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STUDY OF EVAPORATION CHARACTERISTICS OF
DIRECT INJECTION SPRAYS BASED ON LASER
INDUCED EXCIPLEX FLUORESCENCE TECHNIQUE

ABSTRACT

The spray evaporation of liquid fuel in the engine cylinder is crucial for fuel-air mixture
formation, combustion and harmful emission formation process in spark ignition direct injection
(SIDI) engines. To achieve high efficiency clean combustion, the fuel spray evaporation need to be
accurately measured using advanced laser diagnostic techniques. Among the various factors to
influence the evaporation, the vapor concentration and liquid temperature play dominating roles in
the spray evaporation process. Developing advanced laser diagnostic techniques to measure those
two factors is the objective of this study. In this study, the liquid and vapor phase of the spray was
firstly separately imaged using laser induced exciplex (LIEF) technique. The quantitative vapor
concentration measurement was then achieved through various calibration procedures. The
measurement of the liquid temperature was done by combining the LIEF technique with two-color
thermometry technique. A specially designed calibration device was used to quantitatively correlate
the liquid temperature with detected fluorescence signal. The calibration results show the
fluorescence ratio is strongly dependent on liquid temperature, while the effects of ambient
pressure, laser energy and spatial position are negligible. Those information provides a solid
foundation for the future 2D temperature measurement with in DI spray. The results of the study
will provide detailed insightful information for spray evaporation process, thus pace the way to
high efficiency clean combustion.

Key words: Direct injection spray, evaporation, concentration, temperature, laser induced
exciplex fluorescence, two-color thermometry
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SRR S I R R, A R T KR IA B 25% 4547, 2000 4, RENI G
A 207 5, 2“7 R 2005 4, pEA R 571 5, MK T4 L7665, “
— 07 IR FRE VA P AR S R O G, JRILE 2009, 2010 4, AEE A K 48.3%
1 32.4%, 7= 5 IGE G 43 1379 J7 40 M 1826.5 J1 . 2010 VA4 & R4S & 7760.99
JIIY) 23.5%, 1M 2000 fEIX— L EIEANT] 5%, ¥4 Tk ME 1 2000 £ 3612 {214 %
2010 4F 4.05 J7 12, WK T 1044, OO IAS R4 E,

1.1.1 KA RS IR

WA EA R & Wos,  H AT s 5, 500K AR K IR HEI
YA BRI R SE R I — Sy, 4535 LU 60% K FviE e <P, B, &
PRI R O I 10000 J540, vAAE B FE REURIH AR K HEBO P 1) T UKL B . LR uh
RO A R A R LY 65%, MY AR R O B B s e B R R B R
PERIKRE o 2009 SE [ Z ARG R IIE Los, FE L4795 R HBAE T R s g
R AR GRS PR, CIAEE 70%. T HLEh A RARZEHI, IR KA R
PRAR JRE A T Ko I 28 A B IR B A 200 e P [ A8 D R 8 A AN N R B A ™ A 1
BRI AE FLRE T NAE MR, AR T AR AAF A

AR T BEIA ORI P vy A MRML I BE A TR, PRARAT S5 ) & J I el fit
SRR AR K, AR TSl BRI SOIRDL, ORI IAIE, 09 S IR R e R it ke
g, PRI BEGEMT L E IABACUF AL S BT B e O TG (K AR R
A T RO HEIRE, A 5% B A AR AV, e AR 22 55 0k < RIS H s
ISR B RSB S0 H 2 58K DL SO FA B ORGP 1) H 2 A, 328300 L 30 S B ™
T BR) 7 T RS o

1.1.2 AR

L WA H A O HEROGE U LA S R = A EEAR R . FEE A7 X 0k
R E (EPA) HEBGZE AT INA AR JE MM S B 3= (CARBD VAR, Lrohn iz
R A Ak o B CEUD @ BV AN AR B B 03 16 P i iR A T, gt 5t B AR 2
B G L 2. EIRE o Bl AR S R ORI A5 [ e 4, DR kg LR A 6
FEIE Y A — i, WK VAR AR R . HA ) R A H s EoR e sk, ik
THERM T U WRSEA KA, Jovk B R B, TR BT A R R VL

h T BRRRZE R AR, RPRIE IR, B N 20 AL 80 AR LUK AR 4 3k A%
L R R ST T P R AR R . T B Il b s B 2005 AR AR
SEAT I ZHEBORHE LA, TFE 2008 AT SN T A 2 T W DY 6 1R DY HEsOhR A . 4 Y LY
A R DY HE SRR T 2010 AETFEAAER. & 1.1 W EIL. L. IV HESOR e BRAE ) L,
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MER AT LA, [ IVERAE S [E TR R, SR AR 4 0 BRI TR 50% . AR e
() B AR AT L J4 i S SIL IR GRS A3 55 W) 2 i B v B S BLI HE TP i

ERRE PR{E(g/km)
(Rwkg co HC NOx HC+NOX . PM
R %3 @ 45 il | Sh | KR | Sl | R | SR Rm |SROREER SAEREER
n E—%% - 2% | 230 | 064 | 020 - | 015 | 050 - 0.56 0.050
|  Rw<1305/ 230 | 064 | 020 - | 015 | 050 = 0.56 0.050
I ta5wer 417 | 080 | 0.25 - 0.18 | 0.65 = 0.72 0.070
1760<Rw| 522 | 095 | 0.29 - | o2 o8 < 0.86 0.100

M1l EI. EIL E VR

1.2 REFMAEMBEA

TE 1 B BEYEE 3 H 2 5K LA PR R IR A% (1) KRS, 1R P 4 b SR 2% R S
—HBO TR BTG WIRPUR e R85, o v Btk e 2 5k R Pl (Spark
ignition direct injection gasoline engine) i Ak FrH AR M ML AR o S BRI =N
HEH T A S AR S RV BB RGCRE R, A IR AR R AR Rt T AE
SIDI R ENHLIT TH RN .

Intake Valve
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VARSI 25 A 10 IR) 1 (R [T I BT W) R0 e i B8 v S 3 » 3 3 USRS 2
IFIATEIR ,, H i TR vk, S EUSRMIE N R v AR 22, Al S B 77 2 1R R BT S
RO BRAR T . XS G0 S U S A2 2R K ERHIUG 1) 4-10 AMIEER N BOELES 7314
Be, I PECRIREE IS A HE 2 1
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TR MUAGE I RE 2 RS BE SR e AEJCRE BT HL(SIDL) RS R SE W A, W%
BOGIRA ST TAERRE =4 vk SR A ) 7 (CRD) D SUMIEE Tt 7 K Sl B e 12 B BeR
AL, VLR LA TR R G T S . RIS SRR A TR IR AN T el ok )
HSREE

IS 35006 I 0T ELIEBE 25 R 45 K o S5 A AN 28 AR I EA T R A 00 o, i P 4 SR A
D M 36 RURIAT B P T AR o RN, I S O IR BERS SEELE 55 (R Ak, T U
MR A S5 AT VA o JERDR I S O I I S RN =4 CFD AUl & SR BEAT XS LE
SEYLRT CFD A I Z5 B AR IS UE AR 52 , W58 25 06 il by = 4 CFD Bt i MR
KRR IR . M =4 CFD Bt R Gt )n, AT LORE LA i ol A 45
RAERNL, £ SR BT 2 R Rl

TS 5 OGS AT SRR 554 B 28 A R EAT T DU E R, O B ok
SN R (I S0 06 UE HE 1T 42 iRy UL SRS A 1 » 34 b R N TR 15U B R SRR 2 W 2
BEEL ) BERR AR, LBV EAN S I0AT o W5 55 (O E B T4 0% AR BUL N A 20 A, AT
YUE SRR BRI F YR A PRI, TFACRIRG 6 VM LA S, 2506 T
W25 554k . AR A R AT RS O

1.3.2 T M5 25T A

T EE R B be A, BRI A PG 1 e sk 2R RS R . S n
PRI 2K R, DA 2RO IR ph 2 485 1 A A2 A A Bl /N PR R 5 38 T D DR B8 o 9k A R <,
P B R IAN, (Rt KR FITR A . NI, H TR EWUREE R SR L K B s i m
FE 7, G586 RER TG DR IR W ek 248 460 32 29 P A R e 1 0 o 4D 1) P9 55 e 8 Ay 25 50 ) o
— AR RGEAR], EWEE S H AR R

HEWIWE s AR . PGV E R, R ok . LUK S IE &
14 3000r/min A5, DY RE A SHLEEA PRI P 3415 R] 24 0.01s, Bl 10ms, K BHLAERE T
FEWEH, BRI A, AR 10ms X NIEIE AL, k. IRA SR, Kt
T 2 L RE I AR e, LA IR = TR R s 1

HWIWE %S RSN BT EBRGCR A SRR, B W I AR, A TR A
Fe WEFLH 1 AR 3855 T A 100mys LI, [ s 993 5 ) Bl ) vk A= 0 & A o S A AR
EILZER W SR A 28K IRGEIRE, SRR T, nl L2 E T
A, PRI E w2 B A IR s

EWIEE A S et BRI T FLARIT I, T R TR T mEh s fLAR R A,
RTINS FRIBR I SZ B R A AR AN, H o SR IR SRR AR S R IR/ INR , ELA i R AN AR E A
ANFROUE: o [R) B p T8 25 K 22 2 SO AR S A IR DX, ] — 2% ) W55 25 119 25 A0 R 3 B A
re FERIANEUI P, SO 557 1 2 o) &5 4 20 B %

LT 1) IR Ak g T AT JEREAT I B R R 0L AT PR e B, R B
AR R AEAZ PIAEA T, BT W, Rl B0 2B R eV ke 3k
BT RKIERRIE, B ERP.

