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Table 1 Common fluorescence species and typical excitation schemes

Excitation

Detected fluorescence

Species Laser system Physical indication
wavelength /nm range /nm
dye laser™" ]
OH ~282 i ~309 product zone of hydrocarbon combustion
dye laser™"
XeCl laser™" ] ]
CH ~387 S, ~431 reaction zone of hydrocarbon combustion
Alexandrite laser™
~314 dye laser™ 300—360
CH, 0O ~355 Nd : YAG lasers™™ preheating zone of hydrocarbon combustion
- 380—550
~352.48 dye laser™’
- heating releasing zone of hydrocarbon
HCO ~259 Alexandrite laser™™" 280—350 )
combustion
dye laser™" key intermediate species of nitrogen chemistry
CN ~359 3 ~389 ) )
Alexandrite laser™ in combustion
NO ~226 dye laser™ ~250 combustion emission
) two-photon process, key intermediate species
H-atom ~205 dye laser"™”" ~656 , )
in hydrocarbon combustion
two-photon process, key intermediate
O-atom ~226 dye laser™” ~845

species in combustion
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ICCD: intensified charge coupled device;
SL: spherical lens;
CL: cylindrical lens;
HR: high reflecting mirror HR

>0

3 g 4y PLIF SR 0 51 K HE . () SEO0 R 4
(b) HCO PLIF®; (¢) CH,O PLIF; (d) CH
PLIF"Y ; (e) OH PLIF™ ;(f) CH, PF-LIF"""

Fig. 3 Jet flame obtained by single-species PLIF

imaging. (a) Experimental system; (b) HCO
PLIF®Y; (¢) CH,O PLIF; (d) CH PLIF®Y;
(e) OH PLIF" ; (f) CH, PF-LIF"
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Fig. 4 Instantaneous flame structure acquired by OH PLIF

in scramjet engines. (a) Hydrogen injection”" ;

B (¢) ethylene injection

]

(b) ethylene injection

with high-resolution imaging™
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Fig. 5 Instantaneous flame structures obtained by

different PLIF methods. (a) CH PLIFY";
(b) CH PLIF®™; (¢) CH PLIF"; (d) CH,O
PLIF"
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Fig. 6 Multi-species PLIF imaging of the jet f{lames.

(a) Jet flame image[m; (b) simultaneous CH, O/

OH PLIF image™ ; (¢) simultaneous CH,O/OH/

HCO PLIF image[m ; (d) simultaneous measurement

images of the CH; PF-LIF and CH, O PLIF
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Fig. 7 Synchronous PLIF image of the cavity-stable flame
scramjet combustion chamber. (a) spanwise plane;

(b) streamwise planem'
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Fig. 8 Quantitative extraction of flame  structure
parameters based on PLIF. (a) Quantitative
extraction of flame surface, flame surface density
and progress variables based on OH PLIF®,
(b) thickness of the reaction zone of the high
turbulent flame™ ; (¢) CH, PE-LIF/CH,O PLIF
image and ridge

simultaneous measurement

extraction results; (d) OH PLIF-based extraction

of scramjet flame surface density™”
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Table 2 Physical and chemical parameters of common tracer substances

Density / - Autoignition o o
i Boiling Excitation Fluorescence  Measurement Application
Parameter (geem ) ) . temperature .
point /°C o wavelength /nm wavelength /nm  parameter environment
25 C in air /°C
component low/high
Acetone ™" 0.79 56.1 465—727 225—325 300—500 concentration/ pressure,
temperature oxygen-free
component low/high
3-pentanone™**!"" 0.81 102 425—608 248—312 300—500 concentration/ pressure,
temperature oxygen-free
component
100 N _ B ) low pressure,
Toluene 0. 87 110.6 480—810 248 260—360 concentration/
oxygen-free
temperature
low/high
95 - component
NOF 1.33x10 % —151 - ~226 226—290 ' pressurc,
concentration

oxygen-free
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Fig. 10 Application of tracer-PLIF to measure the equivalence ratio and fuel distribution in the different engines. (a) 3-
pentanone PLIF in a V-shaped flame™ ; (b) acetone PLIF in a gasoline enginemg] ; (¢) toluene PLIF in a gasoline
engine[lm ; (d) TMB PLIF in a gasoline engine[“x: ; (e) toluene PLIF in a single-injector burner™ ; (f) TEA/

acetone PLIF in an IC engine"*” ; (g) n-dodecane/n-hexadecane PLIF in a high pressure chamber'*"

