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(b) tomographic reconstruction of opaque object
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Fig. 22 Reconstruction results for flat-flame burner flame via two-step ART algorithm. (a) Reconstructed temperature

distribution; (b) reconstructed concentration distribution
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Fig. 23 Reconstruction results by putting two cubes on burner plug via modified Landweber algorithm. (a) Reconstructed

temperature distribution; (b) reconstructed concentration distribution

ZJA ARSI i T 3T WMS 1) LAS
JEAT AR AL A L R G R B[R] 2 3RO 2 ms, I AT
SRR AR 40 MB/s. SRS E RS
P (SART) 5 8 SO IR AN 40 vk 5 0 i . SART 55

(@) a

B 24 WORES lid B v P AR AR P JORE EE R A AR

DRI R ) BB s Bl Sh A E A Z ST HA
BRBE T I HE TR B K 2% SR T 43 A B s ) 1% A8 4k
BOME 24 s, HiE—4H, SART Bk B d# k45
T bR A XU T R N K ZE RO B A A

()

0.050
0.045
0.040
0.035
0.030
0.025
0.020
0.015
0.010
0.005

Ca) ¥ J3E — 4k 43 A W B[] (4 25 £ 5 (b) 7K 28 S0 B2 — 208 43 A7 B o 1) ) 42 Ak

Fig. 24 Reconstruction results for flat-flame burner flame over whole moving process of steel ruler. (a) Temporal variation of

2D temperature distribution; (b) temporal variation of 2D distribution of water vapor’s molar concentration
p p P

TR TR 5y R KO T R S 2 A R
B A BRI Zernike 1E 38 2 W3 L A 34 22 40 A, F5 FF
SR Sk 2 DA HIC DA K BE A % A8 N Zernike Z2 T UL A
FREA) i AT RN TR SRR BB, IR S TR
Bl B A5 By F R E, S ) gy HE RO
2.57 mm X 2,57 mm Bf B9 R R IR 2R £ N T
10%% . K% AR Oy 5 1 F T AR 2B KT 75 0380 il 0
Hh T B A3 N Bk sl R AR B A T e AR

TN R W Bk AR % Daun™" #2007 3 Ty by
S A B () Tikhonov 1E WAL & Kk, 3N H T4/
PR PG 1S BOCHE 00 2 B AR I A, BB T 27 4R.32

ZM 33 SR OG IR AR R DGR AR JR R, B X B A
50X 50 BHLR M Y R T A LS, B4R A A O 3k
A By — A1 5 280, i 0 A 5 (8 6 1E Ak 2
BT LIRS 5 A0 45 B, A0 e F Landweber &
2 1 H 45 5, Tikhonov 1F W Ak T 77 2= 19 Hi Mt 75 B
JI R, ARG

T B R Bao 250N S A% G W2k I T B
P& T — Bl AR G R B 7 RETROLCREM 5 4
AR 32 P AT R S i AR 18 em fR il X S8 A
FeiE B AR ER TR 0,45 em X 0. 45 cm, 5 &
TR T IR E RV BE 4 o A, 8, s DB B 3

1904002-12



HIK X E - FFBLRIA

49 % %19 H1/2022 &£ 10 B/ E#®

I JEE A1 2 I A5 31 e RSO 20 A Y LR P 2 U 3
4 5 T R T 07 R A O 1 5 B A% T AR O R O R
A 0 5 A MR AR X e M R O il A R P i B R
e 7 bR R BCR S1AT R I AR L 4 AR I
T SR LU AELAR D ~F 1 2 9, SR gk 1 A e KR /IMEL
5 SART B A4 RAEFT XS, Frif A i de i 1
HERGRE . 25 IR AR R 2 >0 I 2% 14 R A
BneE ey AR T — M LAS R B o =
B R AR 0 2% S BT RS R R AR R LY OF
. R 32 AN PRI 2 R AR AOHE L E S B T R A
AR XL 7592 A3 5] BT Ak B BE A L B BTy

b J 3.6 mmX3.6 mm,
4.3 EZXMEGSHERUEERFE X

TE EAH JCUR AR SC e B HE R e gh T L 38
AR BTG IS Ve S B S A AR A R A
BT Pk R, 3 AR R SE o T I
G S B S BRFE LA R, XRRRAER
Zeil e B h A AT AR L. 25 JROR TR
ME R L B B B 55 20 BRI R K Ok R
ZE LI i DX, IF AT BB OIS, IR 2 IR AT 2 A
WE A AL B B AR B X 45 5% O 33 19 BTk L 4 1 Al
P AT BT g Tk

polychromatic (2D) projection

- cammm sl 1) sl L] s[A; 4]
// \\\ ; : :
£ AN 3> s[d;; lpl sy Il s Ll
/ m-1,nt+l | m, n+l m+1, n+l
" | slis L] sl L) slig; 1]
m-1,n Mt m+l,n /
B L p | ST o T3 ] T3 o]
\ m-l,n-1 m,n-1 v‘vml, n-1 &
e < P | |
egion of interest| i1, 1] T Lol sThs o]