1.3.3 WOLEWrEARRS A

H 1955 4 C.H.Townes Jf’& th#EOGHEI& MASER (Microwave Amplification by
Stimulated Emission of Radiation) LAk, %% 50 2 4= WOLHARLEmE Z ALK J7 T ¥ 5. H
AT ERIE . FOHIED, OSBRI U550 LI 25 10 AR B s AT B,
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Hi—, AT AR, OGS Wi A — R B Ak e & vk, e L
SEASAFIR X G AEAT AT T He A S

W, EWITEA S BAT R S MR Je kS, AR RS ) AL
AR VLGB A A, L2852 . DR B SRS W B AR LA i 3 R B
R A, IO PR I MRS U fe B L IX — Bk . BHERARMAKTI R, A1 kb R0t
BRSO 5T U BIGNED (ns ) FB (ps) T K AP (F5) 4% (1ns=10"s, 1ps=10"%s, 1fs=10"%),
AT CLSEIRBRIN “VRES” Wi%s, 58 Bk N i

L EMEMEE R KON IR IS AEIX, ]2 [ 2 (0 A AN sl H A s B A
T, SO B A 1) A 2 MR AR o PRI SR A WA AT 5 v (1) R AR R 4 ) 4y
PR, WOLH&ARESE . et TR, WG E AR, AL AR A
[ 5% 2 R ) K

PO O IX LR S S AR5 (K 2 IR T R RS, B R A A AR

1.3.4 OB Wi AR LE H w2 & L AE 258

BEAEVHENL. WO B PSRRI R AN A, RSOGOk v, i
FEHUR . TR B, WO T RER AR, AATEETIT K 2 At s MR, DASRICRIT
FUME %5 ZORANHORRT P o 4 I 55 FIOGAE 5 AR BAE AN IR], WK s 25 OB 2 oK 43
AN EBUNIE . TERE. TERE. WOk, ik, BOBE Sk,

Lo P SO R FH Y0 B VB AA 431X N SR 6T SR B8 S o 3 B0 e i P s sk R O
S 77 0] (P AR AT I B FRD IR T v o A 25l s A Jir B ) 8 FH DU AR sl a4
A SFIEOOK REUE HAR R EGE A (particle image velocimetry, PIV). Jii Al 5,
BIfGk. BHEEANE (FDBBUMGR) . BIRERRE. Bk,

2. ATSHE A HIEO G I B I 7 AR AT S DG BE,  ARHR TS B R O6 R AR A AR AT G
YIRIAR RN AR 7 900 76 FH T8 S vk R I, T34k 4% AT DUARSh 06 38 L 155 25 3 v G
TREIST PRS00 AT 5 A5 R RN 5 AR s S L DG 28 R o LR (1) I AN A 55 7 SO R BE X
(Malvern laser particle size analyzer),

3. TR B0 B S O AT IR R BOR T, el B 51K /N E 25 5 kDl
BERIARAL R AR AN R R B2 (R AR A o R O TR P R I A A 22l 15 2 Bk v o PR A
WOt 2 % #4% (Doppler velocipedes, LDV) FIAH AL 22 3% )74 {% ( phase Doppler interferometry,
PDD 4.

4, WO A O G W5 I, T 55 o 2R IR RSO S SOt iR A SR
DN e el i B ] SRAG % 25 b 28 VO IR B2 1 % 2 R vk o H T L IR IR S0 58 A I
WL RN

5. 4 i A WSO 1 BRSO\ i Bl e 0 4 (1) R /IS T AR A BRSSP A T
FIIRR v B R 7 32 4 6: (Raman scattering), 3= 22 - i, i 5 ik 2
VI 2 TR .

6. WO 9tk (Laser induced fluorescence, LIF) 2 I F OB 5 2 3 v 1) 4
Gaun RS E.S <57, w458 4 [8] B 57N WRala S0/ | Pl i BU R B =0 et A B 7 Rl Bk /B s q (N R L1
SECANEL, LIF 77 AE B S GARNS T NS OCAT BOR IIARS , W] LA TR B8 25 B NS 64
TEWEZZ M, LIF AT 3 B AT 0] 0 53 1) 45 7 FHgE 25 37 vh 28 VR BE Il &= v
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K11 BOLURFBREEK

YE TR W BE R
EPR [ ,
(White light) ® AHHEAKANE
G2 o S AR o
5 PSRRI o o JHTEILRAESR
(Schlieren) iz
K FCHU
TR &k
(Mie scattering) * REEH
K PG H N
RIELT RS
(HS Mie) LR
AR - . ’
. ® IELMMIAE o KIANIEARAL
(HS imaging)
N NN ® IBiEY
y A NILIB:
REPRBIE o e o REIAAU
(PIV) o i
(]

HARL 23 ) ® Ky HAENIA

(PDI) ® R A A
e o bR
:{% ) ":'“—/'ij\ . /== e = N,
WERTIN o wwmmnti o HrURRAG e RAKE
(LIF) :
® iR
SUHBOCHES9E ® Wl FR i o
o o B = AN
(LIEF) ® SAHEANAN RS
- ®  HWIIRIEE
R BIUE
(Microscopic) ® R
P ® i I/ NRIS

WIZE L1 Fig, fERIHA S OO WA, X0 2 R B R A 7 i
BT, FOREIA, 3 T U R 00 Bl 1 A% R &, TTG7E 6T
P B IR AR, (8 TAREE AT

1.3.5 FMEE % 7% A fE SR Rk

FEEMGCM AL, BRI H o v s ok A T S 2R e, AT PR A A AR L 1) B ]
P R PRI T 25 A BSUARL /S AR et R, X S IRV A A0 T 25 e I M i 2 R 15 T P
AR . T RORL AR U IR RS IREE, DA 254, 20k DL S 2R
TR R A B AT P PRI 3

W %5 28R HSEM A 31 2 R, B T SRR PEAR SCAh, R IR VORI WARER
AR XU . RGBT A A O, 1) W2 (0 8 5 3 S8 IR LA K
W 25 30 ORI R BB L2 AR o B VBOATREL BE (0 Tk, UK il 21 R Bl
FEMER, oy P sh e, WA > SR Dy IR, O T T 2) WIS ARRE
HEWARRIAR NI BARR B, A TR AR 0 72, AR
I, B E NS A 2 T8, 285t o 5% 55 (KDL T AR K /s 1 I ok
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LR, FEA AR 233 [V A R BN, 28 BB s 4) Wi KRR Y
ARG, AR, WA A G

TEARZ IR, W58 25 Rl 8RR B2 A L5 v TR B U B O R K 2R e o LA 1),

TR 2542 A I8 0 W5 55 37 PR S8 PR B2 23 AT I8 A i BITA UG 28 PR G o6

W% 55 FRJ P82 37 LA KR & R 3 RO AE B DU BE A SR il R A Ul B U R, X

SefE BT DU TEUA W5 S A B L 28R DURR S B B (R UG IE [ IS 1 25 P it
AR L FR 23 At B AT AT ] T A sh VB R G TIT A ilidl,  BoAT S5 2 B (B A 52 B
B AT

1.4 REMREOKEEX

Bt R ANHLBARR) H 32, RETHUECE 81 % H R AHE B BE Y 25Kk ok i
Fro BRRMRI Ak 28 LR 5 2 S TR G s R TR A v MR 1 S, b 52k Bl
BLIPERESE Ry o DRI 23R A 1k BB 110 A SIHL I DA AN M AR R BH M 254k . 28 R DL K S
PRHNRA R AT TR 28R RS, 2R St i A e % 55 1) 28 vk B R
() AT e I B, AT R 28 R IR &5 SR AT T fd . [RIET, mE S5y A IR S H e
RS, 0 I A B 25 (PR B i ] DL T R 28 A ML, i A RS B R 28 TR
FHehitio

SRR 25 A P8 47 R 47 0 — B2 [ P A SR N BT Sy o 1 B2, e
X — ) e 328 Y4 A Ak BN AE IR IS, W52 28 R 0 B DL RO VRV A W B L R AR 2 AR
TN FAFAET Z 4o SR, R BE T IXANIE R A s M e, 15t
FEARTIE 25 2 — AN TIBIEAE P AR R L, AR 55 P 2 AR ART—— R, 0[] IR A7 A0 55 80 A A
PRI 75V o FH T AN 28 VPR I L RAN ], BB 43 ol E AT AR R M o e sk
VLR ST SR S A A W, AR AL IF o [, Wi FE A & 2 — A sl
AR H ETETA I s BT R GE E  I [) ER R AP R, AR SEBR A B AL S5 R
Pl 3 SR VRS IO I AR J LA B LA 2R 2 18], Jr DA o 77 3 75 AT AR G 1) W) ) AT
R 8% 0 AR (1) IR 17 P &5 HE s 25 P S0 B o0 A I HERR S S o el WS e ) Bt 2 — 2%
FHERESRSG, 7R R A B VR G IR R IR R 2, IXACE SR I RSERe
B 55 P RO A 2 TR 5, i EL B e AN DU A7 65 o tH VR (045 ., DRI 1 R 48 4[]
I LA K R 2 ) L, % 2 ) e A s )

TEARVERE R I UG Z 0, Al RSO 2 500 == L AT T RS EWiE 2R 5
R (1 s Ry TR A KRS . At AR OUA 30 5 9% 't (Laser induced exciplex
fluorescence, LIEF)SEHIL T 155 55 P AHFLAF S5 A0 1 0T W AHIEAT 23 0 Jid s 38 i v s M 347
PG A BB B D PR ST 1 W s A OAH P s el o AR AURE I TR A 9, R XSGRO
FUOCEARIAT S, $& S ARSI EAS BE . O TN W S AR AT I R, A RENS
LIEF BURMEAT IR IR IF &, 4 LIEF BARFURA M2 (Two-color thermometry) 454,
JSC) S A AT A5 A A S S5 AR R W o R A R TN A R, R b e R
HERARIbR T 4 o S5 ol i Sebn e s T EMEmE 25, SR VBORH 1R 2430 2 40 A o

T ok AR VR BN 15 557 110 3 8 3 RO BE 1 1) 4 AT IR, BB sy VR & < e B )

R, XL BT AR T B 25 S5 (A | 28 AT DR IR A R (R R, [R] I 5%
VAL FEE AR JBE (1 Ao the mT AT ] T R s LR G 28 8 T A RAIEAL , HAT T2 1 BEAE B AN
S briz AT 5.
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1.5 BEHRAR

AT FH O 06 155 S 96 e B AR LIEF SR Jh B s 5 78 S 70 () R sh LD 9 3R R
(VAP AR AT A%, DU LR 25 P (DL B2 3 R T B P s VTR A IR FE 3y, i It 23 st
SR AH I TE B FE RS A DL, T R BT S5 1 25 R AR AR B O RE o HARTFSE
EOSITN

1) LIEF Highst

KK BOEFEFIO (LIEF) FAREAAE LIF iR b, BEIR IF 02 B W5 2 1 A A
M, IFREXTINE R B TR I AL . AT LIEF SRR R 48, Fi%F LIEF HoAk
PER TR NS, %48 LIEF AR R L A I B & Br B A 1A S Rl s, 7 anfa]
e R B BE PR A A 5 EAT 00 28 5 DRt AR A S R SRR i 5 T ) A BB R ¥
e LIEF PR S, 8 RTINS RS0, 5esziiit. AR LIEF HoAR F ik
R WP . WOGRE R IR AT, TSR R T %, X e,
TR, PN SRR 2

2) FIFH LIEF HEAT 5 f gk Fo Il s () i e 4 SR

FIFH LIEF HAXS W 25 AR S AT 2 i, 8 S 75 SO0 R 2R BE AT o )
FHRBEAR EREE b BRI 28V P 5 8 55 SAH PO IRC R, 15 W 250 28 5 5%
THZEVIR B R E LE ) G R 2 o R IR B b s i 2, Xm0 25 3K P 45 rh AR IR B 34T Ak Ak
HE, 13 S SRR BE AT, I EEAS R 0 4t s 35 AR A i 1R S i

3) bR E L E T

B % B VBRI AR 52, T 0G4 U2 R FE Y RN A R B, e 7 A P T S R A P
DT AR T &, Bk AR & SR 4 CF IR b e 28 . 1 SE 3R LR [R] L
FERREREE T %, WAL e st b, B AR R, RG] SRR, BRI
AT, f)a, il AR e e CAD 4L, ks B AU B AR e 3 BTN T, $kA% 5
KhREReE .