Temperature [K]

3":

§ £ 8 2 8 %
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(e) HCCI % B AL 2% PLIF il
Fig. 11 Application of tracer-PLIF in measuring the temperature distribution of different engines. (a) Temperature
distribution of the expansion tube using toluene PLIFM**'; (b) temperature distribution of the supersonic expansion
tube using toluene PLIF"™" ; (¢) temperature distribution of HCCI engine using acetone/3-pentanone PLIF/*7

(d) temperature distribution of the DISI single-cylinder optical engine using toluene/isooctane PLIFM

(e) temperature distribution of HCCI engine using toluene PLIFM?
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Fig. 12 Schematic diagram of the TLAF technique. (a) Three-level diagram of the In atom™™ ; (b) schematic

diagram of the TLAF measurement system
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%3 TLAF $A R [ % 55 8 74
Table 3 Relevant physical constants for the different

atoms used for TLAFH

Atomic Energy Fluorescence
Transitions
element  gap /em™' wavelength /nm
4P,,,—> 5S,,, 403
Ga 826.19
4P,,,—> 5S,,, 417
5P, 6S,, 410
In 2212.598
5P, 6S,,, 451
6P,,—> 7S, 378
Th 7792.7
6P;,—> 7S, 535
;N 0.6 b' 2 Y aapase
= B) e
2
& 04 -
| s
g ,/”‘
T 02} P sl B
c »
.9 /.’ s Th
& el
firs

0 1 i
500 1000 1500 2000 2500 3000
Temperature (K)

13 AR BRR T BRI REE . (@) TLAF WK [l 75 i J5 5 A9 3 U E 5 (b) 7 B3R5 B9 b BE OB 1 50 A
B B 11 5 AR

Fig. 13 Temperature characteristics of typical atomic elements. (a) Temperature sensitivity of the atomic elements for

TLAF; (b) variation of the particle number distribution of the upper energy level of the tracer atom with temperature '
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Fig. 14 Different seeding methods for the In atom. (a) InCl, solution seeding“‘”i ; (b) In seeding by laser

[139] |

ablation ; (¢) In, Oy seeding by flame spay pyrolysis ; (d) TMI seeding by spray pyrolysis

TLAF £ AR HAj 2 T L =R B,
FELAE AR & ¥ TLAF £ R 0 #F 98, &1 *F £ 1k
TLAF FAR AT 32220 3% B2 80 &5 F s % i
35 1885 T B B A IR B I B R A L R R
WA IRF] 10 kHz RLED RS EE ATk 3] 8 K
FEAT WA AR K R O A R T ROR
CCD MHLEI R JE 261 TLAF R B 76 — 4l
Yy 12 i e /8 Sk fA . SCHR (37, 39,140,144 1K H
JZ R I JOHE TR R T A i R 7 e S 6 5
SERANIE 15 FroR . BT O AR R ORUR R TR
BAK  In i 2¢ S BN o B 4 55 IR E N R 45 SR 2
h 22k B G EIG B, i) 18] 43 B A%, N 18 T i
TR e 7 Ik 2 0 £ 43T

J TR TLAF 85 S E MR, &
BEHE N A R B R T VR B B8R Ok T R
Medwell %1 42 1 JF 58 3 92 56 50 3 7 4k £ 1
TLAF(NTLAF) s — F AR A §i 5% 09 i it A e 5 —
Y 3L B I B R, ANl 16 (a) iR, Chan 251944
NTLAF I T 5 A Bk A0 A B8 b il &L E i T

[140] | [141]