P8 25 ARL R R AGTr ik B B R

Fig. 25 Mathematical model for nonlinear tomography

2013 4F . Ma & B3t T £ 0 5 K R AL R,
FH LR F 91 7 JE W K 2E Y R bR it DL &
NASA HiE & R b5 2 H ., AR H &tk
BOCIRFDELF B L BTt T 3 T 5L o B A 3 o6 4% 10
LAS EHr g & 5e . B WA 552 f B 3 30 &80k

AR R L R A AOLAR K Bk sh A W T 185 A as
e 22 S ML 101 R I K 2% A B 43 A i e TR] ) B0 2%
A AY, I 1] 43 B R 3k 50 kHz, 3 H A5 E] 4 R N
36.3 mmX36.3 mm, &R HR B K M E R
Sy AN 26 FR .

Temperature /K

300 500 700 900 1100 1300 1500 1700 1900 2100 2300

B 26 s ik R AL O AR R AR 2 R R R R AT . () R BR; (b) E I S A

Fig. 26 Installation schematic of tomographic sensor at aero propulsion engine exit and reconstructed temperature distribution.

(a) Installation schematic; (b) reconstructed temperature distribution
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Table 1  Comparison of different tomographic methods for monitoring complex combustion field parameters
Algorithm ) Measured ) ) Number of ) )
Algorithm . . Imaging region Spatial resolution
category combustion field measured values

Analytical
tomographic

algorithms

Flame of flat-flame

Radial position

Abel inversion™* 19 measured values -
burner of flame
Onion-peeling Flame of Circular region with
. [89] . . 15 measured values 0.075 cm
deconvolution*™ circular burner radius of 3 cm
) oo Flame of Circular region with
Abel inversion" 12 measured values 0.28 mm

Back projection™"

Abel inversion

and FBP"*

FBP algorithm™*!

a flat-flame burner

Flame of

Bunsen burner

Simulated flame

Exit of scramjet

radius of 3.5 cm

Circular region with

diameter of 3 cm

About 7 cm and
6 cm along radial

direction of flame

12 measured values
in two orthogonal

directions

20 measured values;

29 measured values

1800 measured values

0.5 cmX0.5 cm

1.56 mm per pixel

combustor
. ) Region of 400 measured values
ART algorithm™™ Heated ammonia 1 ecmX1 em
16 cmX 16 cm from four angles
. 24 measured values .
ART algorithm™" Flat flame - ) 4X 4 subgrids
from four fixed angles
) ) 22 measured values
Two-step ART Flame of Region with

in two orthogonal

0.545 cm X0, 545 cm

algorithm™" flat-flame burner diameter of 6 cm L
directions
Modified McKenna Circular region with 60 measured values 0. 78
.78 cm
Landweber ™ flat-flame burner radius of 3 cm from five fixed angles

SART algorithm®™"

Flame of McKenna

burner and exit

Circular region with

120 measured values

from five

Iterative radius of 9 cm
] of wind tunnel fixed angles
tomographic
. . Flame of Bunsen . . . . .
algorithms Zernike sparse . Circular region with 120 measured values Pixel size
e burner and exit ) ) )
fitting"" . radius of 9 cm from five fixed angles 0.257 cmX0. 257 cm
of wind tunnel
27, 32 and 33
Tikhonov ) ]
o Simulated flame - measured values from 50X 50 subgrids
regularization"”’ .
different beam layouts
Flame of . . . : :
. Circular region with 32 measured values Pixel size
RETROM™ laboratory-made .
) ) diameter of 18 cm from four angles 0.45 cm X 0. 45 cm
combustion device
Quality-hierarchical Flame of . . . . .
) ) Circular region with 32 measured values Pixel size
temperature imaging laboratory-made .
o ) ) diameter of 18 cm from four angles 3.6 mmX3.6 mm
network"""’ combustion device
Simulated annealing ) . 30 measured values
Nonlinear ) " Exit of J85 engine — 36.3 mm X 36.3 mm
algorithm'™ from two angles
tomographic
loorith Convolutional neural ) 15000 groups of .
algorithms Simulated flame - 40X 40 subgrids

networks "%

sample data
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Abstract

Significance = Combustion involves very complicated physical and chemical reactions of fuels. Chemical reactions
transform the fuel energy into thermal energy, accompanied by high temperature as well as combustion products at high
pressure. The thermal energy then drives mechanical devices for mechanical movements and greatly promotes the
industrial development. However, the combustion efficiency and the working temperature range of the fuel determine the
performance and service life of the combustion equipment. Also, the combustion process inevitably generates carbon
oxides, nitrogen oxides and other pollutants, which can seriously damage human health and the global environment. It is
essential to explore the reactions of complicated combustion fields and reveal their states in real time for combustion
optimization and intrinsic exploitations.