4) FFIbr e e B ARIUbR 8

R P X Ay BV A Al R, AT ATl b s U P (s i [ 3., e BRI
550 0 R Dy € o AR P VL 0 T SR A L PR s e 2 e PR L N o RN T
SE RS 55 VAL B b e AR, 75 H W 25 AL R 5 S e i R ) DG R M 2k

FT X0 T3 9 G BRI FLBE 25 28 AR ML I 9

1.6 KRENG

AT F2 O LR ) T EEE TS ST T PR A e o B RE DA SR A 5 B Ja
AT AN 35 3T RESA RIS 10 R e s B BB VA AW L . ELWEA SN e mrfkith 22
DEPEARHE R 1 32 80 37 0 1 AR ELRUR ShBLIK B S 0T A b, Wi ST RE A A s)
BUIT AP B v SRR BLGE ( SEIR I0E , JE TR $ LAl 07 SCRDRS W, I 0 e TR & U
FIE R SR 2 W (4 L0 FA) A PEL R R AR AT I s 53 AT 2 Pt 7 AR o 22

FEM ZE WG, BT EEESCOmIZ 2. 28R LU R Al fE e i FE i 22 (28
SR A% Ly, ELESE AT 8 5 (ARG PR REAT A 35 W 2B R HE I A i 25 250K
MISCHE RN IR 28, W25 ORI BENIBATIIEL BE 73 A A7 AR AR 2 IR BNk o TALLE, ek R AE it
WFFEmE 55 AR BERNBTRLEE 70 A1, DAWETUmE s (AL, W55 28 AR T Sk

b
[e0)
=
=
&
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FT X0 T3 9 G BRI FLBE 25 28 AR ML I 9

FoE BLHR

SEARGEAN MY FHAR S TR0 25 9 TR AR ORI LI R (RIS, TR T A2 (K Iy
o BERPONERA & HROOUR R AEEREE & IR TV AT, A0 A R T VAT
L NSRS S S S NI 2 1 M o 5 32 Sk = e g R b W R P s Ik L E A R i
IR JSERIBORH it P2 PR B A L S 0 R

2.1 MKTEEOAEFALRIE

2.1.1 IRFEMA Ty vk

FH 5% 257 (A B Wl ot 7 2 2 A U, WOV, WO 39O, RUHBOE I 598t
o

1. #uiiE (Scattering):  FIFH 5 5y 7 B /NBURIN NS Y26 B 5T, S BOGH
(A ZE RN 628 7 1) 1 284 5 J0RE 1) 3% S8 Jl L DU ) D R DR B A 7794 88 TR0 0 8 o 5 FH IR S D v
Hi M ECS) (Rayleigh Scattering) A7 2 HU4) (Raman Scattering). i AU A& 24 UKL 71
BRI /N T NG BB K A A U IR G, 7= A2 U G BRI S i K AR [R] o 7
2 HHOE D) E ST0  A T H T O 23 TR Bl RE SRR B BB A R A 84k 1 5 RS AN [A) - N
SIS

T ) ST RN 7 2 EU B B LR A S P R 28 VTR B IR IR B ()45 B, AR S R 7 72
AFAEAAR 22 A0 o5 o B R FE5CSRF 10 2 20 p e NSRS RO Y i AR [), NS e 7E BE THI ) J
SRR TR 4 SR AR KT 28 o HIR, A0 AH IS A7 DX, 80 PR AR D' o B oz
TR TS HUR G RE, DRy 3 R O 7 A A7 R 55 DXCsoe ik 4 it e & i iR
BRI AT, AR AT 5E 2R 5 IR IRITR & SR B o hr 2 U AR BRI 3R I SO
PRARSLAT D Y A IO FEAR B, R 2 U U e BEAR 5, 78 HRTRIBotRE= ~, K
Z AP HU L RE AT R U, SR . AR WM T KA
Scantavicca #3524 A\ FH B R R D B T 7E b b 5 B T S i A 6] 43 A s Sandia
IR 5 S 25 ) Pickett {4 T4 A JUI7E il e TR 208 A B T SEMD LT A FOBR 385, 0 i
FET 77 9008 T A0 I e BRI R IR 120 A s EIA) I R T 2 1 g IS 1ol
BRI T v L R s 40 A o 4 [ 307 P& K219 Bruggermann 2425 14 1) £
FHAL 2 U & T 2 E0E 2 v 2R IR

2. Wk (Absorption): Al FHSOGIE WS, H g 25 28O 1 RO A O
SR AT, W SR PR B ] SRAG S 2 b A AR B ) B I B T, R
WA T — o MRIEREM, YRR A 5BOLY A ¢ MO
FE LGB, Bl A=acL, HHIHREL o FRAYTINOEREL, BT AGHERuE K Wy
SN DL R RS (1) e 03 R o WROSC 7 v 32 B il AN B 3R AT ) A RSO R Rk BE IR~ P 3401
FE2A% ) _b BOAR T BERAG o 073048 R 221K Hanson 28194 A\ R 7 2um BT (14 vh 20480 i
TP SREAE HOIRES R IR A 28 R ERELE ;. A 8 K2 ) 2ot 2 gy 3 1202
P SRS 7 i AR 45, R BSOS U - /7% (Laser Absorption Scattering,  LAS)
E R TS AR AR IR AT

3. WOLES 97 (Laser Induce Fluorescence, LIF): ZEBREIRIN—28 B AT 9 0 :
PR 7RER R 7 (Tracer), FH @ K EBOGEUR I 25 R A T RS 7R ERRL T, 7RER
KOG T B A BRIT R S R U N TR AS 1 RS, EARF
P, RS TR IROTIRPIES, R —AGT, BIZO6, ERE & Bk
REi /N T FHUROR RE B, 2RISR E FURESRL T IR BOE T . TR TS
AR TAES, BRI FH R UK, It LL9IGAE 5 AR T Wi AT AT M, Prlh

990 3L 49 7T
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FT X0 T3 9 G BRI FLBE 25 28 AR ML I 9

HANGHATI JIAO TONG UNIVERSITY

FIRBOGIE T 96 e 25 [ BEAS FVSIAT 73 B o RN, B TS s Bk (1 ik L
e TS REERL TR S, TR SRPIAH LA X, A5 5 R 7 K T S W 25 1
SETCEIRFR M AL VIIE B o W H 57K 2 R OG5 5 9B Sy FE AR AN BT
AR FAFAEMIFREE R, X838 4 rr A JOB G PR T (R, 12272

4. XUAHEOGE S92 (Laser induced exciplex fluorescence, LIEF): i 7 7 Ik LIF %
ARAED S SE T 5 A, Melton £ 1980 FARHEH T X K OE 15 5 29¢ e Jiik (Laser
Induced Exciplex Fluorescence, LIEF) %, Syl LIF £ R TE3E 20 B0 5 vl A AU A3
BT AR R . LIEF MR SE R —oeRE s, HR R —FloR B A 32 3808
PN, U5 1 I e 5 50— MR EE R 21 R AR RN SR B 2 00 15 B or 1)
PN AANR IR ZO IS B, WP PO GRES AT LAX 43 o e ok & L0
H 2, DR, PN AN [RRK 1R 5 1 BV AT 23 A A el AR R 1 A o ek iy B 23 a8 Ol
OB B, FRATTE AT LA A B A P AH S, SEEICORH 155 5 TR ] I 23 B
H D& KE R FIEATIX TS, A5 TR IRCR .l VR4 2wl e 1)
Fansler {4 TR [ fy 2 45 V20 oo S 2 47 JE HERMINEE 7 9% (fluorobenzene,
FB) 12, 6-—Z%-4-FILI% (Diethyl-methyl-amine, DEMA) 41/ Exciplex &2%¢, 7
o 8 S B 78 2 5 2 10 P AR 1A R o it R K216 Ghandhi #3274 A
R A O YO0 & BEIRR T 5L PR B 0 A 0L . R K2 95 07 S 2R P A
M E G B0 P HE AN T S A LEL A IR BE 211

2. 1.2 RPN Ty vk

WS S5 53 A DUt 7 1T A B R Tl R T R S T O OO e B O T
T SRR E 1 DA S OGS S 6 1) S ks «

1. XUy (Two-Color Thermometry) F)FH 0O 55 5 98 Y6 10 6 1% B, 52 1) 48 4k ke il
LN . HTEOEE FUREE SO IR, a2 R WO . FeWTRE . FFl
FEARURE SN2 S50 %, HILR Z2AS 3001000 1 ) 573 2 18 25, DR 8 55 40 i 220
FHAS RIS 1R 5 i B TR LU AR 2%, 49 B [RIBA (102 i F LU 5 e P OB R B ARl
AURFER R 7R o R UK R B 5K A oG, DI e i NI K5, BRI 3RAGAS
IFi) 30K 110 20 s P L AP A A A DG 1A 5 s R P I 7 8 BT ) e A 0 AR A R

H X35 28 D 10 FH T BT A s 55 DA R 3 T A5 ) il B U o o S R 85 P AR K
27 Sick Hefz P AN K 80K 22 0K IR G AR AS IR K58 G BR E f E i <& 1 T py 3k
AT RO A3 o W R R I Lemoine Zcd BN FH XU(4 1 A0 £ 8 8080 AH 45
25 [ AT W5 25 P R RO (RO 8 L Sl B FRL AR

2. FEPRIEIMG (Lifetime thermometry) 9802 3 2 H T RO SREOCIIE, 600
JFi (phosphor) W3 — & WK IO OR 5, JLm G0 5 14 308 Dbt A2 e Ae vk B A3«
I=1I4e7 " (2-1)
Lo W I SR IR R85 £ 0 — Loy 8 FI T, DR ) A e AR KRR B LA
TR, ATt e O 1 A P s ek S ) T LA SRAS ) R o R B A N
MR A SRR T R A S, e TR s R BB T e AR 22 2738 i O3 o I i 8 Lund
K2 (¥ Marcus Alden #dz P % 75 TIEAT T8 2 (0 T A%