NTLAF $ AR HA7 53 9 Puak 40+ 3 6e 71, 9F &k 8
NTLAF #6155 1Y 322 TPk U5 F BURk 19 56174
LW (PAH) . Gu &M R FEN 1.2 nm 1)
IR R A SERR T PAH X 2¢O 1E S0 T,
P T NERE BE . SCHR[147-149 14 NTLAF R
o7 FH B0 2 00 A B bE I T BEAT T I B 4 S5
SERANE 16(h) ~ P 16 Ce) TR , [a] iF % B A e 1 5
CARS 5 A XF i B ) 5 25 Je 9k 47 7 A, v,
Foo S5 3145 ik 25 9 6 0 ek 1% {5 M LL T LUK
F) 4.8 DL b, i B ON EOR B E B £ 139 K. Sun
LI F O A MAE R W S B EE S A
NTLAF AR M — 245 7 NTLAF 19 I 5 B
FE L it AR KON T R T IR R 3 N S 56 E O
ZERANIE 16 (b) fron 45 R R W, NTLAF AR 144
X AN B AT LGS &1 4. 1% (200 R EG ) R
B L 25 [ 43 R B F] 550 pm X 550 pm, X X4
R W 5% i R 3 #F T NTLAF M & &, B2
NTLAF R o 2 b 48 5 2%, AN 22 5% R
& gh R HEAT AR E , BT X NTLAF il &5 i i) 2 4~

0401005-11



B8 £ 4 H1/2021 &£ 2 B/ EEE

Liquid
high M ie signal

Vapor
high LIF signal

zero signal

1200
800 1200 1600 2000 2400

1000

800

600

400

average temperature / K

200

B 15 In TR Bt TLAF B f MBI 437 . () TLAF AKECHEE ™ s ()5~ (o7 )2 F R K4 -2
U B 430 5 (D R ot / 2 ST I T TR M B4 08 S A5 4 A BT 0T 5 (o) W e/ 23 A5 LI K 0 ) S 35 38 2 3T
Fig. 15 Combustion filed temperature distribution measured by linear TLAF with In atoms as tracers. (a) TLAF and Mie

14]

scattering imagcil . (b)) B — ()b average temperature field distribution of laminar premixed flame;

[140]

(d) fluorescence transient distribution image of methane/air jet premixed flames ; (e) average temperature field

of methane/air jet premixed flame™*"”
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Fig. 16 Combustion filed temperature distribution measured by nonlinear TLAF with In atoms as tracers. (a) Temperature

distribution in a laminar premixed flame™; (b) temperature distribution in a non-premixed flame™*” ;

[147] | [148] |

(¢) temperature distribution in a non-premixed flame (d) temperature distribution in a slot burner-

(e) temperature distribution in a non-premixed flame""™
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Fig. 17 Schematic diagram of the MTV technology
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Table 4 Parameters of the PLIF speed measurement technology

Velocimetry Tracer A rie /N Excitation A e/ DM
N i Ny +/hvigs >Ny~ Fe
APART NO 1930931 /3550194 226
N+0,>NO+0
VENOM NO 19351 /308178 /355017 NO, +hvys5 = NO+O 226
KTV Kr 214, 78 Kr+2hvy, 7 o —>Kr * 760. 2818 /769, 50100
HTV OH 1934 H, O+hvygs ., ~OH+H 24811900 7283010) /3080101
. ()2 +h”193 nm»()+()
OTV 0, 19310 248
O0+0,+M—>0,+M
. N, +6hvys; nm"NZ{ +e”
NH-PLIF NH 3550102 337

N-+H,O0—>NH+OH

5.1 % NO PLIF #J APART/ VENOM {ll] 5&
L NO YEN/REESr 709 PLIF Ml 3 R B &5
BN A EFEAE NO R FRAGRER, =556

fiff T 4 S B 1 CAPART) 47 A 2o ' i 25 <™ 4R
NO AT EHAT AR ER 5> F . Dam %5 7E LK
JRWRARAET AT A0 B B2 (1. 11420, 05) m/s,
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Fig. 18 Typical profile of velocimetry images. (a) NO
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(b) velocity  distribution in a  supersonic

boundary layer™™™ ; (¢) NO PLIF images in a
(d) velocity distribution
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Fig. 21 HTV images. (a) Single-shot HTV image™*” ; (b) images of the mean velocity and RMS fluctuation
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Fig. 22 HTV images. (a) HTV image of unreacted flow field; (b) HTV image of combustion flow field;