The distributions of temperature field and gas component concentration inside the combustion reveal the combustion
performance more intuitively. The transient changes of the flame temperature directly reflect the stability of the
combustion process, and are closely related to the combustion efficiency, gas pollutant emission and unburned carbon loss.
The gas component concentration distribution is also an important indicator of the fuel combustion efficiency and
combustion cleanliness. For the combustion reaction mechanism and combustion performance improvement, the online
monitoring of temperature and gas component concentration is the prerequisite. However, these reactions often occur in
harsh environments with high temperatures and pressures, and the confined layout of the measurement space poses a
serious challenge to these measurements.

With the development and innovation of lasers, laser spectroscopy has been widely used in combustion monitoring and
turns to be one of the important tools for combustion diagnosis. The continuous vibration in the combustor, the radiation
from the violent fluctuation of the flame, and the high-speed turbulence of the flow all bring great distortions into the
detection of optical intensities. Meanwhile, the actual combustion process changes very drastically, and the flame
parameters, such as temperature, gas fraction concentration, and flow rate, are non-uniformly distributed in the confined
space. If only the projections along a single laser path are measured, the spatial resolution along the path is missing and it
fails to reveal the distribution along the path. For multi-dimensional imaging of gas parameters in the combustion field,
absorption data from multiple laser paths across the region of interest are used to reconstruct the distributions inside by
tomographic techniques.

In recent decades, laser absorption spectroscopy (LAS) has been widely used in combustion diagnosis, benefiting
from the development of low-cost and easy-to-use distributed feedback laser diodes. As a non-contact method with high
sensitivity and rapid response, LAS has been combined with computed tomography (CT) methods for cross sectional
imaging by using spectral data from multiple laser paths at multiple angles. In this way, real time visualizations of flame
temperature and gas component concentration distributions are realized for postprocessing of the combustion reaction
mechanism. LAS is also a preferable technology in complicated combustion diagnosis due to its advantages of simple
structure and good environment adaptability.

Progress  Laser absorption spectroscopy tomography and its application in monitoring of dynamic and complex
combustion field are reviewed. Firstly, the measurement principles of common LAS methods, including direct absorption
spectroscopy (DAS), wavelength modulation spectroscopy (WMS) and amplitude modulation spectroscopy (AMS), are
briefed. The application of these measurement techniques to the intrinsic parameter monitoring in combustion field along
a single laser path is also described. Secondly, the state-of-the-art of optical sensing module and circuit module is
illustrated for LAS tomography instruments. For combustion field of interest in different cases, tomogrpahic sensors in
terms of moving scanning sensors and fixed angle sensors are compared for specific applications. Also, data acquisition
systems for the tomographic images are included, such as systems of high frame rate raw signals at high speed for a short
period of time and systems at a low frame rate for a long period of monitoring time. Then the principle and development
of LAS imaging technology are introduced. Image reconstruction methods, e.g., analytical method, iterative method and
nonlinear method are presented to monitor the intrinsic parameters of complex combustion field. These methods have
unique advantages in certain applications, such as fast solution speed or high solving accuracy. Finally, the specific
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applications of LAS tomography in laboratory flames and harsh field experiments are briefed.

Conclusions and Prospects Laser absorption spectroscopy has made great strides in spectral acquisition methods, data
acquisition systems, image reconstruction algorithms and other key techniques, and has got progress in the application of
combustion field parameters monitoring in both laboratory and industrial sites. However, there still exist urgent needs for
further developments and thorough investigations, including but not limited to the development of wide spectrum laser
sources, spectral data acquisition in extreme environments, image reconstruction models in cases of very few angular
projections, new image reconstruction methods incorporating combustion models, and sensor systems suitable for ultra-
high dynamics, etc. Further in-depth studies are expected to meet the increasing demand for onsite applications over wide
temperature ranges, high velocity dynamics and multi-component distributions.

Key words laser absorption spectroscopy (LAS); computed tomography (CT); combustion field; dynamic monitoring;
temperature; fraction concentration
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