ZE LT, H R TS5 R R R 3 R S RN AR T AR 2RI, AR R T A
HASMAL . EXF SRR VA L EBRATRIN, X KBOEE T 986 LIEF fEfRUFI4>
BT (PR, IF H LIEF BRI LIF BoRz b, BEARLE (6 il & 16 3 kAT
‘b [FIN, WGS9 nT LU TR EENN, X XK B0 T 986 LIEF SRt
TAX s, WTLAFIH LIEF $iA s SR A AR P AN 5 29 ek K 2 — AT XU (1
TR, I L9 G 1 A 18 L AR B vy 0 1 5 A S PRI 3

TG H L UK OG5 S5 AR LIEF WM AR AT 40 55, 43 T 4R B

10T 3t 49 W1
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FT X0 T3 9 G BRI FLBE 25 28 AR ML I 9

S (SRR I OEAR S o XTS5, B br e SAL MR G R 70 A 5
A FWAR DA 5 A FOGIER T8 A0 %s 5, AEIL 98 % 2 E TPy s AN R R 1Y
T8, PN AAT (K98 0 5 2 AR R ASRIBUGE ZAR R T o I IRERE X LIEF $0R
S PRIV JEE RIS K EA T P 40 1) B

2.2 LIEF RKE-RENE[RIE

2.2.1 LIEF 3R PiAH %> 2 Jn 2

TE LIEF SR, i S MR OGP AR FERb AR, XM TR e 1 B 1%
SR REFI SR BRI AR, DA AE IR 45 R BA AR « AR LIF BoReh Hgsin— il 3%
JEHIANIE, A5 LIEF BEARTE I T PIR AR B 5 6, 5 3 9 F 52 516 7] 43 Joll Bk kg B A

(monomer, LA M E/R) FIE AL T (Exciplex forming molecule, UL G %7R). 7
A MG AR 2 Bk e W K OO S, Ak M BERE RO RIS M*. 4
M3 1] B BLAS I e At — e B K5, Wit 2-2 .

M* - M+ hy; (2-2)
[, M*BEREHI G A4S &AM E &1k E (Exciplex), Wizt 2-3 fir:

M*+G-E (2-3)
M E R FPERETBEE A S A — Bk K r 2, Wizt 2-4 Fs:

E-M+G+hv, (2-4)

BERE G E BIAHZADFA: (D FAAEBAESRT M*; (2) MR R
R 51 G I HZ &G 14k Exciplex. WIS T/RERRIT G 1k FE T fI%
T G IREL, ARMER AL B SR B AR AN, e Ronia 2-8 A8 U A
LR ARRAR, ATELBIEATE . Pridmi s 28l R EMT, AR5 E KAy« FERESAH
T R TFRE AN RN G, AEHERD NS T MARRES AN G A & AR E AR
E, RS BT M*IE0R . Jr IR T e B A o T IO 2-3 ZEAE 5 I RE
i, BT AT KK T AWK, Bl Ay > A, ANITAT DOREIE 25 oyl A AU AT
oy A LIEF BEAT M AR M5 5 2EAT 0 BT L 18] 2.1 o

350

........

E: HEEEY
-50 i e/nm

& 2.1 LIEF |SE P REE

2.2.2 FTAHIKR LI & i 2

SR PR S5 S AT RS U P 2.3 B, B AN [R] 1627 8 Bl ol LLREEh (104 155 22 11
HABARREAT 53 1 o BRSO T T DA RENE A I HOL T T 9 R 5 28V R 2t
AT AR L, [N IE T 20 BRI 986 A 2R BLG R W5 55 S AU T (5 5 70
11102 R A ST 5598 U G RE DL 5L A IR A AR

11 JL 49 T
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FT X0 T3 9 G BRI FLBE 25 28 AR ML I 9

350 1
i s SileE AL B
% 200 R 2
& I ’
0.75
250 1
¥
200 -
_ . :
TRIRERE 105
150 - (BN
i \
100 | SR ]
\ .1 0.25
50 ]
0 . \ | 0
250 300 350 400 450

Bl 2.2 WEEKBOLHF ISP RIS FE # i 42
HHBR R TH AT H AR DO S5 BER R R T2
Ss=KxC (2-5)
Fih X 2-5 15 HH 28 i FE 5 e R R IE BE, 8 I A BT 3R A5 2 300 K I, 28 J5 A A matlab
BG A B A 5 25 AR DO G G AT Ab R, BT R] 3RAS W8 25 AW E 3 AT 1

2.2.3 JRAH UG I & i B

M LIEF SR A G 1S TR T UE VRO DG 1S IR YE R A i)™, 3 A XU I 2
et TIRONA RN SRAE, i, SOGHRBE AT LA R T T R
Iir = KoptKspecl oCePP/T (2-6)

HAK e K spec R TOCH DG RGEINASHL, 1o ABOGIRDGHR, ChP6H)
U, B IR BUR R, T R AAFEA AW

H 13X 2-6 T & 2 AN RSN H Gk & 1 £, D RS R AN [R5 S 0 FE (R (B AH
PO X B 8. il AT EERFH S AN TR (R A 1A, B 285 1R LU AR -

LIF A optKspecloCePAD/T B(A1)-B(22)

- IILIF,;qlz - ﬁo:lisZec;Oieﬁ(lz)/T =e : )T (2-7)

i 2-7 X, WK OPOERE A R H S MNARIE S T AR SRR R B E
XK. HIEHISEI, fEIECHE. FB A DEMA 4Rk oh, JLAH 28 6 7E A RIS T
(KRG UK RS p A, W 2.3 B, H P SETE, Rkl pi, 27
B4 — BA)NHER, HANE, HWHERE T KKRITHEAL,

« 1000 300 .
>
;_ 7504 LIEF spectrum 1 ©
K 250 —
> - - - - T-sensitivity -
S 5001 1 =
2 250 o
e i i ... i
o 0 150 £
. | Q
o \ 3]
3 2501 100 5
§ 500 ?
Q 50 @
£ -750- ] <)
o _— "
— -1000 T T T e L
300 350 400 450

Wavelength / nm

23 AFENREE T #R BRI i )
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:Ih e NE {ﬂ{ y;’
%f AR )t T T BAHBOETE S 9 B A MR i B Wt 25 78 R4 E A 9%

SHANGHAI JIAQ TONG UNIVER ITY

FES LT IR AN 9O 3R L 1 LLAE AT LIRS S HB (A1) — B(A2) IR, X T
FERIR T A 3RS

B(11)—B(A2) _ TrefInRyef

T = =
InR InR

(2-8)
H1 2-8 AT 4, BN AES L T AN 2 R o 2 BE U AT ASRASGHE 25 78— 4 =S

(7] b T 8t 88 2 A
XA 2-7 FEATHOMN H b Bl W LA 3]

in(R(T)) = £ E2 (2-9)
ML, T = Toltt,

in(R(Ty)) = A LC (2-10)

R 2-9 5K 2-10 M, AIfEH:

n(ras) = B0 - B (- 1) (211

EMIEST, By — BO BN il bl — N (575) 5 (5 — 7o)kt

R(To)

KR I bR 19 2R R R 5, R G AR EE, R ] SRS % 22 A AR L B 30 (1 0 A7 o
2.2.4 SEEIR AL L PE

W TV IR AW, Horh 22 R e OGO I RENS 72 2E 4 Rl K 196, R75 4 LIEF
DR SR P RRI AN B2 WO GO = AR 2O IR A, T LIEF WA, WA SR) T IE S
(n-hexane) 1ERFEREIARE, AORFVMIEAT IR . ZEPRRASINARD CRIRESRE ) IRik# I,
TRA TR A 1 i SCRR Rk, 6 B LSk, Mgt T
& 2-1 LIEF BRENSINFIT b

1B R kL MR 7 LE (%) DL VY §IS
Melton (83) TMPD/Naphthalene 10/1 380/470
Parigger (98) TMPD/Naphthalene 2.5/1 380/470
Leipertz (00) TEA/Benzene 2.9/2 290/350
Skogsberg(05) TEA/Benzene 9/1 290/337
Ghandhi (94) DEMA/FB 9/0.5 290/380
Lee (96) DEMA/FB 9/2 290/380
Wieske (06) DEMA/FB 9/0.5 290/380

A THAOR LIEF MR H AR RS AR I 1) S WA RHR B 55 28R R, iR ORAEVR N 7 (1 2L 25
RANEEAF, RIAS NI %5 2H 53 A S ARRL R 0% LURH [R] 1) 28 R e 28 o AREXT LL, FRATTIEFE SR
(FIuorobenzene, FB) 12, 6-Z3&-4-F 3% (Diethyl-Methyl-Amine, DEMA) £}
IS0, X TRA YA ORI P AT, 1T HL AN Ao I3 R 28 R RE I 4, mT AR
ﬁ%ﬁ’]ﬁﬁﬂﬁ%ﬁtﬂ%ﬂﬁ’]%ﬁio AT FB BIFEOGH] LU i AR AR, i sAH T FB A
DEMA BRI E A4 (Exciplex) RJ LARGE I SR AR IDRFAE s H T P9 & (0 28 ik K Ta
FHERARE , I FAS [F) 1R 2 DB A R s 55 1) O P AR TR 2 A5 5 03 75

Ghandhi Z5B W 5T & B, 0.5%I1) FB 15 9% DEMA 2147 I 7 %Eakmﬁ i Hefs
RGP R AR, SL=Fh Aoy i 5 20 b LT3 sl (HJ, SXRRALE sl = AE 1<

1300 3t 49 T
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FT X0 T3 9 G BRI FLBE 25 28 AR ML I 9

AE 585, AR TS AR, b T 8SHE S BUKEE, P50 80 FB AR
HAHE 2%, FEXFPALA T, ORI IE A 28R et v A B B R B, R ORE A o ik
BRI PT#F EEK . Bk, EARRSER T, FA11EHE 2%FB+9%DEMA+89%n-hexane
(IR B o

2.2.5 LIEF A Ja PR 4

5 LIEF SO, A9 R 9 e 8 52 B AR N Z AR, WSRANKT I 8 A 3%
BATIBIE, AEBOCIR AR 206 eI B g 0 A O, H 2 S Bl B RE R . 1E
R, B EAA A ES IR 9O6EHE T (Crosstalk) UG RE R KK
Worgil. BrFREE I boE SEBR HEA TR 1E, R I B BUR A B REA T IE .

