorption coefficient

@, *4(7,1) = L=0.001205194

05 (0%1(7,2) = L=0.001205192

o0 ()%4(7.3) « L=0.002416992

o5 (0%71(7,4) - L=0.002416992 L=08cm

Laser &

Calculating a,, ;(i)*** from each of the grid (8,1), (8,2), 83) and (84
Get the absorption coefficient

w5 (0%H(8,1) « L=0.00121353

o, ()%H(8,2) « L=0.000477216

o, (0)**(8,3) = L=0.002378823

ot 5(0%4(8.4) « L=0.004763869 L=0&cm
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Table. 3.13 Calculation of concentration

MART
Coordinates 15 16 1,7 1,8
nik) 0.01 0.01 0.01 0.01
Concentrations
nik+1) 0.0099999957 0.0099999957 0.00999595997 0.005999599997

Coordinates 25 2,6 27 2,8
nik) 0.01 0.01 0.01 0.01
Concentrations
nik+1) 0.0099999957 0.0099999957 0.00999595997 0.005999599997

Coordinates 3.5 3.6 3,7 3.8
nik) 0.01 0.01 0.02 0.025
Concentrations
nik+1) 0.0099999955 0.0099999955 0.0199959995 0.0249999996

Coordinates 4,5 4.6 47 4.8
nik) 0.01 0.02 0.02 0.03
Concentrations
nik+1) 0.0099999953 0.0199999953 0.0199999554 0.0259999995

Coordinates 51 5,2 53 54
nik) 0.01 0.01 0.01 0.01
Concentrations
nik+1) 0.0099999957 0.0099999957 0.0099999997 0.0059999997

Coordinates 6,1 6,2 6,3 6,4
nik) 0.01 0.01 0.01 0.02
Concentrations
nik+1) 0.0099999996 0.0099999956 0.00999995996 0.0159999996

Coordinates 71 7.2 % 7.4
nik) 0.01 0.01 0.02 0.02
Concentrations
nik+1) 0.0099999955 0.0099999955 0.0199999996 0.0159999996

Coordinates 81 8,2 8,3 8,4
nik) 0.01 0.01 0.025 0.03
Concentrations
nik+1) 0.00999999593 0.0100000379 0.0250000123 0.0259999740
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