(¢) velocity distribution of unreacted flow field; (d) velocity distribution of combustion flow field Lol
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Fig. 23 High-repetition PLIF images in scramjet engines. (a) 10 kHz OH PLIF images™ ; (b) 100 kHz CH,O PLIF

images
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Fig. 24 3D reconstruction of the flame structure. (a) Experlmental schematic diagram; (b) 3D reconstruction

of the OH radicals™*"
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Fig. 25 VLIF technique. (a) Schematic of the experimental setup; (b) three-dimensional reconstruction of the CH

radicals in a flame

Halls 25" % #6 T+ KM 9 OH 3847 T VLIF 9l
W, U IR AR ML A ICCD A HLEE A7\ AN i
1) OH H5r A, S8 T T+ kI R ST 40 mm X
35 mm X 55 mm [ OH %t VLIF il & ,

AHEE PLIF, VLIF $AR 0940 507 T R 42 it 2k 47
1) =4k A5 B 5k 3D+t ff BT, oA ok 1T A 528 £ 41 5 1)

VLIF [f) 20 &Y 3 B §T VLIF 55 A i & 3
AR /N o J0 ¥R 2 30 R Bl ST AR W T VLIF $ R
SCBUME B O, HOG I A AH HLAG B R 4 R BT

[195]

BT TR S O T AR I AR R B M TR
FEEE U LUK B0 A5 15 2 R KM 43 A T

J7 KSR ARSI R R VLIF 2 W
HAYITRMS B4 VLIF £ AR T 0000 48 4% vh
FE & BAILIY = 4 KA 25 K0 3R A7 A R 75 22 Il A9 0L
TN B 0 A2 2% 9 O B A SR s A aF BH O S 36 IR R 0
=Rk T B2 i VLIF firds i 29/ Wi =k,
6.3 ZFRFTNE

PLIF $ A 58 F RGN 3 (PTV) | B A1) #5805 45

0401005-18



FB LRk

® 48 % £ 4 HI/2021 &£ 2 B/REHL

42 il OGS W BOR A 456 v S 73 % i TR
Y% 2t W A Y | RT3 H T PLIF/
PIV [R] 2500 41 43 ALk B 30 (PLIF /i 1 805 1)
A0 4 4 RN B

PLIF/PIV [a] 44 J5 1 , Fugger 8102 JF &
T 10 kHz OH/CH, O PLIF Hl PIV [&]4 4 , %}k
ST AR X | sy DX R S iR AT AR, DN 23 2R
K 26(a) i . Boxx & XA LR B = I
FRTIR KM 34T T kHz 2% OH PLIF 1 PIV [A]
A, ST 45 AN R 26 (b) BT 7R L 3015 T R % i
FE S BRI 3 S 28k id 7 . Chterev 255 £ %
e BREE S PR T 5 kHz OH PLIF, 83 PLIF Al
SPIV [R5 i, 3R 45 1 JCHE 7 1 X R 3 A

VI 37 Y Wk B 5 R R R X 0 B 4 A, S I 45 4
Kl 26(c) fif 7. Skiba %70 F| ] £ 41 4% PLIF i
PIV % i 378 TR K B4 Ik Fsf 435 4 R0 o B2 43 A R4 T 5
B (20 kHz) [A] 25 000 o 308 3 52 56 00 52 T i I i i 45
WoaT LG 55 KT 2 . Weinkauff 25120454 10 kHz
(9 SPIV FNE PLIF BF58 1 53 A6 i o B 37 Ak
BHEA T, Hammack 2527 R C-X(0,0) 154
ST CH PLIF #1 PIV BRI A, Gao 257 iz
FH 10 kHz PIV Fl CH, O PLIF #F5¢ T K 44 09 45 B
HAEE . Guo & R MR 4 OH PLIF A PIV
ARG T QIR T I FRBUR KB BR PR . Fan
a2 ) FI )25 PIV RS PLIF £0RBFSE T e i iR
N ORI IR R (AR IPC B0t B &