D 5tk

W 2.4 PR, SOEICHE TR VAR OGS AR SRR . 58 DR
GBI, P TI X IA T A S B A N, AR B B (B 1
R AP , RIETE 1 T-I0R 2 0 Ik™ A2 FORSE M o H 3380 9 i 5 BT
POCIIE R 2~3 MR, FOWOLE TR A KRR A L B AT 2K R 22 o 17
G T 0 i P IRCER T4 72 ARG 2 A I 3R 8 LA SBORL JE o R] AP JRAT 5 R ] — 6 2 A
MARGE, FEA FHRBATIREE AT X 96 Ieil T AT AR e A B, DU IE 9Ot eil T3
PR R SRR T

300

250 4

200

TETRE

150

100

50
HHTFHE

275 300 325 350 375 400 425 450
# 1 /nm

B 2.4 Rl A AR ZOEI T th £k B

2) WOLRE RN IR

Wk 2.5 fros, P iEOCE IS, ROt T RENS BT SR AL T AR IR SR
K (FB) W, F=AAb THORAS A (FBD, 8] IO 78 o % 250 I & A2 U, AT
SPEOOCRE R RS O B AE BB AW, 1m0 SR AL R R
ERBZENS R, A7 ISR IS . ARSI, 5 55 AT B A ELR R
THOCE 3963 L, WOt BE 5 1 T2 800 5 SARR I 0™ A oK 1 iR 2= LR R
P, FATDARIEBOCRER AN, 5GP S fEEE Ak B, JRA TRl
PR i A BERHAO' fiE R A T IE

14T 3t 49 W1
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FT X0 T3 9 G BRI FLBE 25 28 AR ML I 9

K25 BIEEG

2.3 RENG

ASTE 1 50 EG FE P A 5 R AR P B B A SO  EEBANRTIN 7 v L
B, JERYEFATHIMAR H MR, EHE— Bl BEMS RS (17> B W 55 AT AR, I BEXH
AR HEAT AR G AL RIS KOG 2 YO R (LIEF). BEXT LIEF 4%
AR SR BRI, BT 38 ) L P 22 STRIE S, SRt BRI AR 5 5o AEEH 73 B 5 A
L BATTREXT LIEF SR IGO0 6 T8 O RE AT 12 IE «

15 3 49
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FT X0 T3 9 G BRI FLBE 25 28 AR ML I 9

FZE FWRERTWIKE

3.1 SELGMIK T AR &k

SR T SRAGHGE 5 A S ) A B LR T TR B AP A R 9 e B AT 4 Sl IR A B o %o T
SARMPO G ST, I br T DL E B R AR A IR S 5 6 T30S 2, A
T BB AN R R B BT g, R P IR AR SR AT R B A DG IS R . B
S A I i Ak R R v A R PR A s I P ) A ) P R R 5 A PR il S R A AT
k.

FRA DA F PR DR B | WA P N T LA e 1 O e, T A IR B R i 2k T LAk
EUWR:

(1) ST BURH 5 U0 R 0t Pt 257 P 30 P R T R B A R WO 5 5398
HRWETT, T H OG5 RIS A SE 2 MR, @ WG P UL Fy R &<
Z AV 52 B O R T4 A S0 B0 UE B4k ¢ R I HMER I s Hh T 00 K0 75 S 9O A7 E G A 40
AN 564 DL B 5% 5550 PO Rl 2 PR IR ST AR FSCSRT >k PR 5 257 P ST i E AN S8 50 1y i)t , 5 20 H
P 78 RTEVGS AR BRI 7 VR R IEAT H 1E o JErP A 23 25 AN 56 A A2l I AN A B2 A 2 s R ok
HATRR S HOGHE 2 I SCRT B ) S0E Rt Lambert-Beer @At THRIE . 0 5256 1%
SE S FH B RA I I BC T s 6 [R) 20 (P3PS R0 s 1 A e T 1 3 P42

(2) MMM E RS : WEREHHEOOWE. NI RR. B2 F RS,
KI5 REE RGN K. O E & Nd: YAG HOGR A, Mot w16
LIRSS (frequency doubling) o, KA 266nm [ISEAMEEOE. AGTIGEE RE0H
P — 2L BR T AR B4R OGO BEE 20 IX A 24 g8 1F o e e o — R /N T
Imm (1 7R, RS2 bR mT LS5 55 RO P T AT B o 232 062 R 4 FH O 2498 8%
FIg 53435 (image doubler) LA K CCD MHMLAL /. HEEIZIMIE I, W% FIMOL T 5% 6h
— & CCD HHHUHE, X A AHNLI TR AT S a 98 8s, d e mT USRS WE 25 U 1 99k
55, TR B bR R SR 55 S IR AR FEE 5, B A6 24 08 BT T 35k AT
e UE BT, BRI IRAFWE A I 95 5, W R bR R 188 2 A 8 PRI TR P15 5
TR, WO6 I eI — AN UG A 284 0 B ROk, L e R A 3 2 A
FEEEN, FRATHEIX PIAN I 25 N LVRTTH 53 93 22258 T AN ) 1328 Jo i BBl PR AR R, TR v A
S AEAN TR B [ P EAT T 90 29 o 1) P PRG35 1 25 DU T LR S B A5 i) i Rl £ AL
(1) CCD 5 Fy bty , ) 5 A B ] LASRAG I NI A B R 5 B AL, AT SR A5 B2 1R 40 A1
[Fi) A FH AOAF 8 B B ] R A ORI B 4 AT

(3) WRBEFNREARE : 1K 01 =2 H PSR A5 2 5615 5 55 T BRI FE AR
I o G A JEE PRV AR S Al Tk 7 A LR BE (R 78V, DU JL OG5 5 B o 1T il 5 PR s )
e OB TE RN K B ZOGREE FILUAE, DAAE D S50 . b FH 3 15k
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3.2.3 WO R4

(D WERZ

PEICSRE R LaVision 24 w227 1) Nd:Yag 06 & AE 8 AE OGOt kA8 2
EUIE 4 O R AR, WOGIIRIREK A 1064nm (ZLAMNEBD, Z03d P2 I vl BA™
AWK 532nm (RILEE) 5 266nm CERAMIEBD II0G. WOGER I — LEA D EdE

W 3-1:
% 3-1: Nd:Yag Bot#es%
2 HE
WOLIR B AT (mm) 5
I KK 2% 298mJ@1264nm
203mJ@532nm
38mJ@266nm
AR (Hz) 15
bk FBE (ns) 4~9

S PRSI 0 A FH P T SO R R VS Yot 215 PRS2, LARIF 58 25 PR AR 8 R 82 1) — 24 )
AREE . PRI SR W06 R A 87 AR IO AU # ~FITEOY (Laser Sheet). 7RO
B (Laser Arm) fijthui e T — 41058, QHE-FIES . & MESR. P ES. W
PN AN (M Z B ) R R 2 R] PSSR A THEO G B AR A, A8 R AN [R] ()~ [ A B m)
PASRAFAS [R] 5K A1 P IO -

(2) 5B RR

S b BT R IR 2 5 % R 48 0 LaVision 23 72577 [f) SprayMaster OGS R 48 1%
REAFE: LaVision K444 55 CCD AHL. LaVision 25mm E{E 14558 2% . LaVision 73644

a) LaVision {4155 CCD FHAL

W1k 3.10 i, B4 35558 CCD A HLAELL 15fps U R F 45k ik 1€ 1, LA 10fps f34% |
%2/b 500ns Ff9 A ] 1) B 43 P 5K E S B Fr o CCD AHHL AT #8545 3504 13761040, 1% RN
6.45um>6.45um. HAKMEREZHIL K 3-2:
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FETF XU S 9 e H AR IOV I Bt 25 28 R R PE 9T
% 3-2 LaVision B3 CCD BAN.S%

ZH ol
BHE 1376(h) =<1040(v)
BE R 6.45um>6.45um
ERETE% 8.9mm>6.7mm
EETpTES 16MHz
ISPN 4 ) 15Hz@Single frame
10Hz@Double frame
NS ] ) 500ns

B

°
Lavisian
>

& 3.10 CCD #i#l
b) LaVision25mm [ {5 58 i i % 2%
IG5 rp e 25 02 2 % T CCD AMLHT 7 F T8 IoGssm i) i O 2 s o A B T2 384E
IRO (Intensified Relay Optics) 7 [ Kl {5 38 ik 2% A1 s Hs 425 1l 4%, CCD AHAL RGN [A) AT £E 5ns
FJ LR Z RGP, RO #omTik 500 %, 4l 3.11 k.

K311 EGRE s

IRO HB2agkHids . BRI oA LS i ol e, an &l 3.12 P Hirpss i 5o H
TV B NG ()R o g 3 25 o B s SR — A HA v ) IR IR G I () 91 ] ) e PR ] e %o
CCD AHALI e/ N e ] ()30 5 e = F0 2, 1o MG s S L BB TT Ja JLANRD IR I R) . edk SR £
e B G RA N O RLE b, FEAHNLI R e 3 o (5 5, HFAE MCP W JBOR 40
ek HIAE G s A DA b S R E i GO I E B R A SR AEAE CCD AHHLAR
o B—ANHEETIRAERY R 235 CCD AL, CCD BRI i< 5 9¢ 671 R 1
i [ [ b —
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3 / ,f ’Phospl\or

e
Objective \/ // Coupling Optics
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/ é
)
1
/ ﬁ
=
<
e [~ A
= =1 A
S 2
\\ = < CCD Camera | CCD Trigger
= /- lt———
“—
L~ 7
Gt
Ucatluds
==
11 Trigger / Gate LT Trigger
Electronic

& 3.12 IRO. CCD TR A K32 Hill 8o i 45 1 185 )

c) LaVision 73644

FESCIR S, W 3 53 A WIARCRR B 47 A U 340 o S 1) I B2 P e gl K 2 Dl 5
DRT 0 5 BEAE AR S 1 228N 43 D 35 (Doubler), J 22 AH M (1385« WKL 40 Ak rh 75
FLE e as Bl 2 B A S (PO 289nm) SIS 5 (TP 365nm) T P Rl
JEHE, LLIC R [A)— R 55 o ORI AU B 20605 s TR 37 70 Ak o 75 28 2 b i P iy 4
WK RS (R 530k 340nm AT 400nm),  LIAC SR A 98 Y645 S AE MK R 1
FEIGIRL o

d)

FEME S5 AR LI, S EAT SOBOPAH 20 Bk, 23 0 3045 SRS BRI 521
KR, DA RE EEAE AN LT e AP AN R B8 8E . A&l 3.13 P, AR HEIRRE vl i <A 2Ok
JGCREFBAH OGS, Al SR PO 5 Sl 59, Tk FRRens e KR EE I I USR5
FR)SCORH DB B R 5 K PR Rt el VRO 5 615 5 IRV DB B, [ IsF s 38 e ~URH I AR RN BAH IE B O
WA, Bbgl RN E R B, FRATESEE 3.13 FroR iR R G 4 A K AHIE B

I AHIE ST .

350 1
it v
5300 - N 3
: )
X250 -

200 -

- 0.5

150 -

e TEAHIEBE
100 <k ykss
50 -
0 0
250 300 350 400 450
#K/nm
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3.3 MiXTR

3.3.1 AFHMR BEIAA T

#3-3 1, FUH T IR SZE AR TG, A A 89% 1F Lt (N-hexane). 2%% K
(FB) Ml 9%2, 6- - 3-4-FILF N (DEMA) JREAM, 20 O s B B I3t
FZERREE . TR IR ST ) N b rifik, &) T280k,  REfs S I 0 2 SR W 5 R 1k
M S % 20kPa il 40KPa IS I g0 SR HREE CRRIIGR B — R oD A by s

HA R T AR
# 3-3MF IR LAR
ZH HfE

W 8 L, 15cc/s
W3 JHH JUK 5 1.2ms
ST N-hexane (89%), FB (2%), DEMA(9%)
55 s 10 MPa (abs)
WEiE ) 20kPa (abs) 40kPa (abs)

BRI B (e R, °C) 25(0), 55(30), 85(60) 25(-),52(10), 82(40)

PRET i L 25°C+ 1°C

3.3.2 WRAHVE BE bR T

AR AR E MR > . AN FB R BE 4 AT BROUELRE s 5 KA S 3653 i DA 32 I ke K2
B6 S DR A R A « AR S AR Wi« PR s 7 50 0 A2 vt 2% A R K
BRI
1. ANl FBWREEZAT T AU AR 2 P -
FB R A A 2o Wkl (R %€ 6 Ye i R P, HOGHIELBE A BUR MR ™ A AR A . DRl i i
A2 FB R B F SRS MEREA TP, A5 R R 1 FB IRV
®34 BERELNR

ZH il
IRIE TR Jy/bar 20
FB k& 0.0125%. 0.125%-. 0.5%. 2.0%
PRI B C 30~150, VHLEMFE 5
SRV EEEE TS 50

2. SEH R MR MR
FESZI M R 2 b, 1% 5 2%FB. 9%DEMA. 89% 1F U5t A bt MR KL . AW
[ S0CH, W mTal, 2 FREAKREMN, HAE 50°CH 2t g m, ZHEERE
TP Pk 50°C A MRELE, it oA 5 my P 206 J m ATl .
#* 35 BB FERENA TR

2 ACIEN
PRI s g /bar 20
PR FEIC 50

FB k& 2%
SRV EEEE TS 200
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FT X0 T3 9 G BRI FLBE 25 28 AR ML I 9

XK 3-6 HEEHBWRHATI

2 e

B R 7 Ibar 1. 3. 5. 7.5, 10. 15. 20
FB k% 2%

PRI EE I C 30. 50

SRV EEEE TS 50

K37 A EERNR LI

24 LACIEN
PRI s g /bar 1.5
FB k)% 2%
PR B/ °C 50
RV EEEE T S 50
PRI 25 K B 0%, 20%. 30%. 40%. 50%. 60%. 70%. 80%

3.4 SLIGIRIESE

FERA 58 S50 AR5 925 AR SRS AR T80 ), BRI AT R AR HEA T S IR o A VRS 20 ok DY A
W, BRI LIEF HEATWE S 5000 . a2 BV BEEAR B 5000 WEZ5 3 N SR BE 20 fii o
TR 5 S o DU o S AR SR RE S VR AR IR, e 2 I3 b 4 ] 289nm Al 365nm
JEBE, WS ARG Ar o DR A A 340nm A1 400nm JEEE .

TR SR R AR 7 E A A LR LA D #S R SeIe & 48, 2) A1 B I R A HLFEO
3) THEVEE AR 5) SRR, eSS .

D s e

HRI LB MR TSR, AR IR T OORI4C A, St G 48t AT Rl , L rpmss 25 /e 5 UL
R AR AT, S VRORHEL B A e M A e e e 2 A T AT

A D PR TIEVE . B 0 S N B, R TOK SRR A D RS 1Ak
B IR S5 R R LA 2% 0, 7 1 T OB 5 R AR « AETE U se A et 1 i e
MR ZA -, I R AR G N B (AR, PR AR BT LI

FLUREEWEN A, A B o KR 2 22 B4 B S IR = A B IR E b, JERI AR
okt o I B e o ARIE R K E 2l e g Las, FE K%, PikdLim s,

B e KK Ik H 7K 1 TR A B B R K TR, P bl ms gt % P R isL R IR Bl
1R A AR R

2) A B IHFIEAIPLAEOG

SRR LSO A B AR 2 g AN T B P A B 1T, I ARE SO AL X B 1
FraE L [RINRREOG S REES, BRIE O S MR 2% 1 B B R N, Ao
eI,

JOUR, s G5 P e 25 e R AEARNLAT 77, PR Bk e e UG I i b #4381 ARE R
WS UL, AL WG, AN, MGG G R s A 0 r R L DL A S

B, PG, WOt AL, B a rh LAY, R/ 4TI Davis R
P RSO, AP TR0 O NI SRS PR B ol RO U Al A fL L. B S,
Y15 B A RIS 2 A TSCE CE S 7, RSP TR0 T b e AR A, AP TR
SR B bR e BOF T F, RIS bR SR AL T I % 0E R . #5, w4 CCD MIMLEE Sk, 7E
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FT X0 T3 9 G BRI FLBE 25 28 AR ML I 9

DaVis #f4h il Take Background Image, f#5%—40 8 &, 31 Background suntraction,
MR TR R IR 2% 5t HEBRIG S 555 S ML IR . 471 CCD MM 3k, AR5
riiti DaVis AT rh 34 Grab, HHATESLOSM S, HME A A EfE. % CCD MNLETE . /2
AATE, AL 5 MR AR A I & /N, & RO AR & gy, Bindtse
HELE 55 HE R, SR 5 PR AEAH AL BE Sk R, AT AL RE RS b )4 S 280 T Wyt 88 5 77 I 8 Bt
R rili DaVis ™Y StartRecording, 8k 2N, HOPE oA bR @ B L 1 A% R 2 A
JE BRI Z AT NS b RS o it SEUHALRTEO G A B S bR e .

3D TEE B AR IR v

TG, A malIE CRaE YA e L L, N AMBEI I TG VE, ARG AR A e Ll RN
e O, IR A L ILBCE T W28 IE T 07, FTHH0G, 28520 HilfE 365nm A1 289nm
JEBE MR RT AR SO, O TR SO GE /N T 20 I, RERT A A3 9% bL (A s o1
o SR, ATH@EAE CPaBUEEM . BRI E . R0 BOBHFEE, Ve E R s —
U VR IE b A DEf i s b b, AR R 7 VA A LB AR 2O, 9O6E N T
20 INRI] . ARIG, AEFHEEAN . ki . B AL I 2%FB. 9%DEMA. 89%1F Uiy A5 Tic il
DA o

SRIGAEH RIS VT, IETEE RS /4 A, B0, g IEs. MRS, Rk
T S50 Tk A R BRI 28 RS 0 e T3 o A W L I A U R e N B T 2% 7

BRI 1/4 MRS A E L 2%, A ELF .

4) SEEGINR, SR S A i

G, FTIFERKOEIAAS,  BoE SEAR I il ook B (R 7K i o R F1 il i 20
GBI 2 5250 P s B AR, Ay B4 TR R AR e a0 H IR 20T B OGP AU
IFREATHE R, BRI DS, ERITIGEIE R . BES, FTFIRE e Fs il s, AR
RERY e, R AMESE, BB NHL T .

FEAETT RS FhUR, TRAEBOGA AN il A, e FRUIEAT $ 5, R R A A I R P
oy AHHLS WEhES, SERCGLI IR R . Gl AR R K PR g KL Ml . PREET R AR 5E
JSCE 55 M o

S SE R, MK AS FRUR . OB AL, HN . TEIR KPR RS, SRS
P KNS, BEIRRSLR G4, e BRI e e E .

3.5 ARE/NG

AEEESEURE T IR S0 R A 2, N7 OURH 5 3O [] I st 22 pA 3L
AR EE I B AR, MG AR R SE, WS ORI FEABATIR B A bR, G il A 2
BT, IR RS SR (N TE BE AR B R 0 IR S 6 A [ T2 28 508 R g 5 A% 1EAT T )
A, TSR B AL AN ERAE 51k o docJa VRN UERT T S0 ) 5 B A U 105 50 e
TR, WS A A, AR IR BRI TR A RIS SR
OSSR A S 20 SRS IR S o S A E A, RS R S R T A iy RN
(T
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BT XUAHBEOET 3 2OEBOR AT B 55 28 A R PR K 9

FNE HESWS5LE

41 FAKETHIREER
USSR 5 1T TR e IR b o AT I o B DRl A TR T
FE A et e, R AEOCR TR 7 AR SO0, SR 5 I AR IR BRI A E BT A [R]
BRI AT B8, 0 O IZ MR R 4 5 Z5 OGN RG] o T TR IE R L
C A AHIEBEARAT A DEBE T AR 2 o B A, B e
C = I’LVq_pd (4-1)
o Ty o 2 TS SAHDEBERAT ORI IBAR DI RIE s ] i quuia ) LSBT U8 BEARAT 44
MRS i o
AR PAFA G FE R 2O T IE R C M, JFLHIODEE T RIER
KBt BE AR AR 2k . IR SOl TR IE R C WA IEmE 5 A I B AT AR IE . %
BIEARA:
I, =I,—-CxI, (4-2)
HorLy R IE R W% SO, Ty i IS B AR I PO, 1y o
HIEBEIRAF IO Z0e Yoo TR 98 ot i LA 96 e i v 2~3 Mg, DI, 1,30
LA AT A AT 4-2 BITTSRAG KR 1E 5 (K108 2 /A 98 6o
t(°C) WAHIEEE T BT SHRIBE T BT
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] 4.1 BT 73 A SR 8 BE AR U B 40 4 (1 2B AR SR i 9 G AR el IR A A
i%ij‘cﬁ%% WATAR SR IR OBCRE PR, WOGHTEERE B AN Imm BRSE5808, TR AN W25
WL A 5 O S AT DE BT BT BURBAN 2Ot R, RIS T (5 5, o
EXH%?*"U” AGARIBARSE . 60°C N A TIAE 5 ZW] Rk T 25°C R /AL
WTWAES. B 42 85006 TWhRE thek, BRI AR EERIBE N, 2060 T
o 1 9 B A Al S8R (KA IE BB UE BE, AT LU B FO O T s AR 2 .
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Bl 42 FOWLIETHHR E Lk

4.2 HHEERRIKIE
PO RE BB A IR IR UG G AL B VAT R, R IE 7K Lambert-Beer 1
WO

"W (x,y) = $°M(x, y)[K [T " (x, y)dx | (4-3)