50 pIV-+kerosene+OH

40

30

30 F

“or ——— Threshold lines| |

U.=0

50 F

©

K 26 PLIF/PIV R MR E %, (2 HifkJHE PIV.CH, O PLIF fl OH PLIF E£Y7 5 (b) 42 J4f PIV.OH PLIF K
1% (o) Jei kM PIV I PLIF,OH PLIF %"
Fig. 26 Simultaneous measurement images of PLIF/PIV. (a) PIV and CH,0O/OH PLIF images for the bluff body

ame ; (b) an _1F 1mages tfor the lifte ame" ; (¢) , kerosene PLIF an . images
flame"” ; (b) PIV and OH PLIF i for the lifted flame " PIV, k PLIF and OH PLIF

for the swirling flame"

1€ PLIF/ % ] 8% 4[5 25 0 & 757 @, Chterev
a2 52 g7 10 kHz OH/CH, O PLIF F5 F 5
(18 ) 2600 2, B AT T NE W st 25 ) R AR T B T AR
iR 27 Ca) ff /8. Skiba %M ] CH/OH
PLIF A5 A 5 #E 47 5] 26003, 25 3R an il 27 (b) fir
N ARAR T KA TR IX B DX O T 1 4 X A7
BAAE R . Kong %45z ] CH,O/CH PLIF #l
Tt RIS AR 9E T 55 5 1 A By R o TR K IR e L
LR 27 fin, BRI T %8 TR =41
o I X BT CHL, O 265 548055, CH, O 2k 2%

15]

A TGRSR 7 IX . Novoselo 2517 4 4 P i
PLIF.CH, O PLIF F1F- I i 1] 850 % i 5 2 K 4
PEAT T AL J1 240 . Ge S50 008 — 4k B ) B0
AR FE R 5 ok OH PLIF 3450 £ 2
SR X IRARZE G WEFE T T K M B RR R e Pk
BT PLIF/PIV 1 PLIF /% #1864t 6] 25 o &
Hb PLIF $ A e -5 H A AE 42 ik 2O' 27 ) 2 1 R AH
AP £ 2 S8 i . PLIF £ R
8058 AR A A B 0T 508 75 R 0 2h &
1 L Do %R H 405 R 5 OH PLIF 42 R #F

0401005-19



B8 £ 4 H1/2021 &£ 2 B/ EEE

27 PLIF H3F O R 6 W 4% . () OH/CH, O PLIF Fi3 F U E4 5 (b) CH,O/OH/CH PLIF % £ #5
%5 (o) CH, O PLIF HE R P 45

Fig. 27 Simultaneous measurement images of PLIF and Rayleigh scattering. (a) OH/CH,O PLIF and Rayleigh scattering

images™? ; (b) CH,0O/OH/CH PLIF and Rayleigh scattering images™; (c¢) CH,O PLIF and Rayleigh

scattering images
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Defense Technology, Changsha, Hunan 410073, China

Abstract

Significance Laser-induced fluorescence (LIF) can be used to perform non-intrusive, in-situ, and temporally
and spatially resolved measurements of combustion characteristics with strong species selectivity and good
sensitivity. This paper reviews research progress in the development and application of multi-species planar LIF
(PLIF), tracer PLIF and PLIF-based velocimetry in combustion diagnostics to measure instantaneous flame
structure, fuel concentration, temperature, and velocity. This work also discusses the typical examples,
characteristics, and challenges of conducting PLIF in fundamental combustion diagnostics and practical engine
measurements. The technological trends about high-repetition PLIF, volumetric LIF ( VLIF), and simultaneous

multi-parameter measurements are also presented.