BOEWOCHTHETT 17 2 X, WAE X 5 ) B0 RER TGO B 5 SG) 70k -

I(x) = Ige™ fo Pt (4-4)
S(x) = Cop(x)I(x) (4-5)
L1531
Sx) = Cop(x)Ioe_f;p(x’)dx' (4-6)
SO = COPOIO (4'7)
Coly =22 (4-8)
Po
WS (x) = f}—" p(x)eJo Pix)dx (4-9)
0
d _(x ’ ’ _x ' ' S(x)
d_x(e Iy pCx )dx) = —p(x)e Jopl)dx _S_O/"po (4-10)

2 4-10 B4y, 1531
e lopGIAx = 20 X5y dx 4 C (4-11)
0
1E x=0 I}, 153 C=1, W4 4-10 F1 4-11 7531

S(x)

So/po—Jg S(x)dx’ (4-12)

p(x) =

300 3 49 W1



"=l

=y

XERAAE

SHANGHAI JIAQ TONG UNIVERSITY

FT X0 T3 9 G BRI FLBE 25 28 AR ML I 9

i\ 4-9 1321

S(x)efg”(xl)dx' = ;—zp(x) (4-13)
R 4-4 K1, e 0 PO BRERTE X 7 I SERREC, SO R IO( B 10 2,

IR RO B, HCE T R (b e L efo POXDX | BT s I WO R 1K) B B 1 5%
A B BER
§m% (x) = S(x)eh O™ = 5() [ S (x) x| (4-14)
3 4-14 BBALEE)

new _ cold j—i—1 & new _ S -
5" () =S, (KZ,-:(, S; ) WK == (4-15)
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FT X0 T3 9 G BRI FLBE 25 28 AR ML I 9

4.4 BESHREREHER

Vo, MU A R R AR B R T B, TR R 2SO I o T s
WAEVIRBE, SRR R I AR F 10700 I T2 5 R S iR 2, T
PR R AV B EG , JE D R BE MG KT A v R SV B 4 SR R I
HEPCRIE o 181 A7 S BRIV AR 7 MR 0 SIS AR IR A PO T 1 v [ Ik
WA G, B A TR IO, V05 RT3 . ] 4.8 IR 2
VORBERRE M, IO ol KBRS BRI (VM , 76 35°C. 75°C4&MF,
I TR 15 R I ZE VR BE 3T L, AR 28 OB 25 o 58 25 AT 9 V6 0 0 S
AN, T AT A MR A YOI B R 2 M TR o TR T 600k I 2 B o i 4 ST
) 52 i (W 25 AR JEE 4341
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Bl 4.8 AW R E L

4.5 BRESBRBREST

AR PR 2V O bR s 2, R matlab 202 A nl ek 25 RREAT b B, 3R 19585
IR EE AT o

B, MAEIOEICHE T R BN 5 TR SO B BEATIEAL B, 3 AR ZOE TR
SRJE A matlab i REACPE, 45 REP RO AE BB EAT I IR AR BE, SRAG B S M55 A
9OCKIR . Jm, M matlab FEFe, ARIEIOE RSB AROR LI VG R, BRI %
UM EE R FE IR, AL PRSI RUN1&] 4.9 From. B AR EE R T, T AW A A s 22 (A

#3300 3t 49 T



"=l

=y

XERAAE

SHANGHAI JIAQ TONG UNIVERSITY

FT X0 T3 9 G BRI FLBE 25 28 AR ML I 9

WL T v, LA DS R T B A v R X

S
0.3
60
0.25
50
0.2
40
25°C 0 0.15
20 0.1
10 = 0.05
- .
- -
250 0.3
0.25
200
0.2
150
0,
55°C 0.15
100
0.1
50
0.05
-
(]
250 0.3
0.25
200
0.2
150
0
85°C o5
100
0.1
50
0.05
-
(]

B 49 AFMMER T BARE KGR E%ESMRESWER

4.6 PRHRIBIBIRERRE

AR LTI 5 B8 AL BB, SoH R VRS AT 90 o ZESCIO TR, B 554007
ST S e R T BT S B SRR BRI PR 2, R AT s R S AT, AR
THRBIZ. RIGAA FB AR EE IR AT AR A2 IR, 75 1 o B 075 L e e AU o 5
.

TESEI AR BRI 2 5, T ST AT A BE . 2SR S T % IR A B 7, o
BLIF FRIAR B 730, b sk B AT YA 0 0 o EL T S0 S DRI 22 0047 B0 A B RN 4007,
ST R o B 5 % R 5] B vk B (R MR RS [ EESO AT A B, 354
AR FB VR T A TBAT R b 52 Hh 2 -

4.6.1 EUGALE Tk

WAHBA R bR e W 1 matlab Sk AT4b B, 1700648 (doubler) iy ™ LT/ hAR
), 13 400nm JEEE I EERAT IO UG LRI FEOG A — AN A BEBURE, #Om 7 9% S matlab
XSG REAT e AL BE, 48 340nm £ 400nm JEEE N ARTFIIZOL N R FF— 2. WMEREPWT:

cd('G:\Tempreture\Temperature Sensing\doubler_biaoding1\30C\SumAvgRmsMinMax')
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He T XAHOETE 96 BRIV FLB0E 55 28 AR ML I 9

Yoot U1 42k P f i i

Dir %Yokl 4 44
1340=loadvec('B00001_avg.im7', 'frame’, 0); %% 2N 340nm K4

1340=rot90(l.w);
1400=loadvec('B00001_avg.im7', ‘frame', 1); 1400=rot90(l.w); %%iszHL 400nm &{%
subplot(121), imshow(1340, [0 4096]), set(gcf, ‘colormap’, jet), title("340nm")
subplot(122), imshow(1400, [0 2048]), set(gcf, ‘colormap’, jet), title("400nm")

%% .71 340nm A1 400nm & 1%
basel=ginput(1) ; base2=ginput(1); %%k HL 340nm P54~ fAE hy 3 45
inputl=ginput(1) ; input2=ginput(1); %%i%HL 400nm PG AN s AE Ky iR 5

base=[basel; base2]: %%3k A4 340nm PG A 1R g i ik i e Bl
input=[inputl; input2]; %9375 400nm [R5 i i of v B

TFORM=cp2tform(input, base, 'linear conformal’) %%k 15-lig 4 4 [

1400T =imtransform(1400, TFORM); Yo%) T e #4540 ) 400nm BIGHEAT e #%

figure

subplot(121), imshow(1340, [0 4096]), set(gcf, 'colormap’, jet), title("340nm’)

subplot(122), imshow(1400T, [0 2048]), set(gcf, ‘colormap’, jet), title('400nmT")

%951 340nm S AER 5 (¥) 400nm 1%

U L P B R 3145 e i fa S, 48 340nm 5 400nm G H (12 e AR .
TIPS G IR B S, PIIN SR BTG, BRI, G HR b0 S i R AL v I DX A AT
RO HEAT 73 HT b 3

e, WEME, FRBEOUH T OAMEHR . WS

P340=mean(1340(500:690, 377:397));

P400=mean(1400T(500:690, 354:374)); %% i< o B 2 B +ME 3%, I
Biht— 4 5O6ME

P340=P340’; P400=P400’;

H1 At 340nm 1 400nm P4 5 Dty rhot i % AME 2R b ) & 810380 5O 5%
JGIREE, JRexliEIMg, WKl 410 ZEEIFR, JERIEPIN BRI, 2l & 410 A K.\
DA 26 Lo P I 2~3 AMEZRAL % 511 B 5 B LEAE BN BEE » D61 rhL L
AR5 HSF- 340 5 AR I LEARLAF AR BBl T I DR Ay i X sl S A 4 0 AR 3z /s 190 s
AR DGR, AR MR LUAR, FABE TR S0 F MO, SOty L P 2~3 MR R X 4k
A R X

#3500 2
= 3000
P
#2500 1.4
S 1.2
200 =
—4—340nm 5 1- N 5
—&—400nm S 08 1 =IOt
~ 06 -
0.4 -
0.2 -
220 -10 0 10 20 15 -10 5 0 5 10 15
P MG PR MG %

B 4.10 BEIOEH OB A FAL Bt 3R B HE 20 Ai B
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FESERMARAE RE , ANRT I S A7 AEVE 2 AR ZE RO 38 o DR AR S8 Hh 7 0 A7 51256 1
FIRERZMIN 28, IR PTG iR 22 KN AT o M A 2R, N IR 2. Sl AT AN
SRR T B AR S ) T BT LUK A 3R R PIAR BE A ak K FA B I )  BRh ER
Botrem . WILFESCE T, F5 206X S BT IR B, WF SO AR 52 D
FEIE o

D BB EE

Wk 411 P, SRR, BOCMMHLS A — @ Bah, RIS Mg
FAAEE W P AEREAL T PA D 3 o Ol JE S s s BT P0 DA ZRT S 45 20 AR 5w, s AE DIl
AL KGR, RJE G FIYARRE, DR E 2 A K .

B 411 FOLEE
ER: —kaBBg; A8 50 KRR ESR
DN 5 BRAHRRUE HE R 1) B8 P 7 RGPS (K 5K B, FRATTHEAT T S22 B R34 5K B it
Bl 4.12 Jg A FIAS ) B H SRR S R EAT P25, 340nm 55 400nm [RHR ) 58 s e AR AL
Mgk, MEG 3R, 7ERMGIREER DI, SFPOCIRBE L BEBOR, P8 G 1 7k Koz i
i, HrF B enn FER a7 R EEARREBONT 50 KEUR, EEBIFHIOuE e
A FRGERDS, WOEHOESHR 1% 50 JK B IEAT 5%
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Ebr‘3l53000 ¥ ol
»
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e AT A, ek e % ek, e S T VR T o 5 BT V0 v RV R B R A T
WMy R NRRVE H . B 4.13 R A1) Lo 58 e B L e, A EHE A ar Lo
15 TR 3 AR AR 96 6 5 R FU AR (5% AR /N, 76 50°C A1 30°C N 9% it B2 LU AR e sh A Ky 1.77%
M 6.40%, I 30°CH i THaL =W, WEAE/NEEEES), KIRZEMA, hkdAim]
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AR RMEANR], SR B2 R ] R o 5 AR Tl s 070 BRI B8 R AR AR Ak, B 280 9 s FE = Ak
SO o DA, FRATT G S SEIR A AR 2 R I, SR IR 2 R R

] 4.14 R BRih 75 A Fo 9o BE LU s ih 22 ], AN ZG bl DAAS S, IR 28
0 POGIRE I LUAEZ M AR /N, o 5 G BE 1) LU AR B BN ACh 3.9%, 156 FHAZ LU B & 1)
IECKE. FB F1 DEMA [R3L 28 RARp AR G, wT T AR A AT 28 e B0 5 i B2 LU AR A4k 6
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BT XUAHBEOET 3 2OEBOR AT B 55 28 A R PR K 9

BE 340nm

o
110°C

B 417 29%FB WKE T HIEEH
MR gm 5 A I R DO MR BEAT AR ], 453 H— R VIR 5 9O6 R BE R AR
thek. AR
load bjet
P=[l;
for t=30:20:150
cd(['G:\Tempreture\Temperature Sensing\doubler_biaoding1\' num2str(t)
'C\SumAvgRmsMinMax']);
1340=loadvec('B00001_avg.im7', ‘frame’, 0);
1340=rot90(1340.w);
1400=loadvec('B00001_avg.im7', ‘frame’, 1);
1400=rot90(1400.w);
basel=ginput(1) ; base2=ginput(1); %%iEH 340nm &5 A A b FE
inputl=ginput(1) ; input2=ginput(1); %%:i%IX 400nm &5 g A 2 ARV

150C

base=[basel; base2]: %%3k 75 340nm 15 r 1) Jie e ik iU B
input=[input1; input2]; %% 345 400nm B E e 5o 8 A

TFORM=cp2tform(input, base, 'linear conformal’);
1340T=imtransform(1340, TFORM);  %%3R1GHEsE0 b, Fiekk K%
figure
subplot(121), imshow(1340T, [0 3096]), set(gcf, ‘colormap’, bjet), title('340Tnm");
subplot(122), imshow(1400, [0 2048]), set(gcf, 'colormap’, bjet), title("400nm’);
P400=mean(mean(1400(565:600, 341:342)));P400=P400-20;
P340=mean(mean(1340T(550:585, 332:333)));P340=P340-20;
P=[P;P340 P400];
pause(0.1)

end
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function [l, fl=compAttenuation(l0,vK, centerC, varComp, logFile)

[r, c]=size(10);
kst=vK(1);

kstep=vK(2);

knd=vK(3);

h=waitbar(0, 'Pls wait...");

rFlag=1;
fori=1:r
if sum(10(i, :))==0
I(i, :)=10(i, );
f(i)=0;
continue;
end
kFlag=1;
for k=kst:kstep:knd
temp=zeros(1, c);
temp(1)=10(i, 1);
forj=2:c
if 10(i, j)==0
temp(j)=0;
continue;
end

temp(j)=10(i, j)*exp(k*sum(temp));

if isnan(temp(j))
break;
end
end

varValue(kFlag)=varComp(temp, centerC);

if isnan(varValue(kFlag))
kFlag=kFlag+1;
break;
end
kFlag=kFlag+1;
end
[varMin, varPos]=min(varValue);
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f(rFlag)=kst+(varPos-1)*kstep;
I(i, :)=zeros(1, c);
I(i, 2)=10(i, 1);
for j=2:c
1(i, ))=10(i, j)*exp(f(rFlag)*sum(I(i, :)));
end
rFlag=rFlag+1;
clear varValue;
waitbar(i/r, h,['processing ' num2str(i) ' row");
end
waitbar(i/r, h, Task completed’);
if nargin==5
wf=f";
wif(:,2)=wf;
wif(:,1)=[1:1:size(10, D)T;
fid=fopen(logFile, 'w");
fprintf(fid, '%4.0f %12.8f\r\n’, wf);
fclose(fid);
end
close(h);
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STUDY OF EVAPORATION CHARACTERISTICS OF
DIRECT INJECTION SPRAYS BASED ON LASER
INDUCED EXCIPLEX FLUORESCENCE TECHNIQUE

As increasing concern on the oil depletion and environmental protection, government all over
the world are passing increasing stringent legislation to regulate the energy efficiency and harmful
emissions of the automobiles. Increasing the fuel economy and reducing the harmful emission
have become one of the major challenges faced by worldwide automotive companies. To reach
those objectives, automotive researchers and engineers are constantly developing new combustion
concepts and systems for automotive internal combustion engines (ICE). One of the most
promising concepts is the spark ignition direct injection (SIDI) gasoline engines. The main
auto-makers in the world have invested enormous amount of resources to research and develop
SIDI engines. Some of those concepts have gone into production and significant fuel economy and
emission reductions are achieved. The SIDI gasoline engine has become the main stream for new
engine combustion systems. The R&D activities of SIDI engines will continue growth in the
forthcoming future.

Comparing the traditional port fuel injection (PFI) engines, SIDI engines directly inject the
fuel into the engine cylinder. The direct injection enables significantly improved dynamic
response, fuel economy and emission reduction (especially in the cold start stage). However, to
achieve those potential, the atomization and vaporization of fuel sprays have to be accurately
optimized and controlled. Thus, understanding the mechanisms governing the fuel spray
atomization and vaporization is crucial for developing successful SID combustion system. The
research on fuel sprays is one f the central topic for SIDI engine development. Among all the
processes to affect the combustion efficiency and emission formation, fuel evaporation may be the
most important one since only fuel of gaseous state is combustible. It’s the objective of this study
to investigate the mechanisms of fuel spray evaporation.

Among all the factors that influence the fuel spray evaporation, the distribution of the fuel
vapor concentration and the liquid phase temperature is the most important one. Developing
advanced non-intrusive laser diagnostic technique to measure the fuel vapor concentration and
liquid temperature can significantly improve the knowledge of fuel spray evaporation process.
Although various techniques were developed to achieve such information, the two-phase
co-existence nature of the fuel spray pose an extreme challenge and most of those techniques are
ineffective in the typical area of fuel sprays.

In this study, the two-dimensional (2D) fuel vapor concentration and liquid temperature were
obtained using laser induced exciplex fluorescence (LIEF) technique. In the LIEF technique,
two different fluorescing tracers were added into a non-fluorescing base fuel. After excitation of
the laser, the two tracers have different spectral characteristics and the liquid and vapor phase is
separately imaged. Comparing with other laser diagnostics, LIEF technique provides the
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capability to separately image the liquid and vapor phase. Base on this separation, the vapor
concentration and liquid temperature distributions could be obtained by manipulating the spectrum
of each phase. Combing with proper calibration procedures, the quantitative information is
achievable.

The quantitative vapor phase concentration measurements were done by directly applying the
laser induced fluorescence theory. To achieve high measurement accuracy, the crosstalk of liquid
phase was calibrated under various liquid temperatures conditions. A MatLAB based imaging
processing routine was also developed to correct the laser energy attenuation through the spray
field. Based on those calibrations and corrections, the vapor concentration was calibrated and the
2D quantitative vapor concentration in the spray was obtained.

The liquid phase temperature of the spray was obtained by combining the LIEF technique
with two-color thermometry technique. During the implementation of this technique, two
fluorescence bands were selected in the liquid phase spectrum. The intensity ratio between those
two bands is directly proportional to liquid temperature. Two specially selected optical filters were
used to separate the bands in order to maximize the temperature sensitivity. To establish the
correlation between the resultant fluorescence and the liquid temperature, a special calibration
device was designed and calibration experiments were carried out using the device.

The calibration experiment was carried out in the following order. Firstly, a calibration device
was designed to control the temperature of the sample and also provide the maximal optical access.
This calibration needed accurately control the liquid temperature and provide maximum optical
access. After careful design, a “sandwich” structure was chosen, in which a quartz cell was
embedded in a double-layer metal structure. The quartz cell provided the needed optical access
while the metal layer provides the mechanical strength to support the structure. Due to the
remarkable material and mechanical difference between the quartz cell and metal used in the
device, the compensation for different mechanical behavior of those two materials becomes
specially challenging. During the design process, the mechanical tolerance theory were applied
to make sure those two material can work well. The mechanical and thermal expansions of those
materials were compensated using the tolerance of the dimension. Those dimension also enable a
good assembly be made. After the calibration device was designed, manufactured and assembled,
the calibration cell was put into a high pressure high temperature (HPHT) environment. The
temperature and pressure of the sample were regulated under the HPHT environment. The
temperature and pressure of the test sample were then controlled. The laser system was set up
around the calibration device to excite the test sample and the fluorescence photons from each
band were collected using an intensified CCD camera coupled with an image doubler.

During the calibration experiments, the effects of various factors were validated to clarify
their effects on the final calibration results. This is necessary since those factors are constantly
changing in the spray. Specially, the effects of image averaging, ambient pressure, laser energy
and fluorescence tracer concentration were investigated. It was found that the effects of averaged
images numbers, ambient pressure, and laser energy had very small effects on the resultant
fluorescence ratios. Neglecting the influence of those factors only introduces acceptable error to
the calibration results. The fluorescence ratio between the two selected bands only depends on the
liquid temperature, which is consistent with two-color thermometry theory. After the effects of
those factors were clarified, the test sample was heated to different temperatures (from 30°C to
150°C with an increment of 5°C) by regulating the temperature and pressure within the HPHT
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environment. The fluorescent ratios of those two bands were then recorded under the tested
temperature conditions. After the fluorescence images were collected, a imaging processing
routine was developed using the MatLAB image processing toolbox to (IPT) extract the
fluorescence ratios. The fluorescence ratios were then plotted versus the liquid temperatures. The
result was encouraging and promising. A linear correlation between the fluorescence ratio and
temperature is established, which is consistent with the theory. The effects of tracer concentration
were finally investigated by changing the tracer concentration in an order of tens. The results show
that decreasing the tracer concentration can result in increased temperature sensitivity. However,
the absolute fluorescence intensity also decreases as the concentration is lower, resulting reduced
signal to noise ratio (SNR). Based on this observation, a trade-off has to be made to achieve
optimal sensitivity and SNR. Our result shows such trade-off exists when the tracer concentration
is between 0.5%~0.125%. This conclusion does not consider the effects of concentration on vapor
concentration measurement. To achieve the optimal vapor concentration and liquid temperature
measurements, a tracer concentration of 0.5% may be the most appropriate candidate.

Based on the temperature calibration results, several future works are highlighted. First, those
temperature need to be applied to droplet temperature measurements or spray measurements to
provide quantitative temperature distribution information. This is the ultimate goal for all the
calibration work. The resultant 2D liquid temperature calibration could provide the insightful
information of the liquid fuel evaporation process. Secondly, the vapor concentration and liquid
temperature measurements should be carried simultaneously to get the 2D vapor concentration and
liquid temperature distribution. Those information is crucial towards the understanding of the
evaporation process with in the fuel spray. Thus provide the guidance for accurately control the
spray evaporation process. Finally, based on those measurements, new spray evaporation model
need to establish to overtake the current widely used spray evaporation models which is based on
single droplet evaporation experiment and theoretical analysis. Those models would be a
breakthrough for fuel spray combustion technologies.
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