Progress The PLIF can visualize the two-dimensional distributions of multi-species generated during the
combustion process and show the instantaneous flame structure. The formaldehyde (CH,O) can be used as an
indicator of the flame preheating zone, and OH radicals can be regarded as a flame marker of the product zone.
Simultaneous PLIF measurements of the CH,O and OH can obtain the heat release zone of a premixed turbulent flame
shown in Fig.6(a). Fig.6(b) and Fig.6(c¢) show CH,0O and OH PLIF images that are acquired simultaneously as
well as the distributions of the heat release zone that are obtained by the pixel-by-pixel product of OH and CH,0. CH
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radicals in flames are usually employed to indicate the flame reaction zone. The CH radicals are difficult to be
measured by PLIF due to their relatively low concentration in flames. The signal-to-noise ratio of the CH PLIF can be
significantly improved by using a high-energy tunable Alexandrite laser at ~387 nm and the C-X excitation
at ~314 nm. The distributed reaction zone can be identified in a high-speed jet flame by broadening CH distributions
that can be observed by the CH-PLIF. The HCO and CH, radicals that indicate instantaneous flame structure can be
measured by single-shot HCO PLIF and photofragmentation LIF, and the two-dimensional distributions of HCO and
CH, are shown in Fig. 6(c¢) and Fig. 6(d), respectively. The OH, CH, and CH,O PLIF can be used to obtain
instantaneous flame structures in a cavity-based scramjet combustor, which helps to better understand the
flameholding modes and mechanism in a supersonic flow. Feature extraction of the turbulent flame front, the flame
surface density, the progressive variable, and the ridge can be achieved from the PLIF images, which gives
quantitative information of the flame structure and sheds light on interactions between combustion and turbulence.

The tracer PLIF can measure fuel concentration, equivalence ratio, and temperature during the mixing process
by adding fluorescent tracers into small-scale burners or practical combustion systems. Characteristics of the
frequently used tracer molecules are described, such as acetone, 3-Pentanone, toluene, and NO. Typical applications
of the tracer PLIF in showing the fuel distribution, equivalence ratio, and temperature distribution during the mixing
process of different engines are introduced. The two-line atomic fluorescence ( TLAF) can be used to indicate the
two-dimensional distribution of the flame temperature by seeding atomic elements into a flame. Temperature
characteristics of typical atomic elements (e.g. gallium, indium, and thallium) are compared, and different seeding
methods for the indium atom are introduced. Linear and nonlinear TLAF methods with the indium atom seeding can
be used to show two-dimensional distributions of the flame temperature. Nonlinear TLAF is a promising technique for
two-dimensional temperature measurements in a harsh environment with an acceptable signal-to-noise ratio. The
challenges of conducting the tracer PLIF in quantitative measurements are presented. Accurate calibrations of the
fluorescence intensity in different conditions of temperature and pressure play a key role in the quantitative
measurements of the tracer PLIF and TLAF techniques.

The PLIF techniques can be used in molecular tagging velocimetry (MTV) to non-intrusively measure the
velocity distribution of the flow field. In the MTV technique, a ‘write’ laser pulse is employed to generate flow
tracer (e.g. NO, Kr and OH) with a relatively long-lifetime fluorescence through the process of photodissociation,
excitation, or photochemical reaction, and then a ‘read’ laser pulse is used to tag the location displacement and the
delay time of the tracers. The NO PLIF, Kr PLIF, and OH PLIF are usually adopted during the ‘read’ process of the
MTYV technique. The air photolysis and recombination tracking ( APART )/vibrationally excited NO monitoring
(VENOM), krypton tagging velocimetry (KTV), and hydroxyl tagging velocimetry (HTV) have been widely used in
measuring the velocity distribution in a cold or reacting flow ranging from low to hypersonic velocity.

Conclusion and Prospect LIF is a non-intrusive and in-situ technique, which can be used to accurately measure
instantaneous flame structure, fuel concentration, temperature, and velocity of flames and engine combustion. The
repetition rate and measurement dimension of LIF techniques are required to be further improved. With the
development of high-energy and high-repetition pulsed lasers, the high-speed PLIF technology (10 — 1000 kHz) can
show the dynamic evolution of instantaneous flame structure during the process of flame ignition, flameout, and
combustion oscillation. The VLIF technology can be employed to demonstrate the three-dimensional structure of the
flame and realize four-dimensional (three-dimensional + t) measurements in combination with a high-speed laser.
The PLIF can be synchronized with PIV, Rayleigh scattering, and other techniques to realize the simultaneous
visualization of instantaneous flame structure, flow velocity, and flame temperature, which helps to further reveal
the interaction mechanism of combustion and turbulence.

The applications of the PLIF techniques in practical engines need to solve many problems, such as complex
optical path adjustment and optical window design, stray light suppression, and signal-to-noise ratio optimization.
The combustion information obtained by the PLIF techniques is still limited. The PLIF techniques need to be
combined with other measurement methods, theoretical models, and numerical simulations to better understand the
characteristics and mechanisms of combustion.
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